
Virus-Induced Autoimmune Reactions in the eNS 
P.l. TALBOTI, D. ARNoLo2, and J.P. ANTEL2 

Introduction. . . . . . . . . . . 

2 Viruses and Multiple Sclerosis 

3 Coronaviruses and Multiple Sclerosis 

4 Murine Coronavirus-Induced Immune-Mediated CNS Disease .. 

5 Systemic Virus Infection and Autoimmunity: Virus-Initiated Neuropathogenesis 
by Activation of Self-Reactive Lymphocytes (Molecular Mimicry) .......... . 

6 Systemic Virus Infections: Induction of Non-Antigen-Specific Immune Activation .. 

7 Virus-Induced Immune Activity within the CNS: Autigen-Specific Responses .. 

8 Virus-Induced Immune Reactivity within the CNS: Effects on Glial Cells .... 

9 Axonal Injury in Multiple Sclerosis. 

References . . . . . . . . . . . . . . . . 

1 Introduction 

247 

249 

251 

253 

255 

257 

258 

259 

259 

263 

Neurologic diseases are diverse and often not well-understood, despite the 
tremendous health care problems they pose, such as the estimated 22 million 
persons worldwide who suffer from dementia, a characteristic loss of mental 
capacities. Virus infections are an established contributor to development of an 
array of diseases of the central nervous system (eNS) and are implicated in a 
further spectrum of disorders in which the etiology is not yet formally established. 
For example, 60% of acquired immune deficiency syndrome (AIDS) patients 
suffer neurologic sequelae presumably caused by human immunodeficiency virus 
(HIV). Viruses can contribute to the development of neurologic disease via an 
array of direct and indirect mechanisms, as summarized in Table 1 and described 
in detail in this chapter. Direct mechanisms refer to neural cell injury arising as a 
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Table 1. Virus involvement in autoimmune disease of the CNS 

Effects on systemic immune 
response 

Induction or maintenance Cross-reactivity of virus and 
of antigen-restricted CNS antigen - molecular 
responses 

Non-antigen-restricted 
enhancement of 
immune response 

mimicry 
Response to CNS antigens 

transported to regional 
lymph nodes 

Activation of APCs 
Changes in immune regulatory 

cells and cytokines 
Induction of molecules involved 

in lymphocyte trafficking 

APes, antibody-presenting cells; NO, nitric oxide. 

Effects within CNS compartment 

Response to viral antigens expressed in 
neural cells 

Increased expression or release of neural 
antigens by virus infected cells: 
Sensitization to autoantigens - break 

in tolerance 
Expansion of antigenic targets -

epitope or determinant spreading 
Antigen presentation by APCs within 

CNS to pre-sensitized lymphocytes 
Blood-brain barrier: 

Induction of chemoattractant and 
adhesion molecules 

Activation of perivascular APCs 

Parenchyma: 
Activation of APC and immune 

regulatory capacity of microglia 
Enhance effector functions of glial cells: 

Effector cytokines, proteases, NO 
Antibody-dependent cell cytotoxicity 

consequence of the cells becoming infected with virus per se. Such infections can 
result in actual cell lysis, as in the case of poliomyelitis or herpes simplex en
cephalitis, or loss of cell function without cell death, a phenomenon termed loss of 
luxury function (OLDSTONE et al. 1982). Subacute sclerosing panencephalitis (SSPE) 
is an example of a chronic neurologic disease initially considered to be neurodegen
erative but which is now established to be a result of a direct and persistent measles 
virus infection. 

Indirect mechanisms of virus-induced neurologic disease would include those 
in which disease development is dependent on participation of non-viral mecha
nisms, which in the context of this chapter will be related to products of the immune 
system. Such indirect effector mechanisms could result from infection either outside 
or within the eNS. Infection of systemic lymphoid organs with virus could promote 
development of specific eNS antigen-directed immune responses by the process of 
molecular mimicry which implies that the neural-directed immune response arises 
because of antigenic homologies between viral and neural antigens (OLDSTONE 

1987, 1998). The entity of acute disseminated encephalomyelitis, which follows 
immunization with neural tissue-containing vaccine such as the original Pasteur 
rabies vaccine, establishes the precedent that immune-mediated eNS demyelinating 
disease can occur, although in this condition the immune response is induced by 
non-viral antigens contained in the vaccine. Systemic virus infection can also alter 
immune regulatory activity so as to favor immune activation, which in turn would 
favor migration of the immune response into the eNS. 
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Virus infection within the CNS could trigger an immune response by an array 
of mechanisms. Infection of neural cells even with defective virus, such as with 
genetically engineered adenoviruses used in gene transfer paradigms, can evoke a 
viral antigen-directed immune response with harmful effects on host tissue. The 
Theiler's murine encephalomyelitis virus (TMEV) model of chronic immune
mediated CNS demyelination indicates that an immune response directed at myelin 
antigens can evolve over a prolonged time period, presumably as a result of a break 
in immune tolerance as such antigens become exposed or released consequent to the 
initial infection; this effect has been referred to as epitope or determinant spreading 
and is not dependent on molecular mimicry (LEHMANN et al. 1992; MILLER et al. 
1997). Tissue injury can also result from release of effector molecules including 
cytokines from glial cells, particularly microglia, which become infected with virus 
or are activated by its presence; such an effect has been referred to as bystander 
injury (HORWITZ et al. 1998). This mechanism has been invoked to account for the 
neuronal injury associated with HIV encephalopathy (CONANT et al. 1998; KOLSON 
et al. 1998). 

