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          Multiple Sclerosis 

    History, Pathogenesis Epidemiology, and Etiology 

     History   

 Saint Lidwina of Schiedam (1380–1433), patron saint of the chronically ill and of 
ice skating, was affl icted with a debilitating illness at the age of 16; her symptoms 
included walking diffi culties, headaches, unrelenting pain, a “split-face” with hang-
ing lip, visual disturbances, and prolonged episodes of aphagia (Van Beiren  1427 ; 
Medaer  1979 ). Although historical texts suggest that Lidwina experienced periods 
of disease remission, her condition ultimately deteriorated, leaving her paralyzed 
with the exception of her left hand by the time of her death (Medaer  1979 ). The 
clinical picture that emerges from the fourteenth century descriptions of Lidwina’s 
suffering is consistent with the demyelinating disease now known as multiple scle-
rosis (MS) and it has been postulated that the description of her life constitutes the 
fi rst documentation of this disorder (Medaer  1979 ). 

 In 1868, Dr. Jean-Martin Charcot classifi ed MS as a discrete clinical entity that 
he called  la sclerose en plaque disseminées . Charcot provided an accurate descrip-
tion of the clinical symptomatology and pathology of MS and had important insights 
into mechanisms of disease pathophysiology (Charcot  1868 ). Nearly 600 years after 
Lidwina’s death and more than 100 years after Charcot’s pioneering work in the 
fi eld of neurology, many therapeutic interventions for MS have been developed. The 
establishment of a defi nitive cause or cure for this disease, however, remains  elusive. 
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In this chapter, we will review the complex amalgamation of genetic, immunologic, 
and environmental factors that infl uences the development of multiple sclerosis, 
with an emphasis on the association of virus infections with this debilitating neuro-
logic disease.  

     Pathogenesis   

 Multiple sclerosis ( MS  ) is the most prevalent demyelinating disease of the central 
nervous system (CNS) and the most common disabling neurologic disease of young 
people, affecting an estimated 400,000 in the United States and 2–2.5 million peo-
ple worldwide (Markowitz  2013 ). It is a chronic and incurable disease that signifi -
cantly detracts from an individual’s quality of life and imposes substantial cost 
burdens on patients, their families, healthcare systems, and society (Battaglia et al. 
 2000 ; Parise et al.  2013 ). A diverse array of neurological signs and symptoms are 
associated with MS. These include limb weakness, impaired motor function, sen-
sory symptoms, visual symptoms, eye movement disorders, bladder symptoms, 
sexual dysfunction, fatigue, ataxia, deafness, spasticity, dementia, and cognitive 
impairment (Rodgers et al.  1999 ). The life expectancy of a patient with MS is 5–10 
years lower than that of the general population (Compston and Coles  2008 ). 

 Although the clinical progression of MS is variable and unpredictable, several 
disease phenotypes have been described; it is critical to distinguish disease pheno-
types for both prognosis and decisions regarding treatment strategies. There are four 
distinct clinical courses in which the majority of MS patients can be classifi ed: 
 relapsing-remitting MS (RRMS)  ;  secondary-progressive MS (SPMS)  ;  primary- 
progressive MS (PPMS)  ; and  progressive-relapsing MS (PRMS)   (Lublin and 
Reingold  1996 ; Confavreux and Vukusic  2014 ). About 80 % of people with MS are 
initially diagnosed with RRMS; this disease phenotype is characterized by disease 
exacerbations where new symptoms appear or existing symptoms become more 
severe (Markowitz  2013 ). In RRMS, disease exacerbations last for variable amounts 
of time and are followed by periods of total or partial recovery. Disease in RRMS 
patients may be inactive for months or years. Approximately 65 % of individuals 
who are initially diagnosed with RRMS will develop SPMS characterized by the 
accumulation of progressive disability with or without superimposed relapses. On 
average, the time between disease onset and conversion from RRMS to SPMS 
occurs in 19 years (Rovaris et al.  2006 ). The least common of the four major sub-
types of MS, PRMS, describes those individuals who, from onset, have a steady 
neurologic decline but also have clear superimposed attacks (Lublin and Reingold 
 1996 ). These forms of progressive MS are distinct from the  primary-progressive 
form (PPMS)  , which is characterized by a lack of discernible attacks. Individuals 
with PPMS experience a gradual onset of disease with a steady worsening of symp-
toms (Confavreux and Vukusic  2014 ; Karussis  2014 ). In addition to the four major 
disease courses of MS, an international panel assembled in 2013 added clinically 
isolated syndrome ( CIS  ; attack of demyelination that does not fulfi ll all criteria of 
MS) and radiologically isolated syndrome (RIS; magnetic resonance imaging 
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(MRI) fi ndings suggestive of multiple sclerosis (MS) in asymptomatic/clinically 
silent patients) as MS phenotypes without changing the established framework four 
major disease courses (Lublin et al.  2014 ). 

 The onset of MS frequently occurs between the ages of 20 and 40 years and, like 
most autoimmune disorders, women are affected more often (1.5–2 times) than 
men (Karussis  2014 ). Multiple sclerosis (MS) is typically perceived as a disease of 
young adults and was previously believed to be rare in children. In recent years, 
however, there has been a marked increase in the number of children diagnosed 
with MS and it is now appreciated that pediatric-onset (defi ned here as disease 
onset prior to the age of 18) occurs in 2–5.6 % of all MS cases; indeed, this may 
have been the case for Lidwina of Schiedam (Krupp et al.  2007 ; Renoux et al.  2007 ; 
Chitnis et al.  2009 ; Ghezzi et al.  1997 ; Boiko et al.  2002 ; Banwell  2013 ). Pediatric-
onset MS typically takes more time to reach the progressive stage (Compston and 
Coles  2008 ). However, these  individuals   still convert to a  progressive   disease phe-
notype at a lower average age than patients with adults-onset MS (Compston and 
Coles  2008 ).    

    Etiology: Genes, the Immune System, and the Environment 

     Genetic Factors   

 The etiology of MS is unknown. In part, this is owing to the variability of this dis-
ease. This suggests that many determinants many be involved in the range of clini-
cal phenotypes that are defi ned as MS. Accordingly, the prevailing view of the 
etiology of MS is that it is multifactorial and that genetics, immunological, and 
environmental factors contribute collectively to MS susceptibility (Venkatesan and 
Johnson  2014 ). This view is consistent with an emerging paradigm shift in the fi eld 
of immunology that suggests that our immune system is shaped as much, if not 
more, by our environment as our genes (Brodin et al.  2015 ). 

 A strong infl uence of genetic background on MS disease susceptibility is sup-
ported by epidemiological, familial, and molecular studies. The worldwide distribu-
tion of MS is skewed with areas of lower prevalence in Asia, Africa, and South 
America and areas of high prevalence in North America, Europe, New Zealand, and 
Australia (Kurtzke  1995 ). The incidence and prevalence of MS follows a north–
south gradient in both hemispheres with rates of 30–80 cases per 100,000 in north-
ern Europe, southern Canada, and the northern United States, in contrast with rates 
of 6–20 per 100,000 in most of southern Europe and the southern United States 
(Sadovnick and Ebers  1993 ; Compston  1994 ; Ebers et al.  1995 ; Kurtzke  2005 ). The 
north–south gradient observed in the New World is believed to refl ect the tendency 
of individuals from Northern Europe to migrate to the northern regions of the United 
States and Canada and, conversely, those from regions of Europe with a lower inci-
dence of MS to migrate to southern regions of the United States and South America. 
It is important to note that the  latitudinal   gradient of MS prevalence is not absolute; 
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exceptions include the low prevalence of MS in Eskimo populations and the high 
prevalence of MS (150 per 100,000) in Sardinia (Acers and Acers-Warn  1994 ; 
Montomoli et al.  2002 ; Cocco et al.  2011 ). Furthermore, a recent comparison of 38 
studies from Australia, Europe, and the United States suggests that the latitudinal 
gradient of MS disease prevalence may be diminishing (Alonso and Hernan  2008 ). 

 The infl uence of genetic background on susceptibility to MS is further supported 
by epidemiologic studies demonstrating different rates of MS among genetically 
distinct populations living in the same geographic area. For example, the frequency 
of MS is increased in Hungarians and Bulgarians of Caucasian decent compared to 
gypsy populations residing in the same regions (Kalman et al.  1991 ; Milanov et al. 
 1999 ). A similar situation exists in Australia and New Zealand where those of 
European descent have a far higher risk of developing MS than the indigenous pop-
ulations (Hammond et al.  1988 ; Miller et al.  1986 ). In the United States, the preva-
lence of MS among people of Japanese ancestry living on the Pacifi c Coast 
(6.7/100,000) is considerably lower than that of Caucasians living in California 
(30/100,000) (Visscher et al.  1977 ). However, people of Japanese descent living on 
the West Coast of the United States have a slightly higher prevalence of MS than 
those living in Japan (2/100,000) suggesting that environmental factors infl uence 
disease susceptibility (Visscher et al.  1977 ). Collectively, the observed variations in 
MS prevalence among specifi c ethnic groups suggest that genetic traits that confer 
MS susceptibility may be enriched in populations that are at higher risk for MS and 
that these traits may be rare in populations at lower risk for MS. Moreover, there are 
other factors (both cultural and environmental) that differ between these groups 
(e.g., diet and lifestyle) that could confound the interpretation of these epidemio-
logic studies (Cree  2014 ). 

 Family and twin studies also indicate that there is a strong genetic component 
in the development of MS. Adoption studies have demonstrated that biological 
relatives of patients with MS have a greater likelihood of developing MS than 
adoptees and, conversely, that family members of adopted individuals with MS do 
not have an increased risk of  developing   the disorder (Ebers et al.  1995 ). The life-
time risk of MS increases with closer biological relationships. The risk is greatest 
for siblings of affected individuals, especially sisters, and decreases in half-siblings 
as well as second- and third-degree relatives (Sadovnick and Ebers  1993 ; Sadovnick 
et al.  1988 ,  1996 ). Additionally, the rate of MS concordance is greater in  monozy-
gotic   (18–30 %) than in dizygotic twins (3–5 %). The incomplete penetrance of 
MS among monozygotic twins clearly suggests that a susceptible genetic back-
ground alone is not suffi cient to cause disease (Bobowick et al.  1978 ; O’Gorman 
et al.  2013 ). Of interest, the concordance rate for fraternal twins is less than that of 
identical twins, but greater than that of other fi rst-degree relatives of MS patients 
(Willer et al.  2003 ). Because twins share the same intrauterine environment and 
similar postnatal environments, the large difference in concordance between 
 monozygotic   and  dizygotic twins   must, at least in part, be attributable to genetic 
factors. Moreover, the increased concordance rate of MS between dizygotic twins 
compared with non-twin siblings reinforces the view that environmental factors 
are also in play. 
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 The inheritance of MS susceptibility does not follow classic models of genetic 
inheritance. It is generally believed that MS is a complex heterogenous disorder, 
infl uenced by several genes, each exerting a relatively modest effect. These genes 
may act independently or epistatically on MS pathogenesis. Some genes may be 
involved in the induction of this complex disorder while others may be involved in 
disease progression, further complicating genetic studies in MS. Over the years, 
several genes, most of which are associated with immune function, myelin struc-
ture, or mitochondria have been tentatively associated with an increased risk of MS 
(He et al.  1998 ; Kellar-Wood et al.  1994 ; Reynier et al.  1999 ; Thompson et al. 
 1996 ). Many of these associations have not been demonstrated consistently in dif-
ferent studies. However, a strong association between MS and the  major histocom-
patibility complex (MHC)   was fi rst identifi ed in the 1970s (Jersild et al.  1975 ). 
Specifi cally, an increased risk of MS in individuals with MHC class II alleles DR2 
and DQw1 has been found consistently in several populations (Cook  1997 ); in the 
preponderance of these studies the primary risk allele for MS is HLA-DRB1*15. 
Recently, additional high-risk MHC and non-MHC loci have been identifi ed through 
 genome-wide association studies (GWAS)   comparing  single nucleotide polymor-
phisms (SNPs)   in affected and non-affected individuals (Australia and New Zealand 
Multiple Sclerosis Genetics Consortium  2009 ; De Jager et al.  2009 ; Sawcer and 
Hellenthal  2011 ; International Multiple Sclerosis Genetics Consortium et al.  2007 ). 
Interestingly, the majority of the  loci   associated with MS risk have known immuno-
logic functions and many contribute to the risk of inheriting other autoimmune dis-
eases (Cree  2014 ). This study was recently replicated with the association confi rmed 
in 44 of the 58 genes  initially   implicated (Lin et al.  2015 ).  

