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Abstract

Multiple sclerosis (MS) is a disease which can present in different clinical courses. The most
common form of MS is the relapsing-remitting (RR) course, which in many cases evolves into
secondary progressive (SP) disease. Autoimmune models such as experimental autoimmune
encephalomyelitis (EAE) have been developed to represent the various clinical forms of MS.
These models along with clinico-pathological evidence obtained from MS patients have allowed
us to propose ‘1-stage’ and ‘2-stage’ disease theories to explain the transition in the clinical course
of MS from RR to SP. Relapses in MS are associated with pro-inflammatory T helper (Th) 1/Th17
immune responses, while remissions are associated with anti-inflammatory Th2/regulatory T
(Treg) immune responses. Based on the ‘1-stage disease’ theory, the transition from RR to SP
disease occurs when the inflammatory immune response overwhelms the anti-inflammatory
immune response. The “‘2-stage disease’ theory proposes that the transition from RR to SP-MS
occurs when the Th2 response or some other responses overwhelm the inflammatory response
resulting in the sustained production of anti-myelin antibodies, which cause continuing
demyelination, neurodegeneration, and axonal loss. The Theiler’s virus model is also a 2-stage
disease, where axonal degeneration precedes demyelination during the first stage, followed by
inflammatory demyelination during the second stage.

1. Introduction

1.1 Homogeneity vs. heterogeneity in MS: Clinical and Neuroimaging studies

Multiple sclerosis (MS) is a chronic demyelinating disease of the human central nervous
system (CNS), which mainly affects young adults. The proposed pathogenesis of MS has

two main components: inflammatory demyelination and axonal degeneration (Table 1) [12].

The demyelination of nerve fibers causes significant neurological impairment including
sensory and motor disturbances, vision loss and paralysis. Inflammation is often associated
with demyelination. Axonal damage and neuronal loss (neurodegeneration) have also been
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reported in MS, which results in brain atrophy and permanent neurological damage,
particularly cognitive decline [134] In general, it is hypothesized that inflammatory
demyelination causes secondary axonal degeneration [°]. However, there is evidence of
axonal degeneration in the absence of demyelination, suggesting that axonal degeneration
can precede demyelination [©]. It is also possible that inflammatory demyelination and
neurodegeneration run parallel and concurrently.

The clinical course of MS may present in one of four forms. In the relapsing-remitting (RR)
form, relapses and remissions occur with either a full recovery or a partial recovery with
residual deficits. In progressive-relapsing (PR) MS, the disease progressively worsens, with
intermittent attacks and relapses which may lead to partial or full recovery from the attacks.
Secondary progressive (SP) disease occurs when the initial RR course is followed by
progressive disease, and the primary progressive (PP) course is characterized by the steady
and progressive worsening of neurological condition without any prominent relapses from
the onset. [’]. Generally, MS begins as the RR disease which in ~85% of patients eventually
evolve into SP-MS within ~10 years of the onset [8]. The onset and clinical course of MS
are for the most part unpredictable, although there are some trends [’]. Black Americans
represent a group who are less likely to develop MS, but are more likely to exhibit the
progressive disease course of MS, and suffer from more rapid neurodegeneration [49].
Caucasian Americans and Europeans are more likely to develop the RR form of disease that
will eventually turn progressive [?]. In both Caucasian Americans and Europeans, there is an
increased MS incidence which is associated with decreased ultraviolet (UV) exposure [#10].
Perhaps the most significant factor that contributes to MS incidence and severity is gender:
women are 2 to 3 times more likely to develop MS than men [11:12]. Although it is unknown
what triggers MS to transform into the progressive disease, neuroimaging studies suggest
that MS could be a 2-stage disease, in which inflammatory demyelination is followed by
neurodegeneration [13:14],

Inflammation has been linked with RR-MS since active lesions can be seen by gadolinium
enhancement during RR-MS [8]. However, gadolinium-enhanced lesions are less prevalent
during progressive disease than in RR-MS. Therefore, the progressive form of MS has been
speculgted to begin when the brain can no longer compensate for neurodegeneration (axonal
loss) [°].

Neurodegeneration has been associated with the progressive forms of MS. In the progressive
forms of MS, atrophy of gray matter accelerates compared with the RR disease and cannot
be blocked by the use of anti-inflammatory drugs [22-23]. Additionally, the regions of the
brain where the atrophy occurs differ between RR and the progressive forms of the disease
[24]. While ventricular enlargement is predominant in RR-MS, patients with SP-MS develop
atrophy in the cortex and deep gray matter. These findings have lead to the hypothesis that
inflammatory demyelination in the white matter is a major effector mechanism during the
RR stage, while neurodegeneration develops during the progressive stage. Therefore, based
on neuroimaging studies, MS could embody two heterogenous pathological events,
inflammation and neurodegeneration. However there is currently no etiopathologic
mechanism to explain how and whether MS shifts from inflammatory demyelination to
neurodegeneration.