In this chapter, we will consider whether and how the direct and indirect 
consequences of viral infection can contribute to development of the human disease 
multiple sclerosis (MS), which is regarded as the prototype of a cellular immune
mediated CNS disorder. Whether an initial unique viral infection initiates the 
disease process remains speculative (TALBOT 1995). Since demyelination is the 
hallmark of MS, throughout this chapter, we will illustrate how virus-related 
immunopathogenic mechanisms can contribute to CNS demyelination. We will 
focus on corona viruses to illustrate how experimental models have been used to 
characterize the immunopathogenesis of virally mediated CNS demyelinating dis
orders and how one can undertake a search for disease-related viruses in the human 
disease state. Although the immune system is regarded to be directed primarily at the 
myelin and its cell of origin, the oligodendrocyte in MS, there is increasing recog
nition that there is substantial axonal injury as well. We will consider in some detail 
the basis whereby such injury can result either as a primary or secondary event in the 
disease course and how it contributes to the extent of clinical neurologic disability. 

Multiple sclerosis is a chronic debilitating neurologic disease that affects 0.1 %-
0.2 % of the population in high-risk areas such as Canada and northern parts of the 
United States of America and of Europe. Both genes and environment have been 
brought to the "Supreme Court" of scientific suspicions, although a final judgment 
is still awaited and may be a long-time in coming, since several genes and several 
environmental factors may contribute to neuropathogenesis. 

2 Viruses and Multiple Sclerosis 

Even though the etiology of MS remains elusive, a working hypothesis is that it is 
a polygenic disease (SADOVNICK et al. 1997) in which an infectious agent or agents 
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play(s) a role, either in disease initiation and/or in its propagation and relapses. 
Interestingly, an infectious etiology was postulated when the disease was first 
described in the nineteenth century. Viruses would be the most likely infectious 
culprit in genetically predisposed individuals (KURTZKE 1993; COOK et al. 1995). 
Several viruses have been implicated in the last two decades, although not one has 
so far withstood the test of time or closer scrutiny, perhaps because several 
different viruses, acting through similar direct and/or indirect mechanisms, could 
be involved (TALBOT 1995). Neurotropic viruses recovered from patients include: 
measles, herpes simplex, parainfluenza, tick-borne encephalitis and rabies viruses, 
simian virus 5, coronaviruses and cytomegalovirus (JOHNSON 1985), and more 
recently a retrovirus (PERRON et al. 1997). A series of studies have used the 
findings of increased serum titers and/or local antibody synthesis against various 
viral agents within the CNS of MS patients as evidence for their participation 
in the MS disease process (SALMI et al. 1981). Measles, herpes simplex, and 
corona viruses (SALMI et al. 1982) were again implicated, as were mumps, vari
cella, influenza C, rubella and vaccinia viruses. Findings regarding simian virus 5 
are inconsistent (GOSWAMI et al. 1987; VANDVIK and NORRBY 1989). Epstein-Barr 
(BRAY et al. 1992; KINNUNEN et al. 1990) and human T lymphotropic (SHIRAZIAN 
et al. 1993) viruses are further examples. Analysis of viral antibodies in MS 
affected and non-affected twin pairs could only confirm elevated cerebrospinal 
fluid antibodies to rubella and vaccinia viruses (WOYCIECHOWSKA et al. 1985). In 
situ hybridization detected measles genomes in only a few MS patients (HAASE 
et al. 1981; COSBY et al. 1989). This technique was also used to detect murine
related coronaviruses in brains of 12 of 22 MS patients, with antigen detected by 
immunohistochemistry in two patients (MURRAY et al. 1992a). The development 
of the very sensitive polymerase chain reaction (PCR) technique led to the 
detection of human T lymphotropic virus genetic information in MS patients 
(REDDY et al. 1989), although other groups have failed to confirm this result (e.g., 
DEKABAN and RICE 1990), which has unfortunately given a bad reputation to the 
PCR-based search for MS-associated viruses, even when studies are very carefully 
performed. 

A recent study attempting to link human herpes virus-6 with MS described 
an IgM response, suggestive of viral reactivation, but only in patients with the 
relapsing-remitting form of MS. PeR-based viral DNA detection in blood cells was 
positive in less than a third of MS patients tested (SOLDAN et al. 1997), which 
prompted words of caution (STEINMAN and OLDSTONE 1997). A further cautionary 
note is that detection of virus and disease causality are not necessarily linked. One 
need "on sider whether there is a normal viral flora in both the CNS and in the 
lymphoid system which may be more readily expressed in response to inflammatory 
conditions. Thus, a viral etiology for MS remains speculative, as do the pathogenic 
mechanisms that would lead from initial viral exposure in a genetically susceptible 
individual to chronic disease. 
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3 Coronaviruses and Multiple Sclerosis 

Coronaviruses appear in the long list of viruses occasionally associated with 
MS. Human coronaviruses (HCoV) were first isolated in the mid-1960s from 
patients with upper respiratory tract disease (TYRRELL and BYNOE 1965; HAMRE 
and PROCKNOW 1966; McINTOSH et al. 1967). Their characteristic morphological 
appearance led to the creation of a new virus family (TYRRELL et al. 1968). Serological 
studies distinguish HCo V into two groups, named 229E and OC43 after the initial 
isolates. Viral proteins have slowly been identified, either directly or through the 
cloning, sequencing, and expression of viral RNAs, and resemble proteins of other 
coronavirus strains (ARPIN and TALBOT 1990; MOUNIR and TALBOT 1992, 1993a,b; 
MOUNIR et al. 1994; LABONTE et al. 1995). These viruses are recognized respiratory 
pathogens involved in up to one-third of common colds and to which close to 100% of 
the population has been exposed, as shown by seroconversion (MYINT 1994). 