     Immune Factors   

 It is widely accepted that an aberrant immune response also plays an important role 
in the etiology of MS. This is based on the association of MS with genes involved 
with the immune response; the immunopathology of the disease; the clinical 
response of MS patients to immunomodulatory and immunosuppressive treatments; 
and similarities with experimental immune-mediated demyelinating diseases in ani-
mals. Historically, a  T helper-1 (Th-1)-mediated autoimmune component   driven by 
myelin protein-specifi c, pro-infl ammatory cytokine secreting  CD4+ T cells   was 
believed to mediate the pathogenesis of this disorder. However, more recent evi-
dence suggests that  CD8+ T cells  , macrophages, B cells, and the innate immune 
system also play important roles in the infl ammatory cascade that results in demy-
elination and axonal loss in MS (Hoftberger et al.  2004 ; David and Lacroix  2003 ; 
Kotter et al.  2005 ; Prinz et al.  2006 ). 

 As described above, the MHC class II background of an individual is important 
in disease susceptibility. Many studies have concentrated on MHC-peptide interac-
tions to determine how MHC class II alleles may confer diseases susceptibility. It 
has been suggested that the binding affi nity of an antigenic peptide to an MHC 
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allele determines  T cell immunogenicity   and  encephalitogenecity   (Greer et al. 
 1996 ). The vast majority of studies concerning MHC-peptide interactions relevant 
to MS have focused on myelin basic protein (MBP) as an antigenic peptide.  MBP- 
specifi c T cells   have been demonstrated in the peripheral blood of both MS patients 
and normal individuals. The frequencies of MBP-specifi c T cells tend to be higher 
in MS patients than controls. However, similar frequencies of MBP-specifi c T cells 
have been demonstrated in affected and unaffected family members, thereby sug-
gesting that the frequency of MBP-specifi c T cells may be linked to the immunoge-
netic background of an individual and may be a prerequisite, rather than a 
consequence, of disease development (Joshi et al.  1993 ). Molecular mimicry, a phe-
nomenon by which environmental antigens cross-react with normal host cell com-
ponents, may induce an immune response against host proteins such as MBP. Therefore, 
individuals with higher frequencies of MBP reactive T cells may be more likely to 
develop autoreactive T cell responses as a result of environmental, non-self epitopes 
mimicking MBP. 

 Although the vast majority of studies have examined autoreactive  CD4+ T 
cells  ,  CD8+ T cells   and B cells may also play a critical role in the neuropatho-
genesis of  MS  . Myelin antigen-specifi c CD8+ T cells have been identifi ed and it 
has been demonstrated that severe experimental allergic encephalomyelitis 
(EAE) can be induced by adoptive transfer of  anti-MBP CD8+ T cells  (Hoftberger 
et al.  2004 ; Huseby et al.  2001 ). In addition, it is now widely accepted that B 
cells are important in the pathophysiology of MS. This newly appreciated role for 
B cells has largely arisen from clinical trials demonstrating a clear effect of 
monoclonal antibodies against the B-cell antigen CD20 ( ocrelizumab   and  ofatu-
mumab  ) on clinical relapses and lesion formation in contrast with negative results 
obtained using a monoclonal antibody (anti-IL12/23 p40,  ustekinumab  ) that tar-
gets both Th1 and Th17 T cells (Hauser et al.  2008 ; Kappos et al.  2011 ; Segal 
et al.  2008 ). 

 A number of immune abnormalities are frequently observed in MS patients and 
a complex series of immunological mechanisms associated with events both in the 
peripheral blood system and in the CNS have been implicated in disease pathogen-
esis (Joshi et al.  1993 ; Martin et al.  1997 ). One of the hallmarks of MS is the intra-
thecal synthesis of  oligoclonal antibodies. Oligoclonal bands (OCBs)   and elevated 
IgG/albumin indices are found in the CSF of greater than 90 % of MS patients and 
can be used in the diagnosis of the  disease  . OCBs are not typically directed against 
a single antigen and antibody bands specifi c for viral bacterial, and self-antigens 
have been described (Sindic et al.  1994 ; Sriram et al.  1999 ; Virtanen et al.  2014 ; 
Franciotta et al.  2011 ). Therefore, it is unclear whether or not the intrathecal syn-
thesis of immunoglobulins observed in MS results from the presence of cells that 
are actively recruited into the CNS after the pathogenetically relevant cells crossed 
the blood–brain barrier (BBB). In addition to the presence of  OCBs  , other immu-
nological markers of disease activity have been described in MS. Several proin-
fl ammatory cytokines, including TNF-α, IFN-γ, and osteopontin, are upregulated 
in MS (Chabas et al.  2001 ). Treatment of MS patients with IFN-γ resulted in a 
marked increase in exacerbations, supporting the model of MS as an infl ammatory 
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autoimmune disease (Panitch et al.  1987 ). Furthermore, an increase in  TNF-α 
expression   precedes relapses and infl ammatory activity as measured by MRI, while 
the mRNA levels of anti-infl ammatory cytokines such as IL-10 and TGF-β β 
decline. The overexpression of these cytokines may be involved in disease patho-
genesis by causing the upregulation of MHC and adhesion molecule expression on 
endothelial and glial cells, activating macrophages and recruiting TH1 cells, or by 
damaging  oligodendroglial cells   and myelin sheathes directly. The soluble adhe-
sion molecules ICAM-1 and E-selectin are elevated in MS sera while soluble 
VCAM-1 and E-selectin are increased in the CSF of MS patients (Dore-Duffy 
et al.  1995 ). 

 The effectiveness of immunosuppressive and anti-inflammatory therapies in 
MS also supports an autoimmune component in disease pathogenesis. Although 
corticosteroid treatment does not alter the long-term course of MS, it is used 
effectively in the treatment of MS exacerbations. It has been demonstrated that 
the administration of high-dose steroids immediately stops BBB leakage as 
visualized by  gadolinium- enhanced MRI   (Burnham et al.  1991 ). A number of 
immunosuppressive and chemotherapeutic drugs including  cyclophosphamide   
and  methotrexate   have been used in the treatment of MS with variable success. 
Over the past two decades, two immunomodulatory therapies, namely IFN-β 
and  Copolymer-1 (Cop-1)/glatiramer acetate  , have been used extensively in the 
treatment of MS with an  excellent   track record of efficacy and safety. IFN-β 
counteracts many of the effects of IFN-γ including the recruitment of inflam-
matory cells and the upregulation of MHC and adhesion molecules (Paty and Li 
 1993 ; Stone et al.  1995 ). Additionally, IFN-β has been shown to lower the exac-
erbation rate in MS patients with a relapsing remitting course and inflammatory 
activity as demonstrated by MRI. COP-1 is a synthetic polypeptide consisting 
of a random sequence of four amino acids, blocks peptides for the MHC bind-
ing groove. COP-1 has been demonstrated to be approximately as effective as 
IFN-β β in early RRMS (Johnson et al.  1995 ). More recently, monoclonal anti-
body-based therapies have been designed to act through various mechanisms, 
including blocking alpha-4 integrin interactions (natalizumab) or eliminating 
cells that express specific surface markers (e.g., CD52,  alemtuzumab  ; CD20 
 ocrelizumab   and  ofatumumab  ; IL-2 receptor,  dacluzimab  ). These immunomod-
ulatory therapies are highly effective, but have the potential for serious compli-
cations; for example, natalizumab is associated with progressive multifocal 
leukoencephalopathy (caused by JC virus) and alemtuzumab is associated with 
the development of new autoimmune disorders. Three new oral, immunomodu-
latory therapies have been approved for MS; fingolimod is an antagonist of 
normal endogenous sphingosine- 1-phosphate (S-1-P) on naïve and activated T 
cells, teriflunomide interferes with lymphocyte proliferation by inhibiting the 
enzyme dihydroorotate dehydrogenase, and dimethyl fumarate counters oxida-
tive stress (Cross and Naismith  2014 ).  Fingolimod   was recently linked to a 
reactivation of herpes simplex 1 and severe  encephali  tis in patients with MS 
(Pfender et al.  2015 ).  
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     Environmental Factors   

 Over the years, many environmental factors, including vitamin D defi ciency, diet, 
dog ownership, and smoking (Riccio et al.  2011 ; Suresh Kumar et al.  2013 ), have 
been associated with the pathophysiology of MS. In addition, infectious agents have 
been suspected in the etiology of MS for over a century (Johnson  1994 ). The fi rst 
suggestion that infectious agents may be involved in the pathogenesis of  MS   came 
from Dr. Pierre Marie, a pupil of Charcot, in 1884. Marie posited that several organ-
isms were involved in the pathogenesis of MS, either alone or in combination, based 
on the anecdotal association of acute infectious diseases (including typhoid, malaria, 
pneumonia, and childhood exanthemata) with the onset of disease. Marie hypothe-
sized that MS was triggered by infection, which led to changes in blood vessels 
ultimately resulting in an infl ammatory interstitial reaction of glia (Marie  1895 ). In 
addition Marie rather presciently emphasized the contribution of axonal degenera-
tion in disease progression. 

 Evidence implicating infectious agents in the pathogenesis of  MS   includes: (1) 
epidemiological evidence of childhood exposure to infectious agents and an increase 
in disease exacerbations with viral infection (Johnson  1994 ; Weinshenker  1996 ); 
(2) geographic association of disease susceptibility with evidence of MS clustering 
(Kurtzke  1995 ; Haahr et al.  1997 ); (3) data suggesting that migration to and from 
high-risk areas before the age of 15 infl uences the likelihood of developing MS 
(Weinshenker  1996 ); (4)  abnormal   immune responses to a variety of microbes 
(Jacobson et al.  1985 ; Neighbour et al.  1981 ; Soldan et al.  2000 ); and (5) pathobio-
logical similarities with animal viruses (including  canine distemper virus   (CDV), 
murine coronavirus,  Theiler’s mouse encephalomyelitis virus  , and visna virus) and 
human viruses (e.g.,  measles virus  ,  JC virus     , and  HTLV-I  ) that can cause disease 
with long incubation periods, a relapsing remitting course, and demyelination 
(Rodriguez et al.  1987 ; Wang et al.  1990 ; Appel et al.  1969 ; Berger et al.  1987 ; 
Filipowicz et al.  1983 ; Jacobson et al.  1990 ). Although many different viruses have 
been implicated in the pathogenesis of MS, either as etiologic agents, disease trig-
gers, or cofactors in disease  progression  , none has been universally accepted as the 
causative agent of MS (Soldan and Jacobson  2004 ). 

 As described above, the distribution of MS follows a geographic distribution 
with an increased prevalence in northern latitudes, which may be the result of both 
genetic and environmental infl uences. Migration studies have supported an infec-
tious  etiology   of MS (Alter et al.  1966 ,  1978 ; Alter and Okihiro  1971 ; Dean and 
Kurtzke  1971 ; Kurtzke et al.  1970 ). In general, individuals migrating from high-risk 
to low-risk areas after the age of 15 tend to take their risk of MS with them. However, 
individuals who migrate from high-risk to low-risk areas before the age of 15 
acquire a lower risk. These data suggest that exposure to an environmental factor, 
perhaps an infectious agent, must occur before the age of 15 in order to infl uence 
MS susceptibility. 