1.2 Homogeneity vs. heterogeneity in MS: Pathology studies

Pathology studies on active demyelinating MS lesions suggest heterogeneity in several
immunopathological parameters, including T cells, macrophages, immunoglobulin (Ig), and
oligodendrocyte apoptosis, among patients (inter-individual heterogeneity) [2°]. Lucchinetti
et al. classified MS lesions into four patterns, all of which contained T cells and
macrophages. Some differences were, however, recognized: pattern | was mediated by T
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cells and macrophages alone; pattern 11 was Ig and complement dependent, pattern 111
exhibited apoptosis of oligodendrocytes in the absence of Ig, complement, and
remyelination, and pattern IV showed oligodendrocyte dystrophy with no evidence of
remyelination. In these classifications, there appears to be neither an overlap in pattern, nor a
change in pattern during the clinical course of individual patients (intra-individual
homogeneity). Although the classification by Lucchinetti et al. has been widely used, Breij
et al. reported that the pathology is homogenous among all MS patients from the various
disease courses (inter-individual homogeneity) [26:27]. All active lesions had antibody,
complement, and macrophages associated with them (similar to pattern 1l in the Lucchinetti
scheme).

On the other hand, Barnett et al. observed two lesion types (patterns 11 and 111) in a single
patient, consistent with intra-individual heterogeneity, or stage-dependent pathology
[26:28:29], Here the finding may represent the transition from the first stage of disease
(oligodendrocyte apoptosis) to the second stage (T cell-mediated inflammation). This
conflicts with the reports by Breij and Lucchinetti who only reported single lesion types
within individuals (intra-individual homogeneity). These seemingly conflicting reports can
be resolved by considering these lesions to be on converging paths where most lesions
would ultimately display homogenous characteristics if allowed to progress. Another
explanation could be that the different lesion types reflect the heterogeneity of individual’s
immune responses and possibly stage-dependent alterations in MS. To this date there is still
no general consensus explaining different MS lesion types.

In summary, it remains controversial whether the pathomechanism in MS is homogenous or
heterogenous and what triggers the transition from RR to SP disease. Most neuroimaging
studies do support a conversion from inflammation to neurodegeneration. In contrast, most
neuropathology studies support no stage change in individual MS patients.

We will now consider what experimental models of MS have taught us about the underlying
immune etiopathology of MS (Table 2). We will propose 1) that MS can be caused by a
single pathomechanism (1-stage disease theory) or 2) that MS pathomechanisms can change
during the course of disease (2-stage disease theory).

2. Immunopathology of MS and EAE

2.1 Role of the immune system

MS is believed to be an immune-mediated disease since alterations of the immune system as
well as autoreactive B and T cells have been found in MS patients [26:30-32], Although the
exact cause of aberrant immune activity in MS remains unknown, a microbial infection
(viral or bacterial) can trigger 1) cross-reactivity between microorganism’s antigen(s) and
CNS antigen(s), so-called ‘molecular mimicry’ or 2) ‘bystander activation’ of autoreactive T
cells and 3) “epitope (determinant) spreading’ from microbial antigen(s) to CNS antigens
leading to destruction of CNS tissues [16]. In addition, there are genetic and environmental
factors that affect the immune system, which may contribute to changes in the prevalence
and susceptibility to MS [33-36].

Regardless of the initial cause of MS immunopathogenesis, the chronic injury has been
proposed to be mediated by direct or indirect immune-mediated attack against myelin
antigen(s) and oligodendrocytes, the myelin forming cells. Evidence supporting direct
immune attack largely stems from experimental autoimmune (or allergic) encephalomyelitis
(EAE), the animal model used to study the autoimmune etiology in MS [37]. EAE is a CD4*
T cell-mediated disease in animals which shares numerous clinical and neuropathological
features with MS and is the most common method of testing MS therapeutic approaches
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[38]. Induction of EAE is conducted by actively sensitizing animals with CNS homogenates,
myelin proteins, such as myelin oligodendrocyte glycoprotein (MOG), myelin proteolipid
protein (PLP), and myelin basic protein (MBP), or their peptides. In addition, passive
transfer of myelin-specific T cells from sensitized animals to naive animals can cause EAE,
known as ‘adoptive’ or ‘passive EAE’ [39]. The pathogenic role of autoimmunity in MS has
been supported by the findings that both autoantibodies and autoreactive T cells to myelin
protein(s) have been found in MS patients, although anti-myelin T cells can also be found in
normal individuals [8:4%]. MS patients have also been reported to differ from normal
individuals in the numbers and specificities of naive, memory, and activated T cells in the
peripheral circulation, however there are no consistent trends and none of these variations
have been successfully applied as markers for disease [1%:18:41-43],