The possible involvement of these viruses in neurologic disease such as MS 
remains an intriguing possibility that is sustained by several lines of evidence. 
Direct relevance of coronaviruses to MS was initially suggested by isolation of two 
corona viruses from the CNS of two MS patients (BURKS et al. 1980). Even though 
a murine origin of these isolates was suggested from genomic (WEISS 1983) and 
antigenic (FLEMING et al. 1988) assessments, recent reports strengthen the possible 
importance of corona viruses in MS. First, there was a preferential association of 
murine-like coronavirus genes with MS brain tissue, shown by in situ hybridization 
(MURRAY et al. 1992a). Second, susceptibility of primates to murine coronavirus
induced demyelinating disease, after intracerebral (MURRAY et al. 1992b, 1997), or 
even peripheral inoculation (CABIRAC et al. 1994) was demonstrated. This suggests 
that previous MS isolates may indeed have derived from infection by murine-like 
viruses. As in rodents, astrocytes were described as a site of viral persistence in 
primates (MURRAY et al. 1997) and virus could find its way to the CNS after a 
peripheral inoculation (CABIRAC et al. 1994). Other findings implicating coronavi
ruses in MS include intrathecal antibody synthesis (SALMI et al. 1982) and con
troversial ultrastructural observations (TANAKA et al. 1976). However, serological 
assessments failed to show increased levels of anti-HCoV antibodies in MS serum 
and/or cerebrospinal fluid (FLEMING et al. 1988; HOVANEC and FLANAGAN 1983; 
JOHNSON-LusSENBURG and ZHENG 1987). One study did show a significant asso
ciation of colds with MS exacerbations and an equally significant association of 
HCoV-229E infection in MS patients compared to controls (JOHNSON-LusSENBURG 
and ZHENG 1987). Interestingly, in the first report on the association of viral 
infections and MS, it was commented that seasonal HCo V infection patterns do 
indeed fit the observed occurrence of MS exacerbations (SIBLEY et al. 1985). 

More recently, molecular biologic approaches have been applied to resolving 
the relation between coronavirus infection and MS. An in situ hybridization study 
with cDNA synthesized from the RNA of HCoV-OC43 failed to detect this viral 
genome in four autopsy and one biopsy samples (SORENSEN et al. 1986). However, 
these authors speculated that more sensitive methods of detection may be required 
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in view of the probably low viral titers and the small number of infected CNS cells 
(SORENSEN et al. 1986). Thus, we initiated a search for HCoV in human brains a 
few years ago with a more sensitive assay. Our initial pilot study did reveal the 
presence of HCoV-229E RNA in MS autopsy brain tissue (STEWART et al. 1992). 
Extremely stringent RT-PCR RNA amplifications followed by Southern blot 
hybridization and nucleotide sequencing were performed on coded tissue. After this 
was completed, codes were broken and we found the following from 90 donors: 
both strains of HCoV were surprisingly prevalent (44% for HCoV-779E and 23% 
for HCoV-OC43), without signs of preferential histological expression sites. A 
statistically significant higher prevalence of HCoV-OC43 was found in MS patients 
than in either neurologically normal controls or controls with other neurologic 
diseases (ARBOUR et al. 2000). These results are consistent with the neurotropic 
potential of HCo V but, as in any other such studies, relevance to MS cannot be 
directly inferred. The next phase of our HCo V detection study involves in situ 
detection of viral RNA and the identification of sites of persistence by double
labeling of virus and cell markers. We have obtained initial evidence for the 
expression of HCoV-OC43 in neural tissue, after demonstrating the relative 
abundance of viral material by Northern blotting (ARBOUR et al. 2000). Our studies 
are consistent with persistence of HCoV in vivo, which is indicative that these 
viruses could be part of a CNS viral flora that only become pathogenically 
significant under conditions that remain to be determined but may for example 
include the expression of susceptibility genes. 

Persistent HCoV infections in vitro have been reported, as for example 
HCoV-229E in the L132 human fibroblast cell line (CHALONER-LARSSON 
and JOHNSON-LuSSENBURG 1981) and HCoV-OC43 in human glioblastoma and 
rhabdomyosarcoma cells (COLLINS and SORENSEN 1986). Our own work has 
demonstrated that cell lines of neural origin, including oligodendrocytes, are sus
ceptible to persistent infection by both strains of HCoV (ARBOUR et al. 1999a,b, 
1998). We further showed that CD13 is the cellular receptor for HCoV-229E on 
susceptible neural cell lines (TALBOT et al. 1994; LACHANCE et al. 1998). Primary 
cultures of mouse CNS cells can also be infected with HCoV-OC43 (PEARSON and 
MIMS 1985). Neuronal cells produced infectious virus whereas astrocytes only 
produced viral antigens. Oligodendrocytes were apparently not infected in that 
study. Human fetal brain cells were also susceptible to HCoV-OC43 infection, 
although no infectious virus was detected, indicative of an abortive viral infection. 
Such abortive or incomplete viral replication cycles in neural cells could also have 
pathological consequences, for example by altering the "luxury" cellular functions 
or attracting an immune response to the CNS. Our own studies have also dem
onstrated the susceptibility of primary human microglia and astrocyte cultures to 
infection by both HCoV strains (BONAVIA et al. 1997), and more recently oligo
dendrocytes (Viau et al. unpublished data). Moreover, it is known that murine and 
human corona viruses can infect human brain endothelial cells (CABIRAC et al. 
1995), a potential route of entry into the CNS from peripheral blood, after viremia 
(MYINT 1994), or infection of blood lymphocytes or macro phages (BANG and 
WARWICK 1960; LAMONTAGNE et al. 1989). Importantly, as shown in studies with 
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murine coronaviruses, replication in neuronal and glial cell cultures has correlated 
with in vivo susceptibility to infection and disease development (e.g. PASICK and 
DALES 1991; LAMONTAGNE et al. 1989), which adds credence to the possible in vivo 
relevance of in vitro studies. Thus, coronaviruses may provide more than animal 
models for demyelinating disorders, as described in the next section: they may be 
active participants in human disease (HOUTMAN and FLEMING 1996). 