 Reports of clusters or epidemics of MS also support a role for an infectious agent 
in MS. In the Faroe Islands off the coast of Denmark, no cases of MS were reported 

S.S. Soldan and S. Jacobson



183

from 1929 to 1943. However, after the occupation of the Faroe Islands by British 
troops in 1940, 20 islanders developed MS between 1940 and the end of the war. 
The areas of the Faroe Island MS epidemic were found to correlate with the loca-
tions of British troop encampments after 1940 (Kurtzke et al.  1997 ; Rohowsky- 
Kochan et al.  1995 ). This initial “outbreak” of MS was followed by additional 
waves of the disease—each separated by 13 years. It has been proposed that the 
original cluster of MS in the Faroe Islands was initiated by an infectious agent that 
only affected the MS susceptibility of individuals between the ages of 11 and 12. 
The susceptible individuals harbored this microbe in a latent state through adoles-
cence, thus accounting for the 13-year interval between MS clusters on the Faroe 
Islands (Kurtzke  1995 ). Other examples of MS  epidemics   have been described in 
the Shetland-Orkney Islands; Iceland; Key West, Florida; Mossyrock, Washington; 
and Mansfi eld, Massachusetts (Kurtzke et al.  1997 ; Kurtzke and Page  1997 ).   

    Infectious Agents in Multiple Sclerosis 

    Models of Virus-Induced  Demyelination         

 Viruses have been implicated in a number of demyelinating diseases of the CNS in 
both animal and human subjects. The association of viruses in other  demyelinating 
diseases   further supports an infectious contribution to the development of MS. These 
examples of virus-mediated neurologic disorders demonstrate the capability of 
infectious agents to persist in the CNS and to induce demyelination years after the 
initial infection. Viruses involved in demyelinating diseases of nonhuman animals 
and man belong to disparate families including:  Coronavirus      (mouse hepatitis virus 
(MHV);  Lentivirus      (Visna virus and Caprine arthritis encephalitis virus); 
 Orthoretrovirus   (HTLV-I),  Polyoma   (SV40);  Paramyxovirus      (CDV and measles 
virus),  Picornavirus      ( Theiler’s murine encephalomyelitis virus (TMEV)  , encephalo-
myocarditis virus),  Rhabdovirus   ( Chandipura virus  ,  vesicular stomatitis virus  ), and 
 Togavirus      (Ross River virus,  Semliki Forest virus (SFV)  , and Venezuelan equine 
encephalitis virus) (Rodriguez et al.  1987 ; Appel  1969 ; Lavi et al.  1984 ; Haase 
 1975 ). Demyelination from virus infection can occur through various mechanisms 
including direct infection and/or destruction of oligodendrocytes, indirect demye-
lination associated with the infection of neurons or astrocytes, or cytokine-mediated 
damage driven by infected monocytes/macrophages (Johnson  2004 ). The virus- 
mediated demyelinating disorders with greatest similarity to MS or that have been 
used effectively as disease models for MS are described herein (Procaccini et al. 
 2015 ) (Table  1 ).

    TMEV      is a mouse enterovirus that belongs to the family   Picornaviridae    and is 
typically found in the gut. Morphologically, it is similar to human poliovirus. Of 
interest, TMEV occasionally penetrates the CNS and causes an acute infl ammation 
of the anterior horn cells that pathologically resembles poliomyelitis. One to fi ve 
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months after recovering from the acute paralytic disease, surviving mice develop a 
progressive infl ammatory myelopathy characterized by extensive demyelination 
(Lipton  1975 ). TMEV is used as a model for MS because the pathological anoma-
lies are limited to the CNS, infection is latent and persistent, demyelination is 
 mediated by the immune system and occurs after a long incubation period, antibod-
ies to myelin and proteolipid protein can be detected in diseased animals, and there 
are recurrences of  demyelination   and remyelination reminiscent of  RRMS   

    Table 1    Demyelinating disorders of animals and man   

 Virus  Affected animal/disease  Disease mechanism 

  Coronavirus  
   MHV  Mice  Infection and activation of 

microglia (Chatterjee et al.  2013 ) 
  Lentivirus  
   Visna virus  Sheep  Virus specifi c CTL, autoantibodies, 

and the release of proinfl ammatory 
cytokines and chemokines 
(Peterson and Chesebro  2006 ) 

   Caprine arthritis virus  Goats  Unknown, likely immune mediated 
  Orthoretrovirus  
   HTLV-I  Humans/HAM-TSP  Elevated CD8+ CTLs (Jacobson 

 1995 ) 
  Paramyxovirus  
   CDV  Dogs  Astrocytic infection with probable 

indirect demyelination    Measles virus  Humans/SSPE 
 Disregulation of CD8+ T cells 
(Yentur, 2014 #41) 

  Polyomavirus  
   SV40  Rhesus macaques  Direct infection of 

oligodendrocytes    JC  Humans/PML 
  Picornavirus  
   TMEV  Mice  Epitope spreading, CD4+ and 

CD8+ T cells (Tsunoda and 
Fujinami  2010 ; Mecha et al.  2013 ) 

   Encephalomyocarditis virus 

  Rhabdovirus  
   Chandipura virus  Humans/encephalitis  Cell-mediated immune response 

(Dal Canto and Rabinowitz  1982 ) 
   VSV  Cattle, horses, and pigs  Cell-mediated immune responses 

(Coulter-Mackie et al.  1985 ) 
  Togavirus   Neuronal infection and immune- 

mediated demyelination 
   Ross River virus  Mice  Direct infection of 

oligodendrocytes (Seay and 
Wolinsky  1982 ) 

   VEEV  Horses and humans  Macrophage and monocyte 
infection with cytokine-mediated 
demyelination (Dal Canto, 1981 
#417) 
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(Rodriguez et al.  1987 ). Moreover, there is a clear genetic component in the devel-
opment of TMEV-mediated disease in mice; TMEV-infected disease-susceptible 
SJL/J mice develop a persistent CNS infection and later develop autoimmune demy-
elination, while disease-resistant C57BL/6 (B6) mice rapidly clear the infection and 
develop no autoimmune pathology (Chastain et al.  2015 ). The susceptibility of 
specifi c mouse strains to TMEV-mediated demyelinating disease is associated with 
MHC class I genes (Borrow et al.  1992 ; Thompkins et al.  2002 ). Of interest, it is the 
persistent, avirulent strain of TMEV that causes chronic CNS disease (Pevear et al. 
 1988 ). As an animal model of MS, TMEV has been particularly useful in the study 
of axonal damage and infl ammatory-induced demyelination (Procaccini et al. 
 2015 ). The model also has relevance in investigations focused on the mechanisms 
of therapeutic drugs in MS. For example, dimethyl fumarate, a relatively new thera-
peutic option for MS, has been found to  suppress   TMEV-induced demyelinating 
disease via modulation of the Nrf2-Keap1 pathway (Kobayashi et al.  2015 ). In vivo 
depletion and neutralization studies implicate both CD4+ and CD8+ T cells in 
TMEV-induced demyelination (Tsunoda and Fujinami  2010 ; Mecha et al.  2013 ) 
and the deletion of virus-specifi c T cells enhances remyelination (Denic et al.  2014 ). 
In addition, defi cient NK Dendritic responses and the innate immune system have 
been demonstrated to play a role in disease progression in persistently infected mice 
(Chastain et al.  2015 ; Gilli et al.  2016 ). Importantly, epitope spreading, in which the 
initial response is directed against  Theiler’s virus   and then broadens to myelin pro-
teins, occurs in this model, providing a unique opportunity to investigate epitope 
spreading in the pathophysiology of a demyelinating disease. 

 Murine hepatitis virus ( MHV     ) is a coronavirus that, as the name suggests, pri-
marily infects the liver. However, several strains, including the JHM strain, are 
neurotropic and cause encephalitis with subsequent CNS demyelination (Mecha 
et al.  2013 ). The virus readily infects oligodendrocytes and neurons and kills most 
animals. However, MHV can establish a persistent infection of astrocytes and 
those animals that survive acute infection develop a chronic progressive neuro-
logic disease characterized by scattered demyelinating lesions and CNS infi ltra-
tion of macrophages and lymphocytes (Kyuwa and Stohlman  1990 ). As the 
disease progresses, lymphocytic infi ltration diminishes while demyelination and 
astrogliosis increase. These lesions resemble the chronic plaques of MS. The role 
of the immune system in the pathology of MHV-induced demyelination is com-
plex; CNS disease can occur in the absence of B- and T cells, but does occur with 
the transfer of virus- specifi c antibodies or T cells (Matthews et al.  2002 ; Kim and 
Perlman  2005 ; Stohlman and Hinton  2001 ). B cells are necessary to prevent reac-
tivation of virus in the CNS following clearance of acute infection (Bender and 
Weiss  2010 ). In addition, monocyte-derived macrophages and microglia are 
present in regions of demyelination (Bender and Weiss  2010 ). Recent evidence 
 suggests   that  MHV   directly activates microglia during acute infl ammation, 
which leads to phagocytosis of the myelin sheath leading to chronic infl ammatory 
demyelination (Chatterjee et al.  2013 ). 

  CDV   is a member of the morbilliviruses and is related to measles and rinderpest 
viruses. CDV is a common infection of dogs and other canines. Acute infection 
with  CDV   may be followed by a demyelinating encephalomyelitis called 
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subacute diffuse sclerosing encephalitis. This encephalitis is characterized by 
tremor, paralysis, and convulsions and my not appear until weeks or months after 
acute infection. Lesions observed show demyelination with sparing of axons and 
perivascular cuffs of lymphocytes and macrophages (Appel et al.  1969 ; Appel 
 1969 ). Antibodies to CDV and CNS myelin are detected in the serum and CSF of 
affected animals. Canine distemper demyelinating encephalomyelitis strongly 
resembles  subacute sclerosing panencephalitis (SSPE)   pathologically, virologically, 
and immunologically (Appel et al.  1969 ; Appel  1969 ). In this disorder, the initiation 
of demyelination may result from metabolic insuffi ciency of oligodendrocytes; 
macrophages and antiviral antibodies play a greater role in demyelination during 
relapses and in later stages of the disease (Sips et al.  2007 ; Vandevelde and 
Zurbriggen  2005 ). Of interest, a possible relationship between CDV and MS was 
investigated based on the description of increased CDV antibody titers in patients 
with MS (Rohowsky- Kochan et al.  1995 ). However, this association is not consid-
ered robust (Sips et al.  2007 ). 

 First recognized in Iceland, Visna is a progressive paralytic disease of sheep 
(Sigurdsson and Palsson  1958 ).  Visna virus      is a member of the lentiviruses, which 
includes human immunodefi ciency viruses I and II. Infection of sheep with Visna 
virus results in gait abnormalities followed by paraplegia and total paralysis. The 
disease course is variable and neurologic signs typically correlated with elevations 
in CSF protein and pleocytosis. Visna virus has a primary tropism for monocytes 
and macrophages and is transported to the CNS by infected monocytes that release 
viral particles when they differentiate into macrophages (Narayan et al.  1983 ; 
Kennedy et al.  1985 ). Once released into the CNS, the virus infects microglia and 
leads to the recruitment and proliferation of  cytotoxic T lymphocytes (CTL)  . It is 
believed that the  demyelinating   lesions observed in this disease may be the result of 
damage by virus-specifi c  CTL  , autoantibodies, and the release of proinfl ammatory 
cytokines and chemokines (Peterson and Chesebro  2006 ). 

 Examples of viral-induced demyelinating diseases of man include progressive 
multifocal leukoencephalopathy ( PML     ),  SSPE  , and HTLV-I associated myelopa-
thy/tropical spastic paraparesis (HAM/TSP). PML is a rare subacute demyelinating 
disease associated with JC virus, a polyoma virus that is widespread in human pop-
ulations worldwide. Patients with PML present with variable symptoms, depending 
on the locations of CNS lesions (Johnson  1977 ). Approximately 50–70 % of adult 
humans are seropositive for JC virus, 65 % of which are infected by the age of 14. 
The virus typically remains latent in the kidneys, bone marrow, and B cells. In 
immunocompromised individuals or those with defective cellular immunity, how-
ever, the virus enters the brain via infected B cells where it attacks oligodendrocytes 
(Tornatore et al.  1992 ). It has been reported that 3–5 % of AIDS patients develop 
PML (Berger et al.  1987 ). With the widespread use of highly active antiretroviral 
therapy in HIV+ individuals, the incidence of PML has decreased, but remained 
above pre-epidemic levels in the HIV+ population (Christensen et al.  2010 ). 
New monoclonal antibody therapies for MS, including  natalizubmab  , have been 
linked to the development of PML (Yousry et al.  2006 ), bringing assays to detect 
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anti-JC virus antibodies and investigations into the pathogenesis of  PML   to the 
forefront (Lamdhade et al.  2014 ). 