2.2 Classical EAE mediated by Th1l and Th17 cells: 1-stage disease theory

Immune responses are differentiated based upon the type of CD4* T cells that are
responsible for directing the response (Table 3). Pro-inflammatory responses are associated
primarily with CD4" T helper (Th) 1 and Th17 cells, as well as the cytokines tumor necrosis
factor (TNF)-a, interleukin (IL)-17, and interferon (IFN)-y. Anti-inflammatory responses
are associated with CD4" Th2, regulatory T (Treg), and natural killer T (NKT) cells as well
as the cytokines IL-4, IL-10, and transforming growth factor (TGF)-B [*4]. In MS, the
disease activity has been associated with the presence of various immune effector cells and
cytokines [19:45:46]. During relapses, there is an increase in Th1 and Th17 cells, and
inflammatory cytokines; during remission, Th2, Treg, and NKT cells and anti-inflammatory
cytokines are more active. Th1l immune responses play a major role in cellular immunity and
are characterized by production of proinflammatory mediators such as IL-2, TNF-a, and
IFN-; whereas Th2 immune responses help humoral immunity and suppress Thl immune
responses and are associated with the cytokines IL-4, IL-5, and IL-13.

Since Th1 immune responses have been associated with disease activity in MS patients, MS
has been proposed to be a Th1-mediated disease [>3]. For example, CD4* T-cell lines
developed from the cerebrospinal fluid (CSF) of MS patients produce large amounts of IFN-
v and IL-2 [®4]. In most EAE models, myelin-specific Thi cells are associated with
immunopathology and can adoptively transfer EAE to recipient animals [°°]. Additionally,
T-bet (a Thl transcription factor) deficient C57BL/6 mice sensitized with MOG showed
decreased severity of EAE compared with MOG-sensitized wild-type mice [°%].

Monophasic EAE can be induced in C57BL/6 mice by sensitization with MOG peptide in
complete Freund’s adjuvant (CFA) [°7]. During the disease course in monophasic EAE,
disability peaks at 3 weeks after sensitization and gradually subsides resulting in complete or
incomplete recovery from disease. RR-EAE can be induced in SJL/J mice with PLP13g.151,
PLP7g8-191, and MOGgy.10g Sensitization and results in a RR disease course (Fig. 13, ¢). In
these monophasic and RR-EAE models, Th1 immune responses appear responsible for
relapses, while remissions are induced by Th2 responses (Fig. 1a). IL-4-producing Th2 cells
can enhance the expression of GATA-3 (a Th2 transcription factor), leading to the inhibition
of Th1 cell differentiation and suppression of Th1 cell function [°8]. The adoptive transfer of
PLP-specific Th2 cell clones prevented EAE in mice sensitized with PLP in which
resistance to EAE was correlated with 1L-4 production [°9]. Additionally, the enhancement
of Th26(():ells has been shown to delay the onset and decrease the severity of PLP-induced
EAE [*].

Th17 cells which secrete IL-17 are involved in promoting phagocytosis and are considered
to be inflammatory [61]. In MS patients, IL-17 has been reported to be expressed at
relatively high levels in peripheral leukocytes and CSF mononuclear cells, particularly
during relapses [17:62]. Myelin-specific Th17 cells were capable of inducing EAE and can be
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found in CNS lesions [63]. Treatment of EAE mice with anti-1L-17A antibody reduced the
severity and recovery time from peak disease [#/]. Th17 cells can be associated with disease,
but neutralization of Th17 effectors did not completely abrogate disease; therefore Th17
cells likely contribute to disease activity, but are not the sole cause of disease.

NKT cell stimulation results in a rapid secretion of cytokines, such as IL-4 and IFN-vy that
can regulate immune responses [64]. This subset of immune cells expresses natural killer cell
markers and an invariant T-cell receptor (TCR, Va14 in mice and Va.24 in humans) that
binds to CD1d molecules on antigen presenting cells that present glycolipid antigens, such
as a-galactosylceramide (a-GC) [64]. In MS and EAE, several studies have suggested a
beneficial role for NKT cells in pathogenesis [49:65:66]. Mice given a-GC, to activate NKT
cells, were protected against EAE in an experiment by Singh et al [°1]. In this study, a-GC
was unable to protect against EAE in CD1d, IL-4, or IL-10 knockout (KO) mice. This
indicates that a-GC presentation on CD1d molecules and secretion of IL-4 and IL-10 were
necessary for the suppression of EAE by NKT cells [°1]. In this model, the Th1 immune
response was suppressed by activating NKT cells with a.-GC, which shifted the immune
system to a Th2 response. Additionally, IL-4 production could be induced by an a-GC
analog, OCH, from NKT cells and modulate EAE [56]. Together these studies suggest that
NKT cells play a regulatory role in the disease course and contribute to the remission of MS
and EAE.