4 Murine Coronavirus-Induced Immune-Mediated CNS Disease 

Like HCoV, murine coronaviruses are respiratory pathogens. However, they have 
also attracted attention as causal agents of liver infections, hence their name MHV, 
for mouse hepatitis virus. Neurotropism of murine coronaviruses was first reported 
in 1949, when the JHM strain of MHV was isolated from mice with disseminated 
encephalomyelitis with extensive demyelination (CHEEVER et al. 1949; BAILEY et al. 
1949). The hemagglutinating encephalomyelitis virus of pigs represents another 
example of neurologic involvement in a coronavirus infection (WEGE 1995). In
fection of rodents with MHV provides an excellent animal model for virus-induced 
demyelinating disease, as originally described for the JHM strain (WEINER 1973; 
LAMPERT et al. 1973). Infection of adult mice culminates in encephalomyelitis with 
infection of both glial and neuronal cells and over 95% mortality. The few survi
vors develop chronic white matter pathology characterized by focal CNS demye
linating lesions, with subsequent remyelination and recurrent demyelination. 
Demyelination was long thought to be a primary effect of virus infection and 
destruction of myelin-synthesizing oligodendrocytes. However, an immunopatho
logical mechanism, as is observed in MS, was subsequently documented (WANG 
et al. 1990; HOUTMAN and FLEMING 1996). Genetic susceptibility to MHV-medi
ated CNS disease in mice correlates, both in vivo and in vitro, with the infection of 
neurons and macro phages and is controlled by a single autosomal dominant gene 
on chromosome 7 (KNOBLER et al. 1981). 

Murine coronaviruses can access the CNS through anteroneuronal transport 
via the olfactory nerve (LAVI et al. 1988; BARNETT and PERLMAN 1993), although 
the possibility remains that infected macrophages (BANG and WARWICK 1960; 
KNOBLER et al. 1981) may carry virus to the CNS, as is observed with HIV. 
Coronavirus CNS persistence appears to involve mainly oligodendrocytes (KNO
BLER et al. 1982) and astrocytes (PERLMAN and RIES 1987), with possible neuronal 
involvement (PASICK and DALES 1991). Possible infection of microglial cells has not 
been seriously investigated, which is surprising given the long-known macrophage 
susceptibility (BANG and WARWICK 1960) and the above-mentioned genetically 
determined susceptibility of neurons and macrophages to infection (KNOBLER et al. 
1981). 

The underlying mechanisms explaining why neurons are involved in the acute 
phase of MHV (and TMEV) disease but appear spared in the chronic infection are 
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not known but may involve resistance of glial cells to immune clearance 
(BUCHMEIER et al. 1984; STOHLMAN et al. 1995) or the appearance of putative glial 
cell-specific viral variants that are resistant to the action of cytotoxic T cells (PEWE 
et al. 1996) or to antibody neutralization (DALZIEL et al. 1986; FLEMING et al. 
1986). Virus mutants, either thermosensitive (HASPEL et al. 1978), small plaque 
(ERLICH et al. 1987) or neutralizing monoclonal antibody (mAb)-selected (DALZ
IEL et al. 1986; FLEMING et al. 1986), show modified pathology with sparing of 
neurons and infection of oligodendrocytes. Passive transfer of neutralizing mAbs 
modulated disease from fatal encephalomyelitis to chronic recurrent demyelina
tion (BUCHMEIER et al. 1984). Selective cell susceptibilities to infection could also 
relate to initial virus-cell interactions that may differ according to the cell type that 
is infected. A member of the carcinoembryogenic (CEA) family of antigens has 
been identified as a cellular receptor for MHV (WILLIAMS et al. 1991), and a CNS 
receptor from the same CEA family has also been identified (CHEN et al. 1995a). 
A variety of co-factors are also required for viral penetration after receptor 
binding (YOKOMORI et al. 1993). It is conceivable to imagine that these early 
events in viral infection are less prone to immune intervention when glial cells are 
the viral target. 

Observations applicable to possible viral-associated immune mechanisms 
underlying development of MS have been made with the MHV model. Immuno
suppression prevents virus-induced demyelination. The disease can be adoptively 
transferred by spleen cells from virus-infected donors (WANG et al. 1990). Cellular 
sensitization to myelin basic protein (MBP) and adoptive transfer of encephalo
myelitis with such cells, as is done in the classic experimental allergic encephalo
myelitis (EAE) models, has been reported in rats infected with MHV-JHM 
(WATANABE et al. 1983). MHV-JHM infection of mice also induces self-reactive 
T cells (KYUWA et al. 1991). Interestingly, MHV infection can enhance the course 
of EAE (CROSS et al. 1987). 