  SSPE   is a CNS  disease   of children and young adults that develops as a rare con-
sequence of measles virus infection. The clinical course of SSPE typically begins 
with subtle mental deterioration followed by lack of coordination and other motor 
abnormalities (Filipowicz et al.  1983 ). The clinical course of SSPE may last either 
months or years and ultimately results in coma and death. SSPE patients have high 
serum and CSF antibodies to all measles structural proteins with the exception of the 
membrane (M) protein. CNS lesions in SSPE are characterized by perivascular cuff-
ing with infi ltrates of lymphocytes and plasma cells in both gray and white matter. 
Extensive  demyelination   and an increase in hypertrophic astrocytes are also observed 
in this disease. Cowdry type A and B inclusion bodies containing measles virus-
specifi c antigens are found in both neurons and glia (Souraud et al.  2009 ). However, 
intact measles virus particles are absent in brain material of  SSPE   patients and the 
mechanism by which measles virus particles are absent in brain material of SSPE 
patients and the mechanism by which measles virus enters the CNS is unknown. The 
development of SSPE has not been associated with particular strains of measles virus 
and, therefore, it is likely that other host factors are required for this rare disorder to 
occur (Moulin et al.  2011 ). Recently, a decrease in regulatory T cells, and CD8(+) T 
cells expressing the inhibitory NKG2A(+) receptor accompanied by elevated acti-
vating NK receptors on NK cells has been described in patients with SSPE, support-
ing a role for chronic stimulation by viral antigens and an over- activated immune 
response  in SSPE      pathogenesis {Yentur, 2014 #41}. 

 The human T-lymphotropic virus type I (HTLV- I     ) is associated with a chronic, 
progressive neurologic disease known as HAM/TSP. The clinical hallmark of HAM/
TSP is a gradual onset of lower extremity weakness, bowel and bladder dysfunction, 
fecal incontinence, Babinski sign, variable sensory loss (Osame  1990a ,  b ; Osame 
et al.  1987 ). The onset of HAM/TSP is gradual in most patients and the disease is 
clinically indistinguishable from the chronic progressive form of MS. Cerebrospinal 
fl uid (CSF) analysis in HAM/TSP is remarkable for OCBs, some of which are 
directed against HTLV-I (Jacobson et al.  1990 ). MRI has demonstrated demyelinat-
ing lesions in both the white matter and the periventricular regions of HAM/TSP 
brains and swelling or atrophy in the spinal cord. Although the distinct plaques 
characteristic of MS are not observed in HAM/TSP, loss of myelin with some pres-
ervation of axons has been described (Nakagawa et al.  1995 ). The incubation period 
between infection with  HTLV-I   and the development of HAM/TSP is typically long 
and only occurs in a minority of those infected. 

 The propensity for certain individuals to develop either  HAM/TSP  , ATL, or 
other HTLV- I   associated infl ammatory diseases while others remain clinically 
asymptomatic is not fully understood. It has been suggested that host genetics and 
immune abnormalities infl uence an individual’s predisposition to HAM/TSP, as 
they are believed to infl uence the likelihood of  developing   MS (Jacobson  1995 ). 
Therefore, the use of HAM/TSP as a “model” of a chronic progressive neurologic 
disease that occurs in only a small percentage of infected individuals is particularly 
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germane in examining the possible involvement of a ubiquitous virus in the 
etiology of MS. The lifetime risk of an HTLV-I infected individual acquiring 
HAM/TSP over a lifetime is estimated to be 0.25 % (Osame  1990b ). In Japan, 
associations have been made between the likelihood of developing either HAM/
TSP or ATL and particular  HLA haplotypes   (Sonoda  1992 ; Sonoda et al.  1996 ). 
HAM/TSP patients of Japanese decent have an increased frequency of certain 
HLA-Cw7, B7, and DR1 alleles represented by the A26CwB16DR9DQ3 and 
A24Cw7BDR1DQ1 haplotypes. In contrast, Japanese ATL patients have an 
increased frequency of HLA-A26, B16, and DR19 and a decreased frequency of 
HLA A24 and Cw1 compared with controls. The HLA types DRB1*0901, 
DQN1*0303, and DRB1*1501 in ATL patients and HLA types DB1*0101, 
DRB1*0803, DRB1*1403, and DRB1* in HAM/TSP patients were found to be 
mutually exclusive (Sonoda et al.  1996 ). 

 The neuropathology of HAM/TSP indicates that immune-mediated mechanisms 
are involved in the progression of this disease. Furthermore, several lines of evidence 
indicate that the cellular and humoral immune responses of  HAM/TSP patients   are 
altered from that of HTLV-I asymptomatic carriers and uninfected controls. The 
immunologic hallmarks of HAM/TSP include an increase in ex vivo spontaneous 
lymphoproliferation in the absence of antigenic stimulation or IL-2 (Kramer et al. 
 1989 ), the presence of HTLV-I specifi c, CD8+ CTL in the PBL, and an increase in 
antibodies to HTLV-I in sera and CSF. In HAM/TSP, natural killer cells tend to be 
diminished in both number and activity. HTLV-1 is primarily found in the CD4(+)
CD25(+) T cell subset (Regulatory T cells: Tregs  ); these cells are critical for establish-
ing peripheral immune tolerance and known to be dysfunctional in HAM/TSP. Recent 
work by our group suggests that epigenetic modifi cation of the FOXP3 Treg-specifi c 
demethylated region decreases the functional suppression of Tregs and may play an 
important role in the  neuropathogenesis   of  HAM/TSP   (Anderson et al.  2014 ). 
Although the suggestion of disease-specifi c HTLV-I strains has been dismissed as a 
factor in the determination of disease susceptibility, increased viral load has been 
implicated in the pathogenesis of  HAM/TSP  . It has been suggested that increased 
proviral loads may be a predictor for the progression from the asymptomatic carrier 
state to HAM/TSP. It has also been suggested that the  HLA   class I allele A2*01 may 
confer a protective effect on the development of HAM/TSP by infl uencing the provi-
ral load in infected individuals. Of interest, the HLA A2*01 haplotype has also been 
shown to decrease the overall risk of MS in an HLA allele comparison study from a 
cohort of Swedish and Norwegian MS patients and healthy controls using PCR-SSCP 
(Fogdell-Hahn et al.  2000 ). 

 Several models for the immunopathogenesis of  HAM/TSP   have been proposed. 
All of these models are based on an HTLV-I-induced immune-mediated response in 
the CNS to either specifi c viral antigens or cross-reactive self peptides and none of 
which are mutually exclusive. The proposed models for the immunopathogenesis of 
HAM/TSP are similar to those suggested for MS. Therefore, it is hoped that insights 
into the pathogenesis of HAM/TSP will lead to a better  understanding   of MS and 
other neurologic disorders, such as neuro-AIDS, in which virus-mediated immuno-
pathogenesis may occur in a subset of infected individuals. 
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    Potential  Mechanisms   of Virus-Induced Demyelination in MS 

 There are a number of models of virus-induced demyelination in MS that seek to 
explain the complex series of events that ultimately result in the MS lesion. The 
molecular mimicry model suggests that an immune response against viral antigens 
that cross-reacts with normal host cell components may contribute to the pathogen-
esis of MS. Several viral sequences contain part of the human MBP sequence 
(Jahnke et al.  1985 ). Moreover, a number of viruses have been shown to share pep-
tide motifs or other antigenic similarities with the components of myelin (Hogeboom 
 2015 ; Mameli et al.  2014 ; Zheng and Zhang  2014 ). Other relevant examples of 
molecular mimicry include the cross-reactivity of antibodies against proteins of her-
pes simplex and measles virus with human intermediate fi laments (Fujinami et al. 
 1983 ; McCoy et al.  2006 ; Gabibov et al.  2011 ; Boucher et al.  2007 ). In vivo models 
have supported a role for molecular mimicry in infl ammatory neurologic disease. 
For example, rabbits immunized with a synthetic peptide containing sequences of 
the hepatitis B virus polymerase develop  experimental autoimmune encephalomy-
elitis (EAE) lesions  . Rabbits that develop EAE as a consequence of immunizations 
with synthetic peptide generated a humoral and cell-mediated immune response to 
both  myelin and hepatitis B polymerase   (Fujinami and Oldstone  1985 ). Additionally, 
cross-reactivity between a monoclonal antibody to the VP1 protein of TMEV and 
oligodendrocytes has been demonstrated. Demyelinating disease was observed in 
mice who were administered the VPI monoclonal antibody. Subsequently, amino 
acid homologies between immunogenic epitopes of SFV and myelin autoantigens, 
MBP, myelin proteolipid protein (PLP) and  myelin oligodendrocyte glycoprotein 
(MOG)   were identifi ed (Mokhtarian et al.  1999 ). Immunization of B6 mice with 
SFV proteins induced signifi cant lymphocyte proliferation to the SFV E2 peptide as 
well as MOG peptide, 18–32, but not to MBP or PLP peptides. Immunization with 
both MOG 18–32 and E2 115–129 induced a later-onset chronic EAE-like disease 
(Mokhtarian et al.  1999 ). These examples of molecular mimicry support the possi-
bility that immunological recognition of viral peptides of suffi cient structural simi-
larity to the immunodominant MBP peptide may lead to clonal expansion of 
MBP-reactive T cells in MS. Therefore, viruses which are known to cause  latent   or 
persistent infections such as herpes viruses may lead to a chronic antigenic stimula-
tion of autoreactive T-cell clones (Allegretta et al.  1990 ). 

 A second possible mechanism of virus-induced demyelination is that of a “non-
specifi c bystander” effect resulting from the reaction of lymphocytes or macro-
phages to diverse antigens. In this case, oligodendrocytes or myelin sheaths could be 
damaged by lymphokines or proteases released by activated macrophages and 
immune cells in response to viral infection. The induction of infl ammatory cytokines 
alone, such as TNF-α, has been shown to induce demyelination. This mechanism of 
viral stimulation of immunocompetent cells that nonspecifi cally attack the myelin 
sheath could explain demyelination in the number of infections with diverse viruses. 
The  mechanism   for virus-induced demyelination is also proposed in the pathogene-
sis of  HAM/TSP  . It has been suggested that the recognition of HTLV-I gene products 
in the CNS results in the lysis of glial cells and cytokine release (Ijichi et al.  1993 ). 
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This model is based on the observation that HTLV-I-specifi c CTL restricted to 
immunodominant epitopes of HTLV-I gene products can be demonstrated in the 
PBL and CSF of HAM/TSP patients and that the frequency of HTLV-I-specifi c 
CTLs in the CNS could be either a resident glial cell (oligodendrocytes, astrocytes, 
or resident microglia) infected with HTLV-I or an infi ltrating CD4+ cell. HLA class 
I and II are not normally expressed in the CNS which would prevent antigen presen-
tation necessary for CTL activity. However, HLA class I and class II expression are 
upregulated by several cytokines including IFN-γ and TNF-α which can be induced 
by HTLV-I and are known to be upregulated in HAM/TSP patients. The release of 
cytokine and chemokine production by HTLV-I is potentially destructive to cells of 
the CNS. A similar mechanism could explain the virus induction of demyelinating 
disease in MS. Alternatively, it has been proposed that a combination of two mecha-
nisms, molecular mimicry and bystander activation, induced by virus infection, can 
lead to CNS demyelinating diseases in MS. In this scenario, viral proteins having 
molecular mimicry with self-proteins in the CNS can prime genetically susceptible 
individuals. Once this priming has occurred, an immunologic challenge could result 
in disease through cytokine- mediated   bystander activation (McCoy et al.  2006 ). 