Various immunopathogenically relevant alterations are shown to occur within 
the CNS after MHV infection. Viral particles induce expression of class II major 
histocompatibility (MHC) antigens on astrocytes (MASSA et al. 1986) and class I 
antigens on astrocytes and oligodendrocytes (SUZUMURA et al. 1986), which could 
presumably activate local immune responses within the CNS. Actual infection of 
astrocytes is essential for MHC class I induction (GILMORE et al. 1994). Infection of 
oligodendrocytes results in an initial down-regulation of mRNA for proteolipid 
protein (PLP) followed by necrotic death; demyelination continues even in the 
absence of detectable viral antigen with apoptosis becoming the prevalent mode of 
cell death (BARAC-LATAS et al. 1997). Infection of activated glial cells, astrocytes 
and microglia, releases various inflammatory mediators as also observed in MS, 
including nitric oxide (NO) synthase and NO (GRZYBICKI et al. 1997; EDWARDS 
et al. 2000), interleukin (IL)-6, tumor necrosis factor-(TNF)-a, IL-l (3 (SUN et al. 
1995; EDWARDS et al. 2000), as well as macrophage chemoattractant protein-I and 
matrix metalloproteinases (Eow AROS et al. 2000). Each of these could contribute to 
tissue injury. 
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5 Systemic Virus Infection and Autoimmunity: 
Virus-Initiated Neuropathogenesis by Activation 
of Self-Reactive Lymphocytes (Molecular Mimicry) 

Myelin basic protein and PLP constitute the most abundant proteins in the CNS 
(HASHIM 1978; MIKOSHIBA et aI. 1991). It is believed that MBP contributes to the 
compactness of myelin lamellae by fusing the cytoplasmic surfaces of oligoden
drocytes into major dense lines. PLP is the primary constituent protein of myelin, 
and it represents 50% of the myelin membrane proteins. It bears covalently linked 
lipids, shows five strongly hydrophobic transmembrane domains and surface
exposed regions and is thought to playa crucial role in myelination in the CNS, 
probably by promoting the apposition of extracellular surfaces of the myelin 
lamellae (DIEHL et aI. 1986). Myelin-associated glycoprotein (MAG) and myelin
oligodendrocyte glycoprotein (MOG) are minor protein constituents of myelin 
(SATO et aI. 1989; MIKOL et aI. 1990). We know that MAG is a heavily glycosylated 
membrane protein with a long extracellular domain and a structure characteristic 
of the immunoglobulin superfamily. Although it is a quantitatively minor 
component of myelin (about 1 % of total myelin protein), it is believed to playa role 
in axon-myelinating cell interactions. Similarly, MOG is also a minor glycoprotein 
of myelin, detectable in white matter tracts. It is anchored in the outer leaflet of the 
oligodendrocyte membrane through a glycosylphosphatidylinositol lipid interme
diate. The presence on MOG of a series of leucine-rich repeats and the association 
of the so-called HNK-I carbohydrate adhesion marker suggests a function of the 
protein in adhesion and thus in myelination. It was also shown to be a member of 
the immunoglobulin superfamily (PHAM-DINH et aI. 1993). 

The amino acid sequences of MBP and PLP are well-conserved among several 
species (DIEHL et aI. 1986; FRITZ and McFARLIN 1989) and their injection, either 
whole or as specific peptides, into various animals causes EAE, a T cell-mediated 
neuro-autoimmune disease that shares many clinical and histopathological features 
with MS (SWAN BORG 1995). Various encephalitogenic determinants of MBP have 
been described (FRITZ and McFARLIN 1989; LENNON et aI. 1970; HASHIM et aI. 
1991). Encephalitogenic determinants on PLP were also reported (LININGTON et aI. 
1990; GREER et aI. 1996; TUOHY et aI. 1995). Immunization with MOG also induces 
EAE, and this particular model demonstrates that antibody can also be a major 
determinant of the extent of demyelination that develops, presumably through an 
antibody-dependent cell-mediated cytotoxic mechanism (SCHLUESENER et aI. 1987). 

Several studies have indicated autoimmune reactivity to various myelin 
antigens in MS, although such reactivity is sometimes also found in normal 
individuals, albeit often at lower levels. The best-studied target myelin antigen is 
MBP (reviewed in WUCHERPFENNIG et aI. 1991). Several target epitopes for HLA
DR-restricted T lymphocytes of MS and/or normal patients were identified on 
human MBP (JINGWU et al. 1990; PETTE et aI. 1990; BURNS et aI. 1991; LIBLAU 
et aI. 1991; SALVETTI et al. 1993; MEINL et al. 1993; CHOU et al. 1994). Recent 
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evidence suggests that the response to human MBP is dominated in at least some 
subjects by expanded clones that may persist in vivo for long periods of time 
(WUCHERPFENNIG et al. 1994). A study of the reactivity of 15,824 short-term T cell 
lines from MS patients and controls indicated that epitope 84-102 of human MBP 
is immunodominant in DR2 + MS patients, suggesting that this may be the 
encephalitogenic antigenic determinant in these individuals (OTA et al. 1990). This 
epitope may also be immunodominant for B cell responses (WARREN et al. 1995). 
Importantly, circulating in vivo-activated T cells reactive to MBP were detected in 
MS patients (ALLEGRETTA et al. 1990; LODGE et al. 1996). Numerous studies have 
identified other myelin antigens as possible autoimmune targets in MS patients 
(e.g. CHOU et al. 1992; SUN et al. 1991; BAIG et al. 1991; DEROSBO et al. 1993; 
MARKOVICPLESE et al. 1995; CORREALE et al. 1995). We have also recently reported 
on the possible importance of antigen-specific humoral responses in the disease 
pathogenesis (QIN et al. 1998). Non-myelin autoantigens, such as members of the 
heat shock protein family, are also candidate auto antigens in MS (VAN NOORT et al. 
1995). 

Among the various mechanisms proposed for virus induction of autoimmune 
diseases, an intriguing hypothesis which has yet to be definitively associated with 
human pathology is molecular mimicry (OLDSTONE 1987, 1998). It is well known 
that viral proteins can share antigenic determinants with host cell proteins. Upon 
viral infection, these common epitopes could, at least theoretically, induce 
cross-reacting immune responses leading to autoimmune disease. The biological 
relevance of such a pathogenic mechanism has already been demonstrated in 
an animal model (FUJINAMI and OLDSTONE 1985). Computer searches showed the 
conservation of a six-amino acid stretch between a site of MBP known to be 
encephalitogenic in rabbits and the hepatitis B viral polymerase. The corresponding 
peptide was synthesized chemically and injected into rabbits, which produced both 
anti-virus and anti-MBP antibodies, generated cellular reactivity to the CNS 
antigen, and developed an EAE-like disease. In the TMEV model, a virus-directed 
monoclonal antibody was shown to react with the oligodendroglial galactocere
broside and enhance virus-induced demyelination (YAMADA et al. 1990). 

Other striking homologies observed between viral proteins and CNS antigens 
include conserved domains between MBP and human T Iymphotropic virus 
(LIQUORI 1991), cytomegalovirus (ROOTBERNSTEIN 1995), influenza virus and 
adenovirus (JAHNKE et al. 1985) and between PLP and adenovirus, polyoma virus, 
Epstein-Barr virus, influenza virus and human T Iymphotropic virus (JAHNKE et al. 
1985; SHAW et al. 1986). Some viruses, previously listed as having been implicated 
in the etiology of MS, do share common determinants with the myelin antigens 
MBP and PLP, although the significance of such observations remains to be 
elucidated, since molecular mimicry is not automatically involved in disease 
(OLDSTONE 1987; RICHTER et al. 1994). 

It has now been shown that peptides containing only four native residues of 
MBP can stimulate MBP-specific T cells and that this sequence is found in a 
number of viruses, including coronaviruses (GAUTAM et al. 1992). Certainly the 
best evidence for the possible relevance of molecular mimicry in the pathogenesis of 
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autoimmune diseases such as MS was the recent demonstration of activation of 
several MBP-specific T cell clones established from MS patients to seven viral and 
one bacterial peptide which contained the predicted motifs for binding to 
HLA-DR2 (WUCHERPFENNIG and STROMINGER 1995). This publication revived 
interest in pathogen-myelin molecular mimicry as a possible trigger of MS 
pathology (STEINMAN 1996). Our own contribution describing HCoV and MBP 
cross-reactive T cells in MS patients was timely in showing possible clinical 
relevance (TALBOT et al. 1996). Indeed, a recent review article, which quoted the 
Wucherpfennig and Strominger study (WUCHERPFENNIG and STROMINGER 1995) 
commented that no data are available to suggest the reverse mechanism, which is 
actually required to explain the development of MS, i.e. recognition of CNS protein 
sequences by T cells originally activated by a naturally processed viral or bacterial 
pathogen (STEINMAN 1996), an observation that we did provide for eight of 16 MS 
patients studied (TALBOT et al. 1996). Our published studies have now been ex
tended to show cross-reactivity at the T cell clone level between both strains of 
HCoV (229E and OC43) and MBP as well as with PLP (BOUCHER et al. 1998). The 
next phase of our study involves the elucidation of the molecular basis, MS spec
ificity and CNS relevance of this T cell cross-reactivity between a common respi
ratory pathogen and major myelin antigens against which the immune system 
appears to be activated in MS. 

Another important observation from the WUCHERPFENNIG and STROM INGER 
(1995) study was that, with one exception, activating peptides could not have been 
predicted by simple sequence alignment. Indeed, the concept has now emerged that 
apparently very dissimilar peptides can activate the same T cells. This was evident 
in the memory T cell response to antigenically different arenaviruses (SELIN et al. 
1994) and suggests that this may be explained by the concept of "molecular shape 
mimicry" i.e. recognition by the T cell receptor of a three-dimensional structure 
formed by the MHC-peptide complex (BHARDWAJ et al. 1993; QUARATINO et al. 
1995; GARZA and TUNG 1995; KERSH and ALLEN 1996). 

6 Systemic Virus Infections: 
Induction of Non-Antigen-Specific Immune Activation 

The development of target-directed cellular immune mediated disorders is depen
dent on migration of lymphocytes from the systemic circulation into the involved 
target site. The extent of migration of T cells into the CNS is determined by a range 
of factors acting either upon the immune cells or the target tissue, both of which 
can be influenced by viral infection. Under basal conditions there does seem to be a 
level of ongoing immune surveillance within the CNS carried out by T cells which 
enter and then rapidly depart or die. As will be discussed later, the endogenous 
neural cells contribute to migration by providing chemoattractant signals, by 
serving as partners in the process of cell adhesion, and by providing immune 
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accessory signals. The lymphocyte migration process is dependent on the state of 
activation of the immune cells in the systemic circulation. We have shown that the 
migration rate of T cells derived from MS patients in vitro through a fibronectin 
barrier is increased compared to controls (UHM et al. 1997; PRAT et al. 1998). This 
process is dependent on production by the T cells of matrix metalloproteinases 
which increases when the cells are activated (STUVE et al. 1996). T cells, when 
activated, also up-regulate adhesion molecules, which will promote interaction with 
neural cells at the blood-brain barrier (BBB). Systemic viral infections are one set 
of stimuli that can induce immune activation including production of cytokines, 
which in turn can up-regulate expression of adhesion molecules and production of 
proteases (reviewed in ANTEL and BECHER 1998). Perhaps this could explain why 
exacerbations of MS are linked to seasonal occurrence of viral infections (SIBLEY 
et al. 1985; PAN ITCH 1994). 