 Demyelination may also develop as a consequence of virus-induced autoimmune 
reaction against brain antigens. Indirect evidence in support of this theory comes 
from EAE in animals and parainfectious encephalomyelitis in humans where virus- 
specifi c CD4+ lymphocytes proliferate in response to MBP (Liebert et al.  1988 ). It 
is unknown how viruses break immune tolerance and force the host to mount a 
strong cell-mediated immune response to brain antigens. As the virus replicates, it 
may incorporate host antigens into its envelope and inserts, modifi es, or coats itself 
with cellular antigens on the cell surface. It is biologically possible that these newly 
exposed antigens may be recognized and treated by the host as foreign (Hirsch et al. 
 1975 ). For example, the presence of CD13 has been demonstrated in the envelope 
of  human cytomegalovirus (HCMV)  . CD13 becomes associated with HCMV upon 
budding in the Golgi-derived vacuoles during early egress (Soderberg et al.  1996 ). 
CD13-specifi c antibodies were detected in the majority of patients with HCMV 
viremia or disease after bone marrow transplantation (Soderberg et al.  1996 ; Naucler 
et al.  1996 ). These antibodies were found to cross-react with structures in normal 
skin biopsies (Soderberg et al.  1996 ; Naucler et al.  1996 ). Alternatively,  lympho-
tropic viruses   might interact with the immune regulatory system by destroying 
some populations of lymphocytes or stimulating the generation of autoreactive lym-
phocyte clones. Many lymphotropic viruses are capable of transforming infected 
cells and rendering them immortal. It has been demonstrated in vitro that cells 
immortalized by viruses, such as EBV, are capable of secreting autoantibodies 
(Rosen  1977 ). Further, it has been demonstrated that  EBV   infection transforms 
CD25+ B cells into antibody-secreting cells in rheumatoid arthritis. These CD25(+) 
B cells are enriched in peripheral blood and synovial fl uid of RA patients, suggest-
ing a relationship between EBV-dependent changes in B-cell phenotype and rheu-
matoid arthritis (Brisslert et al.  2013 ). Similar virus/B- cell    interactions   have been 
implicated in other models of autoimmunity {Sansonno, 2009 #7}.   
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     Infectious Agents   Historically Associated with Multiple Sclerosis 

 Infectious agents have been suspected in the etiology of MS since the late 1800s 
(Johnson  1994 ; Marie  1895 ). Over the years, several viruses and bacteria have been 
associated with MS based primarily on elevated antibody titers or the isolation of a 
particular virus/bacterium from MS material (Table  1 ). Despite the extensive efforts 
to associate MS with a particular pathogen, none of these viruses has been defi ni-
tively associated with the disease. Elevated antibody titers to several viruses includ-
ing infl uenza C, herpes simplex 1 and 2, measles, varicella-zoster, rubeola, vaccinia, 
Epstein-Barr virus (EBV), mumps, SV5, and human herpes virus 6 (HHV-6) have 
been reported in patients with MS in comparison with healthy controls (Henson 
et al.  1970 ; Alperovitch et al.  1991 ; Ito et al.  1975 ; Soldan et al.  1997 ; Sumaya et al. 
 1980 ). Most of these reported agents have been discounted from consideration in 
the pathogenesis of  MS  . However, a few remain candidate agents of interest. 

 Of the many viruses from disparate families (Table  2 ) that have been associated 
with MS, measles virus has received consideration.  Measles virus   can establish per-
sistence, both in tissue culture and in vivo, as is the case in SSPE, a chronic progres-
sive demyelinating disease of the CNS. In addition, both humoral and cellular 
immune responses to  measles virus   differs in MS patients compared to healthy con-
trols (Jacobson et al.  1985 ). Intrathecal synthesis of measles-specifi c antibodies has 
been demonstrated in the CSF of MS patients and, paradoxically, decreased measles- 
specifi c CTL are found in MS patients compared with healthy individuals (Jacobson 
et al.  1985 ).  Cytoplasmic tubular   structures resembling measles nucleocapsids have 
been found in the astrocytes of one MS patient. Of interest, an explant of this 
patient’s brain tissue developed a cytopathic effect, which was blocked by pretreat-
ment with an anti-measles serum (Field et al.  1972 ). Additionally, in one study, 
measles virus-specifi c RNA has been detected by in situ hybridization in brain 
material of patients. However, subsequent studies did not confi rm these results.

   Several bacteria have also been identifi ed as potential etiologic agents in 
MS. More than 80 years ago, spirochetes were believed to cause MS based on the 
fact that syphilis can cause a relapsing/remitting infl ammatory disease of the CNS 
with OCB present in the CSF, while  Lyme disease   can cause delayed neurologic 
symptoms with similarities to MS (Oksenberg and Barcellos  2000 ). Other associa-
tions of bacteria and MS have been suggested based on the observation of increased 
antibody titers in MS patients compared with controls (Sriram et al.  1999 ; Salmi 
et al.  1981 ,  1983 ). It is unknown whether elevated antibodies to infectious agents 
found in the CNS of MS patients represent local  production   of antibody in the CNS 
as a result of resident lymphocytes or if they are a consequence of “spill-over” of 
circulating serum antibodies as a consequence of a damaged BBB. 

 A potential association between   Chlamydia pneumonia    and MS has received a 
great deal of consideration.  C. pneumonia  is an obligate intracellular bacterium of 
the respiratory tract that causes community acquired pneumonia. While  C. pneumo-
nia  primarily infects mucosal surfaces, systemic dissemination of the bacterium 
from the respiratory tract may occur via monocytes and macrophages (Hahn et al. 
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 2002 ; Campbell and Kuo  2002 ; Moazed et al.  1998 ). Epidemiologic evidence sug-
gests that  C. pneumonia , like HHV-6, is a ubiquitous human pathogen (Leinonen 
 1993 ; Grayston et al.  1989 ). Since its identifi cation as a unique chlamydial species 
in 1989,  C. pneumonia  has been controversially associated with several non- 
respiratory human pathologies of the cardiovascular system and CNS including 
artherosclerosis, giant cell arteritis, vasculitis, Alzheimer’s disease, encephalitis, 
HIV associated dementia, and MS (Balin et al.  1998 ; Contini et al.  2003 ; 
 Helweg- Larsen et al.  2002 ; Koskiniemi et al.  1996 ; Rimenti et al.  2000 ; Rosenfeld 
et al.  2000 ; Sriram et al.  1998 ; Little et al.  2014 ; Grayston et al.  2015 ). 

 A relationship between  C. pneumonia  and MS was fi rst suggested in a case report 
that demonstrated the presence of the bacterium in the CSF of an MS patient with 
rapidly progressive MS (Sriram et al.  1998 ). Of interest, antibiotic treatment of this 
patient resulted in marked clinical improvement (Sriram et al.  1998 ). This initial 
report was extended to a larger study that examined the presence of  C. pneumonia  

   Table 2    Select viruses historically associated with MS   

 Suspected agent  1° Evidence for association with MS 
  Coronavirus  
   Coronavirus  Isolation from mice inoculated with MS Brain (Burks et al.  1980 ) 
  Flavivirus  
   Rubella  Increased antibody titers in MS (Schuller et al.  1988 ) 
   Tick born 

encephalitis 
 Isolated from mice inoculated with MS blood 

  Herpesvirus  
   CMV  Isolated from chimpanzee inoculated with MS brain (Ross et al.  1995 ) 
   EBV  Higher prevalence of EBV infection in MS (Bray et al.  1983 ) 
   HHV-6  Detections of DNA and viral protein in MS brain (Challoner et al. 

 1995 ) 
   HSV  Increased CSF antibody titers and virus isolation in MS (Gudnadottir 

et al.  1964 ) 
   MDV  Geographical distribution (McStreet et al.  1992 ) 
   VZV  Geographical distribution (Anderson et al.  1999 ) 
  Parainfl uenza viruses  
   Parainfl uenza virus I  Isolation in tissue culture after cell fusion of brain cells from MS 

patients (ter Meulen et al.  1972 ) 
  Paramyxovirus  
   Measles virus  Measles virus detected in brain tissue (Barbosa and Hamilton  1973 ) 
   Mumps  Increased antibody titers in MS (Alperovitch et al.  1991 ) 
   Simian virus 5  Development of SV5 CPE in T cells after inoculation with bone 

marrow from MS patient (Goswami et al.  1987 ) 
  Retroviruses  
   HTLV-1  Detection of proviral DNA in MS (Reddy, 1988 #374) 
   MSRV  Detection of retrovirus RNA in MS CSF (Perron et al.  1997 ) 
  Rhabdovirus  
   Rabies virus  Isolation from blood and CSF of two MS patients (Zinchenko  1965 ) 
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in 17  RRMA  , 20 and 27 OND controls (Sriram et al.  1999 ). IN this study approxi-
mately 47 % of RRMS and 80 % of SPMS patients were culture positive for 
 C. pneumoniae , compared to only 11 % of OND controls (Sriram et al.  1999 ). In 
addition, CSF from all relapsing-remitting and 19/20 secondary progressive MS 
patients were PCR-positive for the  C. pneumonia  outer membrane gene compared 
to only 5/27 other neurologic disease controls (Sriram et al.  1999 ). Of interest, intra-
thecal antibodies specifi c for  C. pneumoniae  were signifi cantly higher in MS 
patients than in controls with other neurologic diseases (Sriram et al.  1999 ). 
Subsequent studies from this group have demonstrated that OCB could be partially 
absorbed out of CSF from the majority of MS patients using  C. pneumonia  antigens 
and that the intraperitoneal inoculation of mice with  C. pneumonia , after immuniza-
tion with neural antigens, increased the severity of EAE (Du et al.  2002 ). PCR stud-
ies  attempting   to reproduce the PCR amplifi cation of  C. pneumonia  from the CSF 
of MS patients have been inconsistent. Several studies reported no  C. pneumonia  
positive samples by either culture or PCR (Boman et al.  2000 ; Numazaki and Chibar 
 2001 ; Saiz et al.  2001 ). Others have reported low positivity rates for  C. pneumonia  
in MS (Layh- Schmitt et al.  2000 ; Aghaei et al.  2011 ), or high frequency of detection 
of  C. pneumonia  in other neurologic disease controls (Gieffers et al.  2001 ).  

    Viruses Currently Under Investigation for Their Putative Role 
in MS 

     Retroviruses   

 Although an association between the human retrovirus HTLV-I and MS has not 
been supported, the possibility of a retroviral etiology of MS has not been entirely 
excluded (Antel et al.  1990 ; Chen et al.  1990 ). In the absence of evidence for an 
exogenous retrovirus clearly associated with MS, it has been suggested that  human 
endogenous retroviruses (HERV)   could be involved (Rasmussen et al.  2000 ; Rudge 
 1991 ). HERV comprise up to 1 % of human DNA and have been implicated as “trig-
gers” in a variety of autoimmune disorders (Krieg et al.  1992 ; Nakagawa et al. 
 1997 ). The proposed pathogenic role for HERV is based on the correlation of supe-
rantigen expression from the endogenous retrovirus termed IDDMK 1,2, 22 and 
insulin- dependent diabetes mellitus and the presence of autoantibodies that cross- 
react with HERV proteins in patients with systemic lupus erythematosus and 
Sjögren’s syndrome (Benoist and Mathis  1997 ; Conrad et al.  1997 ; Garry  1994 ). 
Endogenous retroviruses may infl uence immune regulation through direct effects 
on gene products due to integration sites, interactions with exogenous viruses, or as 
autoantigens (Rasmussen et al.  2000 ). 

 An endogenous retrovirus, known as the multiple sclerosis retrovirus (MSRV), 
has been associated with MS (Perron et al.  1997 ). An extensive characterization of 
this family of HERV, which has been designated as  human endogenous retrovirus-
 W (HERV-W)  , classifi es MSRV as a member of the HERV-W family (Blond et al. 
 1999 ; Fujinami and Libbey  1999 ). MSRV  pol  (polymerase gene encoding retroviral 
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reverse transcriptase) sequences were isolated from retroviral particles released by 
 leptomeningeal cells (LM7)   cultured from the CSF of an MS patient (Perron et al. 
 1997 ). Additionally,  pol  sequences were isolated from the serum of a signifi cantly 
higher percentage of MS patients than controls (Garson et al.  1998 ). Of interest, 
proteins from HSV-I have been demonstrated to transactivate MSRV in vitro (Perron 
et al.  1997 ). This observation may be consistent with the  correlation   between MS 
exacerbations and viral infections (Sibley et al.  1985 ). Sequence analysis of the 
MSRV  pol  gene indicates that it is virtually identical to the pol gene of the endog-
enous retrovirus-9 family, which is expressed in MS and control human tissues 
(Brahic and Bureau  1997 ). Interestingly, it has been suggested that  MSRV pol 
sequences   are transcriptionally active and expressed in lymphocytes from both MS 
patients and controls (Nowak et al.  2003 ). Notably, in this initial study, MSRV Pol 
was expressed more frequently in lymphocytes and serum from MS patients com-
pared with controls (Nowak et al.  2003 ). Subsequent neuropathological analysis has 
suggested that MSRV-Env protein is localized to MS plaques with higher expres-
sion of MSRV-Env in active plaques compared to inactive plaques (Mameli et al. 
 2007 ; Perron et al.  2012 ). 

 A pro-infl ammatory mechanism for MSRV’s role in MS involving interactions 
between MSRV and  Toll-like receptor 4 (TLR4)   in PBMCs has been suggested 
(Rolland et al.  2006 ). In addition, MSRV-Env may interfere with remyelination via 
TLR4-mediated inhibition of oligodendrocyte differentiation on  oligodendrocyte 
precursor cells (OPCs)   (Kremer et al.  2013 ). Based on its direct toxicity to PBMCs 
and its ability to activate the innate immune system, MSRV-Env was deemed a rel-
evant therapeutic target for MS. Accordingly, the mAB GNbAc1 was developed as 
an MSRV antagonist and has been demonstrated to abrogate HERV-W envelope 
protein-mediated oligodendroglial maturation blockade (Kremer et al.  2015 ). A 
phase IIa randomized clinical trial using two doses of GNbAc1 was recently con-
cluded in 10 MS  patients  . The drug appears to be safe and well tolerated with a 
larger, proof-of-concept study pending (Derfuss et al.  2015 ).  

    Herpesviruses 

   HHV-6 

 The human  herpesvirus 6 (HHV-6     ) is a beta herpesvirus for which  seroprevalence 
rates   vary from 72 to 100 % in healthy adults worldwide (Asano et al.  1994 ). In spite 
of its universally high seroprevalence in MS patients and the unaffected population 
alike, HHV-6 has been one of the most serious contenders as an important infec-
tious/environmental factor in the etiology of MS for the last 20 years. The  virion 
architecture   of HHV-6 is similar to that of other herpesviruses and consists of a core 
containing a linear double-stranded DNA, an icosadeltahedral capsid, a tegument 
surrounding the capsid, and an envelope spiked with viral glycoproteins on its sur-
face. Although HHV-6 replicates primarily in  T-lymphocytes  , it is a pleiotropic 
virus that can either productively or nonproductively infect cells from several 
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lineages including B cells, microglia, oligodendrocytes, and astrocytes (Ablashi 
et al.  1988 ; Albright et al.  1998 ; He et al.  1996 ; Takahashi et al.  1989 ). 

 In 1992, HHV-6 was subdivided into two similar, but unique variants ( HHV-6A 
and HHV-6B  ) based on genomic, antigenic, and biological differences (Ablashi 
et al.  1991 ). The genomes of HHV-6A and HHV-6B range in length from 160 to 170 
kbp and encode approximately 100 proteins (Dewhurst et al.  1993 ). The overall 
nucleotide sequence identity between HHV-6A and HHV-6B is approximately 90 % 
(Dewhurst et al.  1993 ). Of the genes with less than 70 % identity between the two 
variants, all but one (U47) were found in the immediate-early region. Eighteen open 
reading frames are unique to either HHV-6A or HHV-6B (Dominguez et al.  1999 ). 
Because of the close sequence identities between the two viruses and the absence of 
serological assays that can easily discriminate between the two variants, HHV-6A 
and HHV-6B were historically treated as variants of the same virus species. 
However, it was argued that differences in the biology, cellular tropisms, growth 
profi les, and restriction endonuclease profi les of the two variants are suffi cient to 
classify them as distinct herpesviruses rather than as  variants   of the same virus 
(Dewhurst et al.  1993 ; Dominguez et al.  1999 ). In 2012, the International Committee 
on Taxonomy of Viruses ( ICTV     ) formally recognized HHV-6A and HHV-6B as two 
distinct species; the genus  Roseolovirus  now comprises HHV-6A, HHV-6B, and 
HHV-7 and the other human beta herpesvirus, cytomegalovirus (CMV or HHV-5), 
is classifi ed within the genus  Cytomegalovirus , along with a number of beta herpes-
viruses found in nonhuman primates (Adams and Carstens  2012 ). 

 HHV-6B has been identifi ed as the causative agent of  exanthema subitum  and 
accounts for the majority of symptomatic HHV-6 infections in infants; seropositiv-
ity for HHV-6B has been reported to be up to 100 %. In contrast, HHV-6A is less 
prevalent in the USA, Europe, and Japan (Braun et al.  1997 ). However, an increased 
neurovirulence of HHV-6A compared to HHV-6B has been suggested based on a 
greater detection of the HHV-6A than the HHV- 6B   in the CSF of children and adults 
(Hall et al.  1998 ). Additionally, HHV-6A has been isolated from the CNS of AIDS 
patients with areas of demyelination (Knox and Carrigan  1995 ). 

 Among the multitude of viruses investigated in association with MS, measles 
virus and a number of herpesviruses have been given the most serious consider-
ation. HHV-6 is an attractive candidate as a possible  etiologic agent in MS   for sev-
eral reasons. (1) Primary infection with HHV-6 usually occurs during the fi rst few 
years of life and the involvement of HHV-6 with MS is consistent with epidemio-
logical evidence in MS suggesting that exposure to an etiologic agent before puberty 
(Kurtzke  1995 ). (2) HHV-6, particularly the HHV-6A variant, is highly neurotropic 
(Hall et al.  1998 ). (3) Primary infection with HHV-6 occasionally results in neuro-
logic complications including meningitis and meningo-encephalitis and febrile sei-
zures (Asano et al.  1992 ). HHV-6 has been demonstrated to cause fatal encephalitis 
in AIDS patients and in individuals immunosuppressed as a consequence of bone 
marrow transplantation (Knox and Carrigan  1995 ). Furthermore, a  neuropathogenic 
role   for HHV-6 has been  suggested   based on the development of a variety of disor-
ders associated with active HHV-6 infection including fulminant demyelinating 
encephalomyelitis, subacute leukoencephalitis, necrotizing encephalitis, PML, and 
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chronic myelopathy (Carrigan et al.  1996 ; Novoa et al.  1997 ; Mackenzie et al. 
 1995 ). One of the fundamental properties of herpesviruses is their tendency to reac-
tivate. The same factors that often lead to herpesvirus reactivation, such as stress 
and infection with another agent, have also been associated with MS exacerbations. 
Unfortunately, the mechanisms by which HHV-6 achieves latency and reactivation 
are poorly understood. It believed that the virus reactivates frequently as it is readily 
found in the saliva and peripheral blood mononuclear cells of healthy adults and 
reactivation in transplant recipients is not uncommon and can cause severe clinical 
manifestations such as encephalitis, and bone marrow suppression (Yoshikawa 
 2004 ). (4) Herpesviruses are typically latent in nervous tissue and cannot be struc-
turally identifi ed in a latent state. Therefore, herpesviruses are not likely to be found 
by electron microscopy. (5) HHV-6 is pleiotrophic and infects cells of both lym-
phoid and nonlymphoid origin. The  pleiotropism   of HHV-6 could explain abnor-
malities observed in both the immune and nervous systems of patients with MS. 

 In 1995, Challoner and colleagues were the fi rst to suggest a potential role for 
HHV-6 in MS based on an unbiased search for  nonhuman DNA   by  representational 
difference analysis (RDA)   (Challoner et al.  1995 ). This technique is based on suc-
cessive rounds of subtractive hybridization and PCR amplifi cation, enriched for 
DNA sequences present in DNA preparations from MS disease material and control 
PBMCs. In this study, over 70 DNA fragments were analyzed. One of these frag-
ments was found to be homologous to the MDBP gene of the HHV-6B variant Z29. 
HHV-6 DNA was found in 78 % of MS brains and 74 % of control brains. However, 
monoclonal antibodies against the HHV-6 101 K protein and the DNA binding pro-
tein p41 were detected in the brain tissues of MS patients and not in controls. In  MS 
brains  , nuclear staining was found in  oligodendrocytes   surrounding MS plaques 
more frequently than in uninvolved white matter (Challoner et al.  1995 ). While this 
study did not establish a causal link between HHV-6 and MS, it was the fi rst study 
to suggest an association between a virus and MS using an unbiased technology. 

 Soon after the  Challoner report  , the association of HHV-6 with MS was sup-
ported by immunological and molecular studies from our group and others (Soldan 
et al.  1997 ). Signifi cantly higher antibody titers against HHV-6 whole virus prepara-
tions in MS patients compared with normal controls and increase in HHV-6 DNA in 
the PBMCs of MS patients by PCR were reported (Sola et al.  1993 ). While these 
preliminary studies were intriguing, they were based on methodologies that do not 
discriminate between latent and active infection of HHV-6. Therefore, to distin-
guish between these stages of HHV-infection, early antibody responses to the 
HHV-6 p41/38 early antigen and the presence of HHV-6 serum DNA by nested PCR 
were examined (Soldan et al.  1997 ). It was demonstrated that HHV-6 serum DNA 
correlates with active HHV-6 infection and is not found in healthy individuals 
(Secchiero et al.  1995 ). In this original report, a signifi cant increase in  IgM response   
to the p41/38 early antigen was demonstrated in patients with the relapsing remit-
ting form of MS in comparison to healthy controls and individuals with other neu-
rologic disease. An increased IgM response to the p41/38 early antigen was also 
observed in a group of patients with other infl ammatory diseases. Additional studies 
have confi rmed the presence of increased IgM responses to HHV-6 in patients with 
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MS (Ablashi et al.  1998 ; Friedman et al.  1999 ; Ramroodi et al.  2013 ; Khaki et al. 
 2011 ), while no correlation has been found in other reports (Enbom et al.  1999 ; 
Gustafsson et al.  2014 ; Simpson et al.  2014 ). A recent study including 2163 serum 
samples from 596 MS  patients   has supported the increase in HHV-6 antibody titers 
in MS patients and further demonstrated that levels of anti HHV-6 A/B IgG and IgM 
titers correlate with relapses and progression in MS. Interestingly, IgG and IgM 
titers reached their highest value 2 weeks 1 month, respectively, before relapse, sug-
gesting that anti-HHV-6 antibody responses have potential as a biomarkers for dis-
ease monitoring and modifying therapies (Ortega-Madueno et al.  2014 ). 

 In addition to examining the  antibody response   to HHV-6 in MS, we used a 
highly sensitive nested PCR assay to amplify HHV-6 DNA from the serum of MS 
patients and controls as a marker of HHV-6 infection (Soldan et al.  1997 ).  HHV-6 
serum DNA   was detected in 30 % of MS patients and in 0 % of controls (0/47) con-
sisting of healthy individuals, patients with other infl ammatory diseases and patients 
with other neurologic diseases (Soldan et al.  1997 ). This NIH cohort was expanded 
to include a total of 167 MS patients and 70 controls (Berti et al.  2002 ). Our group 
has continued to demonstrate the presence of HHV-6 DNA in the serum of approxi-
mately 23 % of MS patients and 0 % of controls (Soldan et al.  1997 ; Berti et al. 
 2002 ; Akhyani et al.  2000 ). Subsequent studies by a number of other groups have 
reexamined the presence of HHV-6 serum DNA in MS patients. Overall, the results 
from these studies were equivocal (Soldan et al.  1997 ; Akhyani et al.  2000 ; Locatelli 
et al.  2000 ; Tejada-Simon et al.  2002 ) and it was suggested that discrepancies in 
these reports may be attributable to differences in patient selection, timing of sam-
ple acquisition, techniques, and reagents used (Fillet et al.  1998 ; Jacobson  1998 ). 