7 Virus-Induced Immune Activity within the eNS: 
Antigen-Specific Responses 

Within the CNS compartment, a number of endogenous cell types have varying 
capacity to serve as antigen-presenting cells (APCs). At the BBB, the perivascular 
microglia are shown to be competent APCs (reviewed in ANTEL and BECHER 1998). 
In chimeric animals, histocompatibility between these cells and encephalitogenic 
myelin-reactive T cells is required for development of EAE. Within the paren
chyma of the CNS, the microglia are the cell type that most convincingly 
demonstrate the properties of competent APCs. A central issue in understanding 
the basis for development of chronic immune-mediated demyelinating disease of 
the CNS, including after initial viral infection, is whether there is ongoing immune 
sensitization to antigen release during the initial process of tissue injury. In both 
the TMEV and corona virus infection models and in the chronic EAE model, there 
are data that indicate that determinant spreading has occurred and that myelin
reactive T cells can be recovered from the infected animals. In the TMEV model, 
molecular mimicry was apparently not involved (MILLER et al. 1997). In the case 
of MBP peptide-induced EAE, T cells reactive to other MBP peptide sequences 
and other myelin antigens (PLP) can be recovered over time (MILLER et al. 1995). 
One need consider that the determinant spreading immune responses could be 
generated either in the CNS or in the regional lymph nodes. As regards the latter, 
it is well-demonstrated that antigens released into the CNS will reach these 
structures. 

Determinant spreading to cryptic determinants on the same antigen or to other 
myelin antigens after an original attack on a specific determinant on a myelin 
antigen, as shown in the previously discussed experimental models, and which 
may in some instances involve molecular mimicry, could explain the multitude of 
complementary or often contradictory studies on immune reactivity to myelin 
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antigens that have been reported in MS (McRAE et al. 1995). The observations of 
myelin-autoreactive lymphocytes in apparently healthy individuals have caused 
difficulties in inferring a pathological relevance for these cells in MS patients. 
Evidence was provided that both MBP- and PLP-reactive T cells are in an activated 
state, both in the periphery and the CNS compartment, preferentially in MS 
patients and not in healthy donors or patients with other neurologic disorders 
(ZHANG et al. 1994). This study strengthens the proposed involvement of myelin
reactive T cells in the pathogenesis of MS (reviewed in HOHLFELD et al. 1995), and 
gives hope for treatment of disease by induction of tolerance to the target antigen 
or specific elimination of autoreactive T cells (CHEN et al. 1995b; BROCKE et al. 
1996; STEINMAN 1996). However, it does not address the mechanism of induction of 
these aut ore active T cells in the initiation and development of MS. 

8 Virus-Induced Immune Reactivity within the CNS: 
Effects on Glial Cells 

Activation of CNS glial cells, namely astrocytes and especially microglia, is 
becoming recognized as a hallmark of various neurologic disorders (COYLE 1996; 
LUDWIN 1997; BENVENISTE 1997; ZIELASEK and HARTUNG 1996; CHAO et al. 1996; 
BROWN and KRETZSCHMAR 1997), including MS (SRIRAM and RODRIGUEZ 1997) 
and Alzheimer's disease (BARGER and HARMON 1997). Viruses that enter the CNS 
and target these cells, such as HCoV (BONAVIA et al. 1997; ARBOUR et al. 2000) and 
various retroviruses ( GRAVEL et al. 1993; DHIBJALBUT et al. 1994; SHARPLESS et al. 
1992), are therefore prime candidate mediators of at least some of this neuropa
thologically relevant activation (BILZER and STITZ 1996). The role of microglial cells 
in CNS biology has only recently become recognized, since it has been difficult to 
differentiate these brain-resident cells from infiltrating macrophages (ULVESTAD 
et al. 1994). Activation of glial cells results in increased expression of the immune 
accessory molecules involved in the process of antigen presentation. As previously 
mentioned, activation is further characterized by the release of various pro-in
flammatory molecules such as cytokines, chemokines, NO, and reactive oxygen 
intermediates (ZIELASEK and HARTUNG 1996). These mediators can contribute both 
to regulating the activity of lymphocytes which enter this compartment and to 
actually effecting target directed injury. 

9 Axonal Injury in Multiple Sclerosis 

Although MS is regarded as primarily a myelin- and oligodendrocyte-directed 
autoimmune disorder, there is increasing recognition that the extent of axonal 
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injury and loss may account for at least a component of the neurologic dysfunction 
(reviewed in MATTHEWS et al. 1998). Conversely, one need consider whether axonal 
compensatory responses to demyelination may be sufficient to permit continued, 
relatively unimpaired neurologic function. The early pathological description of 
MS lesions by Marie and Charcot does indicate an appreciation for the axonal loss 
component, although emphasis was placed on the relative preservation ofaxons 
compared to their myelin sheaths. More recent pathological studies indicate axonal 
disruption even in early active lesions (DE STEFANO et al. 1995). Clinical brain
imaging correlative studies indicate that axonal involvement can contribute both to 
reversible and irreversible neurologic deficits, which characterize the MS disease 
process. The advent of magnetic resonance spectroscopy (MRS), which is an MR 
technique that can suppress the dominant water signal that forms the basis for 
conventional MR imaging (MRI), permits quantitation of multiple other molecules 
in the CNS, including N-acetyl aspartate (NAA) , an amino acid exclusively 
expressed in neurons and their axons in the mature CNS. NAA is the dominant 
peak seen using long-sequence 3H-based MRS. NAA production is dependent on 
intact mitochondrial function. Although MRS does not have the spatial resolution 
ofMRI because of the increased voxel sizes needed, whole-brain images can now be 
reconstructed with MRS imaging (MRSI), permitting analysis of individual lesions 
and normal-appearing white matter. An example of such spectra derived from a 
chronic MS lesion and a conventional MRI-defined normal-appearing white matter 
is presented in Fig. 1. 