 To extend the observation of  cell free serum HHV-6 DNA   in MS patients, a lon-
gitudinal study consisting of 215 samples obtained from 59 MS patients followed 
prospectively for a 5 month period of time was conducted (Berti et al.  2002 ). Serum 
HHV-6 DNA was detected from signifi cantly fewer sera obtained during periods of 
clinical remission. While data from previous studies represent single time points, 
this study analyzed a large group of MS patients over time and suggests that there is 
a statistically greater likelihood of detecting HHV-6 DNA in the serum of an MS 
patient during an exacerbation. Therefore, the time of serum sampling is likely to 
affect the detection of HHV-6 DNA in the serum of MS patients. Additionally, this 
report further supports a role for HHV-6 in the pathogenesis of MS by suggesting 
that the presence of serum HHV-6 DNA, similar to the presence of gadolinium 
enhancing lesions, coincides with clinical worsening in a subset of patients (Berti 
et al.  2002 ). Later studies measuring the presence of active HHV-6 in  PBMC and 
CSF   found that high levels of HHV-6A were frequently present in the early stages 
of MS and suggested that viral replication takes place within the CNS (Rotola et al. 
 2004 ). It was further confi rmed that HHV-6 viral loads are also elevated during 
relapses/exacerbations of MS (Alvarez-Lafuente et al.  2006a ,  b ). Moreover, using a 
novel digital droplet PCR assay, Leibovitch et al. have  demonstrated   that both the 
presence of DNA from the more neurotropic HHV-6A and the simultaneous detec-
tion of HHV-6A and HHV-6B (representative of co-infection) occur more frequently 
in saliva from MS patients than controls (Leibovitch et al.  2014 ). 
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  Cellular immune responses   to HHV-6 have been compared in MS patients and 
controls (Soldan et al.  2000 ; Tejada-Simon et al.  2002 ,  2003 ). In a report examining 
the T-cell lymphoproliferative responses of healthy controls and patients with MS to 
both variants of HHV-6 and HHV-7 using whole virus lysates it was demonstrated 
that there was no difference in either the frequency or magnitude of proliferative 
responses between healthy controls and patients with MS to either HHV-6B or 
HHV-7 (Soldan et al.  2000 ). However, a signifi cantly higher percentage of patients 
with MS had proliferative responses to HHV-6A (66 %) compared to healthy con-
trols (33 %). At present it is unknown whether the increased frequency of lymphop-
roliferative responses to the HHV-6A lysate in patients with MS is the result of a 
higher seroprevalence of the HHV-6A in MS patients or in an altered host immune 
response (Soldan et al.  2000 ). Moreover, subsequent studies have successfully 
amplifi ed HHV-6A in PBMC, serum, and urine of MS patients, but not in controls 
(Akhyani et al.  2000 ; Kim et al.  2000 ). Collectively, the description of an increased 
 lymphoproliferative response   to HHV-6A and the unique amplifi cation of HHV-6A 
DNA in the PBMC, serum, and urine of MS patients further support the association 
of HHV-6 with MS. Moreover, these studies suggest that the highly neurotropic A 
variant rather than the B variant may play a role in this disease (Soldan et al.  2000 ). 
These studies underscore the importance of considering HHV-6A and HHV-6B 
separately and not as a single entity. 

 In a study examining  cellular immune responses   to HHV-6, T-cell responses to 
recombinant HHV-6 101 K protein were described in MS patients and controls (Tejada-
Simon et al.  2002 ). The 101 K protein used for this study was cloned from the HHV-6B 
variant and has 81 % homology with HHV-6A. A lower precursor frequency of 10 K 
specifi c T cells was observed in MS patients compared with controls (Tejada-Simon 
et al.  2002 ). The  impaired T-cell response   to the 101 K protein of HHV-6 was associ-
ated with increased HHV-6-specifi c IgM responses. Of interest, HHV-6-specifi c T-cell 
lines derived from MS patients demonstrated Th-1 biased cytokine profi les marked by 
the inability to produce Il-4 and IL-10. In a report from Tejada Simon et al., cross-
reactivity between  MBP   (residues 96–102) and HHV-6 U24 (residues 4–10) were 
examined. Increased precursor frequencies of MBP/HHV-6 cross-reactive T cells were 
found in MS patients compared with healthy controls (Tejada-Simon et al.  2003 ). 
Importantly, this study demonstrates a relationship between  HHV-6   and  autoreactive   
immune  responses   to MBP. In 2012, these observations were confi rmed in a cohort of 
Chinese MS patients (Cheng et al.  2012 ). These studies further support an association 
between HHV-6 and MS and suggest a potential role for HHV-6-specifi c T cells in the 
pathogenesis of MS via molecular mimicry. 

 Because MS is a  CNS disorder  , detailed analysis of brain material is paramount 
in assessing the potential association between HHV-6 and MS. HHV-6 is a com-
mensal pathogen of the CNS and HHV-6 DNA can be amplifi ed from 20 to 70 % of 
brains of MS patients and controls (Challoner et al.  1995 ; Luppi et al.  1995 ; Sanders 
et al.  1996 ). A number of studies have addressed the frequency of HHV-6 in control 
and MS brains and identifi ed infected cell phenotypes in pathologically defi ned tis-
sue (Cermelli et al.  2003 ; Goodman et al.  2003 ). Goodman et al. used in situ-PCR 
( ISPCR  ) to identify individual cells containing the HHV-6 genome from surgical 
biopsy specimens from MS patients presenting with acute disease who had not 
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received immunomodulatory therapy. This study demonstrated that high frequen-
cies of HHV-6 genome positive neuroglial and infl ammatory cells are present in 
acute-phase lesion tissue and that oligodendrocytes are the predominant cell infected 
in the acute MS lesion (Cermelli et al.  2003 ; Goodman et al.  2003 ). In a companion 
study, pathologically defi ned material from brain autopsies were isolated by laser- 
assisted microdissection prior to HHV-6 DNA  amplifi cation  ; representing a signifi -
cant advance over PCR amplifi cation of virus DNA from pathologically undefi ned 
bulk brain tissue HHV-6 DNA was amplifi ed from brains of both MS patients and 
controls, HHV-6 DNA was detected at a signifi cantly higher  frequency   in MS 
plaques compared to brain tissue from non-MS neurologic disorders, non-MS 
infl ammatory, and normal appearing white matter from MS brains. Collectively, 
these studies suggest that HHV-6 is present early in the evolution of the MS lesion 
and may play a signifi cant role in the demyelinative pathogenesis of  MS  . 

 Perhaps the most compelling evidence implicating HHV-6 in MS is the presence 
of HHV-6-specifi c OCBs in the CSF of 20–25 % of MS patients (Virtanen et al. 
 2011 ,  2014 ; Derfuss et al.  2005 ). As discussed above,  OCBs   are common among 
CNS disorders with an infectious component. Moreover, when the causative agent 
is known, OCBs are typically specifi c to the agent of interest; in SSPE, for example, 
OCBs primarily target measles virus; in HAM/TSP, the OCBs are specifi c for 
HTLV-I, etc. Therefore, the identifi cation of HHV-6-specifi c bands in a subset of 
MS patients has strengthened the association of HHV-6 and MS and indicates that 
HHV-6 infection of the CNS is involved in the pathophysiology of the disorder. In 
2014, Pietläinen-Nicklén and colleagues analyzed patients with demyelinating dis-
eases, including MS, and HHV-6-reactive CSF OCB, and found that patients with 
HHV-6 OCB appear to form a separate group that skews younger than patients 
without HHV-6 OCB, suggesting that antibody reactivity to HHV-6 may be a key, 
early event in the neuropathogenesis of  MS   (Pietilainen-Nicklen et al.  2014 ). In 
addition, it has demonstrated that  herpesvirus-specifi c CSF OCB   inversely  correlated 
with the detection of CSF viral DNA, and that MS patients with CSF viral DNA 
have signifi cantly more contrast enhancing lesions compared to those without 
detectable CSF viral DNA. The reduction in antibodies correlates with both the 
detection of virus in the CSF and MRI activity, which is highly suggestive of an 
active infl ammatory process involving the  intrathecal humoral   immune response to 
HHV-6 (Virtanen et al.  2014 ). Although the majority of recent immune studies have 
focused on  OCBs and CNS B-cell reactivity   to HHV-6 in MS, a recent report dem-
onstrating an enrichment of HHV-6 and EBV-specifi c T cell  responses   in CSF com-
pared to peripheral blood of MS patients (progressive and relapsing-remitting 
subtypes) supports a role for intrathecal T-cell responses as well (Wuest et al.  2014 ).   

     EBV      and Multiple Sclerosis 

 Arguably no other candidate infectious agent matches the epidemiology, risk pro-
fi le, and pathobiology of MS as well as EBV. EBV is a near ubiquitous gamma- 
herpesvirus that causes infectious mononucleosis. Latent infection with EBV results 
in the expression of viral genes that promote the survival of the host cell as well as 
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the virus. These genes can drive cellular proliferation and oncogenic properties in 
host cells. Therefore, EBV is considered to be a causative agent in several malig-
nancies including Burkitt’s lymphoma, Hodgkin’s lymphoma, gastric cancers, and 
nasopharyngeal carcinoma (Chen et al.  2015 ; Houldcroft and Kellam  2015 ). EBV is 
also involved in hairy leukoplakia and CNS lymphomas in the context of HIV infec-
tion {Riedel, 2015 #64}. It is estimated that 1 % of all human cancers or 200,000 
cancer cases per year are attributable to EBV (Smets and Sokal  2014 ). In addition, 
EBV is associated with a variety of autoimmune disorders including Sjögren’s syn-
drome, dermatomyelitis, rheumatoid arthritis, systemic lupus erythematosus, and 
MS (Pender  2012 ; Ascherio and Munger  2010 ). 

 There are two main strains of EBV, denoted as types I and II, with each strain 
comprising several variants and both strains have been isolated from patients with 
MS (Santon et al.  2011 ). The virus is spread through salivary contact, establishing 
infection in the mucosal epithelium of the oropharynx. From this initial site of 
infection, EBV is transmitted to locally infi ltrating B cells, where it establishes a 
stable, latent infection in memory B cells and can also be found in the epithelial 
cells of the nasopharynx and gastro-intestinal tract for the duration of a person’s 
lifetime (Rickinson and Kieff  1996 ). Occasionally, latent EBV switches to the rep-
licative lytic cycle, which may result in the production and release of virions into the 
saliva. A strong host immune response ensures that the EBV lytic cycles are brief. 
Primary infection is generally asymptomatic in children. However, if EBV is con-
tracted during adolescence or early adulthood, it is more often symptomatic and 
40 % of primary infections in adolescents and adults results in  infectious   
mononucleosis. 

 In North America and Western Europe, roughly 50 % of children are infected 
with EBV by the age of fi ve with seroprevalence rates increasing to up to 95 % after 
the age of 13; this is in contrast to the developing world where >90 % of individuals 
are infected in early childhood (Niederman and Evans  1997 ). A history of infectious 
mononucleosis is more common in MS patients and in areas where MS is prevalent 
and there are high  standards   of hygiene (Warner and Carp  1988 ). The overlapping 
epidemiology of infectious mononucleosis and MS is consistent with the “hygiene 
hypothesis,” which suggests that decreased exposure to childhood infections predis-
poses individuals to  proinfl ammatory   or autoimmune responses and increases MS 
risk and may explain the lower incidence of MS in areas where there is an increased 
prevalence of childhood infections (Leibowitz et al.  1966 ; Bach  2002 ). The “ hygiene 
hypothesis  ” suggests that either (1) MS and infectious mononucleosis arise inde-
pendently as a consequence of living in conditions of high hygiene in childhood or 
(2) high hygiene in childhood delays exposure to EBV infection, which subse-
quently results in an increased risk of MS (Ascherio and Munger  2010 ). 

 An association between EBV and MS is supported by numerous studies demon-
strating: MS patients have higher EBV-specifi c antibody titers 15–20 years before 
onset of neurological symptoms; the presence of EBV infection in brain-infi ltrating 
B cells and plasma cells of 95 % of autopsy cases examined; a history of infectious 
mononucleosis is more common in MS patients and in areas where MS is prevalent; 
and a reduced risk of MS among individuals who are  EBV   seronegative, which 

S.S. Soldan and S. Jacobson



201

increases sharply if the same individuals seroconvert (Warner and Carp  1988 ; 
DeLorenze et al.  2006 ; Ascherio et al.  2001 ; Serafi ni et al.  2007 ; Levin et al.  2010 ). 

 In addition to epidemiologic consistency between the risk of MS and the acquisi-
tion of EBV infection, a preponderance of laboratory studies have provided addi-
tional support for a role of EBV in both adult and pediatric-onset MS (Ascherio and 
Munger  2010 ). Of interest, it has been demonstrated that there is an increased serop-
revalence of EBV for an increased rate of remote EBV infection in patients with 
pediatric MS compared with controls (Alotaibi et al.  2004 ; Banwell et al.  2007 ; Yea 
et al.  2013 ; Pohl et al.  2006 ). Moreover, among seropositive children tested for EBV 
DNA in saliva, increased oral shedding was found for EBV, but not for other herpes-
viruses, in pediatric MS patients compared with controls. Of the virus detected in the 
saliva of these pediatric patients, it was found that type I  EBV   was detected more 
frequently than type II (Yea et al.  2013 ). In a recent prospective study following 
children with  acquired demyelinating syndromes (ADS),   remote EBV infection 
(defi ned by the presence of anti-EBNA1 and anti-VCA IgG antibodies were present) 
was found to be more common in children with MS than those with monophasic 
ADS (Makhani et al.  2016 ). By contrast, CMV infection was more common in chil-
dren with  monophasic ADS   (Makhani et al.  2016 ). This study suggests that children 
with evidence of remote EBV infection without CMV infection were at highest risk 
of subsequent MS diagnosis and may support previous reports demonstrating a pro-
tective role for CMV infection in MS (Sundqvist et al.  2014 ; Waubant et al.  2011 ). 

 Although EBV is a leading candidate infectious agent for multiple sclerosis 
(MS) and the increased risk of MS among individuals who have been infected with 
EBV is increasingly well accepted, the mechanism by which EBV may either cause 
or contribute to the pathogenesis of  MS   has not been established, though several 
possible hypotheses have been proposed. It has been suggested that a disruption in 
the normal sequence of common viral infections, owing to a late primary infection 
by EBV, may lead to immune dysregulation and ultimately MS in genetically sus-
ceptible individuals. Higher frequencies of CD4+ T cells specifi c for EBNA-1 and 
enhanced IFN-γ duction have been demonstrated in MS patients relative to healthy, 
seropositive individuals (Lunemann et al.  2006 ). In addition, virus-specifi c  T cells 
may recognize EBV-infected cells   in the brain (Serafi ni et al.  2007 ; Angelini et al. 
 2013 ) or cross-react with myelin antigens potentially contribute to the  development   
of MS by cross-recognition of myelin antigens (Lang et al.  2002 ; Holmoy et al. 
 2004 ; Lunemann et al.  2008 ) or other autoantigens like αB-crystallin which is 
induced by  B cells upon EBV infection   (van Sechel et al.  1999 ). It has also been 
suggested that defi cient CTL control of EBV infected B cells in MS may be involved 
in the pathogeneisis of MS; this theory is supported by increased  spontaneous   
immortalization of EBV infected B cells of MS patients in culture (Fraser et al. 
 1979 ). In humanized mice, it has been shown that adoptive transfer of EBV-specifi c 
CD8+ T-cell clones are capable of transiently controlling infection {Antsiferova, 
2014 #120}. 

 While some studies have demonstrated that the CD8+ T-cell response to EBV 
infected B cells is defi cient in MS and decreases with age (Pender  2012 ), others 
have reported increased EBV-specifi c CD8+ responses in MS. Studies using HLA 
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class I pentamers have shown that lytic antigen-specifi c CD8+ T cell responses are 
detected in fewer inactive MS patients than in active MS patients and controls, while 
the frequency of CD8+ T cells specifi c for EBV lytic and latent antigens is higher in 
both active and inactive MS patients (Angelini et al.  2013 ). In addition, analysis of 
postmortem MS brain samples showed expression of the  EBV lytic protein BZLF-1   
and interactions between cytotoxic CD8+ T cells and EBV lytically infected plasma 
cells in infl ammatory white matter lesions and meninges (Angelini et al.  2013 ). The 
authors suggest that that inability to control EBV infection during inactive MS could 
set the stage for intracerebral viral reactivation and disease relapse (Angelini et al. 
 2013 ). A large study comprising 221 MS  patients   and 218 control subjects from 
Switzerland used HLA-A2, HLA-B7, and HLA-B8 restricted EBV and CMV-
specifi c tetramers to determine the percentage of EBV-specifi c CD8+ T cells (Jilek 
et al.  2012 ). This study determined that there is a higher prevalence of MS patients 
with HLA HLA-B*0702/EBV RPP -specifi c CD8+ T cells ex vivo. However, the mag-
nitude of the HLA-B*0702/EBV RPP -specifi c CD8+ T cell response was lower in MS 
patients. Upon stimulation with HLA-B7/EBV RPP  peptide, MS patients had 
decreased CD8+ cytotoxic  activity   compared to controls (Jilek et al.  2012 ). 

 Because there is limited access to brain tissue, studies on  CNS   immune responses 
in MS patients typically focus on CSF samples. As mentioned previously, we 
reported the presence of EBV and HHV-6 reactive OCBs in MS CSF (Virtanen et al. 
 2014 ). EBV reactive OCBs were rarer than HHV-6 OCBs and, interestingly, mutu-
ally exclusive (i.e., OCB reactivity in individual MS patients was shown to either 
HHV-6 or EBV, but not to both) (Virtanen et al.  2014 ). In addition, Pfuhl et al. have 
correlated the presence of serum antibodies to Epstein–Barr nuclear antigen-1, but 
not to EBV viral capsid antigen, rubella, or varicella zoster virus, with an elevated 
ithrathecal IgGs in patients with early MS (Pfuhl et al.  2015 ), suggesting that EBV 
infection has a key role in early events in the pathogenesis of MS. In addition to 
elevated EBV-specifi c antibodies in the CSF, the presence of CTLs recognizing 
EBV lytic proteins in the CSF of MS patients was reported (van Nierop et al.  2016 ) 
complementing earlier studies  demonstrating   high  EBV   EBNA-1-specifi c CTLs in 
MS patients, particularly at the onset of disease (Jaquiery et al.  2010 ).    

    Concluding Thoughts 

  Epidemiologic evidence   suggests that MS is a multifactorial disease, which develops 
at the intersection of genes, the immune response, and the environment. Several lines 
of evidence support a role for viruses as a key environmental component or, perhaps, 
a trigger in the etiology of MS. Although a number of infectious agents have been 
associated with MS, none of these viruses have been fi rmly determined to be “THE” 
causative agent. Additionally, mechanism(s) by which virus–host interactions may 
lead to demyelination are complex, diverse, and incompletely understood. 

 The involvement of multiple  infectious agents   in MS, as suggested originally by 
Dr. Pierre Marie over 100 years ago, could explain the diffi culty in identifying a 
single agent responsible for this highly variable and chronic disease (Marie  1895 ). 
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Accordingly, rather than a single, unique causative agent, we suggest that multiple 
viruses, including ubiquitous and often commensal pathogens like HHV-6 and EBV, 
may be involved in the etiology of MS that trigger disease in different subsets of 
individuals through common mechanisms via a virus-specifi c and/or a cross- reactive 
autoimmune process, resulting in clinical diseases in a subset of genetically suscep-
tible individuals. 

 As we posit that that several  viruses   may be involved in the  etiology   of MS and 
that particular viruses trigger disease in different subsets of individuals, we there-
fore suggest that there may be common mechanism(s) or, perhaps, interactions with 
a common receptor(s). An insight into how this may be possible may come from 
further interrogation of the interactions between HHV-6 and its receptor. Santoro 
and colleagues demonstrated that CD46, also known as the  membrane cofactor pro-
tein (MCP)  , is the cellular receptor for HHV-6 (Santoro et al.  1999 ). CD46 is a 
member of family of glycoprotein that function as  regulators of complement activa-
tion (RCA)   and prevent spontaneous activation of complement on autologous cells. 
CD46 is expressed on all human nucleated cells and soluble forms can be found in 
plasma tears and seminal fl uid of normal individuals (Hara et al.  1992 ). The use of 
a virtually ubiquitous human molecule as a surface receptor helps to explain the 
pleiotropism of HHV-6. Notably, HHV-6 (a large, double stranded DNA virus) and 
measles virus (a negative-sense, single stranded RNA virus) both use CD46 as a 
receptor and both viruses have been strongly associated with MS (Dorig et al.  1993 ; 
Oldstone et al.  1999 ). Additionally, other viruses use various members of the RCA 
family as cellular receptors; EBV uses CD21 while CD55 is used by several echo-
viruses and coxsakieviruses (Bergelson et al.  1994 ,  1995 ). 

 Could viruses that share a family of receptors in common, such as HHV-6, EBV, 
and measles virus cause MS by a similar mechanism? It is theoretically possible that 
the engagement of an RCA receptor by one or many of these viruses may result in 
increased activation of the complement cascade on autologous cells through down-
regulation of the receptor. This abnormal increase in complement could lead to 
widespread tissue damage through cytokine dysregulation, cytolysis, and nitric 
oxide production (Ghali and Schneider-Schaulies  1998 ; Karp et al.  1996 ). Increased 
levels of the complement regulatory protein CD46 have been demonstrated in both 
the serum and CSF of MS patients compared with healthy controls and other  neuro-
logic   disease patients (Soldan et al.  2001 ). Elevated levels of soluble serum CD46 
were also found in other infl ammatory disease cohort, indicating that an increase in 
soluble serum CD46 may be a common phenomenon in autoimmune disorders 
(Soldan et al.  2001 ; Cuida et al.  1997 ; Kawano et al.  1999 ). Therefore, the increased 
levels of CD46 demonstrated in the serum and CSF of MS patients may be indica-
tive of an increased activation of the complement system in MS, both peripherally 
and intrathecally. However, a signifi cant correlation was observed between elevated 
levels of serum soluble CD46 and the detection of serum HHV-6 DNA in serum 
from MS patients, while no serum HHV-6 DNA was detected in other infl ammatory 
disease controls (Soldan et al.  2001 ). Therefore, while an increase in serum soluble 
CD46 is common in infl ammatory diseases in general, immune-pathogenic mecha-
nisms involving both HHV-6 and its receptor are likely to be unique to MS. 
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 Alternatively, these viruses and their common receptor could play a role as an 
MS “trigger’” either directly or indirectly through an autoimmune mechanism. As 
viruses replicate, they frequently incorporate host antigens, including their own 
receptors, into their envelopes as has been demonstrated for CMV, HIV-1, SIV, and 
HTLV-I. Incorporation of the receptor into the virus envelope could cause the anti-
gen to be recognized and treated by the host as foreign (Soderberg et al.  1996 ; 
Marschang et al.  1995 ; Montefi ori et al.  1994 ). This phenomenon could account for 
the increase in CD46-specifi c autoantibodies observed in MS (Pinter et al.  2000 ). 
Moreover, complement components, including CD46, play an important  role   in 
regulating activation of both B cells and T cells, presenting another possible mecha-
nism for these viruses to infl uence the immune response and, potentially, the expres-
sion and activation of other viruses (Jabara et al.  2011 ; Fuchs et al.  2009 ; Ni 
Choileain and Astier  2011 ; Astier et al.  2003 ; Le Friec et al.  2012 ). 

 Currently, HHV-6 and EBV are receiving considerable attention as potential MS 
“triggers.” Although there is a preponderance of evidence supporting relationships 
between EBV and HHV-6 and MS, it can not be defi nitively asserted that either 
EBV or HHV-6 causes or drives the  pathogenesis   of MS. Additional serological, 
cellular immune, molecular, animal, and clinical studies, ideally including clinical 
trials with specifi c antiviral interventions, are necessary to elucidate the role, if any, 
of these herpesviruses in the pathogenesis of MS.     
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