In initial prospective studies of MS patients, using selected large volumes of 
interest, we and others demonstrated that there was a significant, albeit imperfect, 
correlation between progressive loss of NAA and clinical neurologic disability 
scores (EDSS). Such correlations were less robust between conventional MRI 
defined lesion volumes and EDSS score (DE STEFANO et al. 1995; Fu et al. 1998). In 
the EAE model, animals with the chronic form of the disease, with its associated, 
persistent neurologic sequel, are also recognized as having a significant extent of 
axonal injury (T AU PIN et al. 1997). 

Using the MRSI technique, we have had the opportunity to examine NAA 
values in MS patients presenting with acute neurologic deficits (DE STEFANO et al. 
1998). In a series of such patients, we documented initially reduced NAA values in 
MRI-defined lesions corresponding to the anatomic site that coincided with the 
effected neurologic function, namely motor function in our patients. In these 
cases, we observed gradual recovery of the NAA over time, with a strong overall 
correlation between NAA values and clinical function (DE STEFANO et al. 1998). 
The basis for this reversible pattern of NAA depression could reflect several non
exclusive mechanisms. The inflammatory mediators present in the acute MS lesion 
could directly act upon the neuron/axon, perhaps having greater access to those 
whose myelin covering is damaged. As mentioned, NAA production is dependent 
on intact mitochondrial function. In vitro, one can demonstrate that neuron 
expression of NAA can be reversibly down-regulated by manipulation of culture 
conditions, such as by serum deprivation. The clinical worsening that occurred in 
MS patients receiving the anti-CD4 CAM PATH IH mAb, was shown to be 
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Fig. 1. Magnetic resonance spectroscopy pronIes showing decrease in the peak of N-acetyl aspartate 
(NAA) in a chronic MS lesion and normal appearing white matter 

dependent on axonal conduction block induced by NO, which in the active MS 
lesion would be produced by activated glial cells and probably infiltrating macro
phages (WING et al. 1996). 

The neuronal dysfunction in MS could also reflect an indirect effect of 
demyelination. Oligodendrocytes and astrocytes are likely important sources of 
trophic support for axons. The size ofaxons is known to be proportional to the 
extent of myelination. Depletion of myelin results in neurofilaments undergoing a 
change in their phosphorylation state, with subsequent effects on the entire axonal 
cytoskeleton. Axons in vitro show a propensity to grow on astrocyte substrates. 
Similarly, microglia can support axonal regrowth in selected injury paradigms 
(DA VID et al. 1990). One speculates whether the trophic vs destructive potential 
effect of these glial cells is shifted when such cells are activated in the inflammatory 
environment that characterizes MS. 

Recent MRI pathologic correlative studies, have found that some MRI-defined 
lesions identified on post-mortem tissue specimens are not seen by gross visual 
inspection. Furthermore, studies using more specialized MRI techniques, such as 
magnetization transfer imaging and MRS have demonstrated abnormalities in 
what by usual MRI criteria is apparently normal tissue. These observations suggest 
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Fig. 2. Outline of basis of axonal injury and recovery in multiple sclerosis (MS),with resultant effect on 
N-acetyl aspartate (NAA) expression in lesions and normal appearing white matter (NA WM) 

more widespread tissue abnormalities in MS than previously suspected. These 
could include dying back ofaxons transected at the remote lesion sites or diffuse 
tissue responses to pro-inflammatory cytokines. In this regard, focal stab-wound 
injury models in animals are shown to result in release of an array of cytokines 
which diffuse and induce reactive glial changes over a considerable distance 
(MOUMDJIAN et al. 1991). Such changes could make the normal appearing white 
matter more susceptible to subsequent injury. 

Serial MRI studies of MS patients have documented that white matter lesions 
without apparent corresponding clinical deficits can also arise. These patients do 
not show the profound decreases of NAA within lesions in contrast to a symp
tomatic cohort. Short-echo-time MRS studies have also identified areas of myelin 
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destruction, as defined by free lipid release without evidence of NAA loss or clinical 
deficits. In the TMEV demyelination model induced in CD8 T cell-deficient 
animals, Rodriguez and colleagues demonstrated that extensive demyelination can 
occur without apparent functional neurologic deficits (RIVERA-QUINONES et al. 
1998). The axons of these animals are shown to have compensated for their myelin 
loss by rearrangement of expression of Na + channels, so that such channels are 
now expressed throughout the course of the axon and are not restricted to the 
perinodal region. In this way, the animal can overcome the conduction block 
otherwise expected if only saltatory conduction over a relatively large distance 
(node-node) is the only means to maintain electrical conduction. Analysis ofaxons 
contained within active MS lesions indicates that such compensation also occurs in 
the human disease. 

Additional compensatory mechanisms are now recognized to occur even in the 
mature CNS. Axonal sprouting would provide a means whereby an intact axon 
might replace the function of an adjacent injured one. Results from functional 
MRI studies suggest that functional reorganization within the CNS does occur 
following acute MS lesions. One raises the concern that over time these 
compensatory mechanisms may fail, either through ageing or additional lesions, 
and may account for the evolution of MS into a more chronic disorder as occurs in 
more than 50% of cases. The above considerations indicate that the axon is a 
central participant in the evolution of the MS disease process, both with regard to 
it being directly (immune-mediated) or indirectly (trophic support withdrawal) 
injured or, conversely, by providing a means to compensate for the primary myelin 
injury (see Fig. 2). 
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