CD4*CD25*FoxP3* Treg cells (1-2% and 10% of CD4™ T cells in humans and mice,
respectively) produce TGF-p, suppress inflammation, and inhibit the proliferation and
cytokine production of effector T cells [67]. In MS, Treg cells have been demonstrated to
have impaired function and be present in lower numbers compared with healthy controls
[48]. Adoptive transfer of Treg cells isolated from naive mice has been shown to ameliorate
MOG-induced EAE [°0]. Co-administration of Treg cells with MOG-specific T cells
attenuated the development of EAE. While the exact mechanism of Treg suppression is
unknown, IL-10 production by Treg cells may be critical for their immunosuppressive

function, since Treg cells from IL-10 deficient mice fail to block the development of EAE
[52;68;69]I

We propose a “1-stage disease theory” in which a single immune etiopathology during the
entire course of disease causes lesion homogeneity. In this theory relapses are precipitated
by pro-inflammatory immune responses and remissions are caused by anti-inflammatory
immune responses in most cases (Fig. 1a). Here, pro-inflammatory Thl and Th17 type
immune responses contribute to relapses and Th2 type immune responses along with NKT
and Treg cells contribute to remissions. Later on, either irreversible neurodegeneration or an
overwhelming inflammatory response causes the disease to shift into the progressive phase.
The homogeneity of intra-individual and inter-individual pathology in the lesions of MS
patient is consistent with the 1-stage theory [22:26].

2.3 2-stage disease theory: Ataxic SP-EAE

Although the 1-stage disease theory is consistent with finding in most MS and EAE models,
such as RR-MS and RR-EAE, it cannot explain neuroimaging changes in SP-MS or stage-
dependent pathology (intra-individual heterogeneity) in some cases of MS. Here, we
propose a ‘2-stage disease’ theory for the transition in MS patients from the RR course to
the SP course. Although several scenarios and sets of circumstances could provoke this
transition, a change in the effector mechanism from Th1 to autoantibody may play a key
role. In this scheme, during the RR course (the initial stage of disease), Th1 responses cause
relapses of disease and the Th2 responses cause the remissions. The second stage of the
disease or the progressive phase occurs when Th2 immune responses overwhelm Thl
immune responses causing a persistent demyelinating antibody response. Here, the role of
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Th2 immune responses changes depending on the time course. During the first stage, Th2
cytokines (such as IL-4) play a regulatory role, while in later phases they will drive
autoantibody production and contribute to the progressive stage of disease. The contribution
of antibody to disease progression is supported by the finding of B cell follicle-like
structure, in the meninges in patients with SP-MS [79]. Antibody-mediated disease
progression has also been suggested in PP- and SP-MS, in association with Epstein-Barr
virus (EBV) infection [31].

The 2-stage disease theory is supported by MOGg,.1gg-induced SP-EAE, experimentally.
MOGgy.106-immunized A.SW mice develop PP-EAE, however if MOG is supplemented
with Bordetella pertussis (BP), the disease begins with a RR course that is followed by SP-
EAE (see Table 4 for a summary of disease induction and resulting course) [72]. Clinically,
while MOG-sensitized A.SW mice with PP-EAE display ataxia, BP-treated MOG-sensitized
A.SW mice do not display ataxia until they reach the secondary progressive stage of disease.
Unlike typical EAE lesions, the percentage of CD3* T cells in CNS lesions of A.SW mice
with progressive EAE was surprisingly small, suggesting that T cells do not play an effector
role in pathogenesis (Fig. 2d). In MOG-sensitized A.SW mice, Ig deposition was detected
on myelin and on the periphery of demyelinating lesions. In A.SW mice with PP-EAE, there
was a direct correlation between the anti-MOG 1gG2a/IgG1 ratio and survival time where
higher ratios increased survival time. Since 1gG2a and 1gG1 isotypes are linked with Thl
and Th2 type immune responses, respectively, these data suggest that progressive EAE is a
Th2-associated disease. The pathogenic role of Th2 cells in progressive EAE has been also
studied by Lafaille et al., in which transfer of MBP-specific Th2 cells into RAG-1 KO mice
was able to induce EAE [’1]. Here, MOG-induced PP-EAE is a 1-stage disease (Fig. 1b),
where anti-MOG antibodies play a pathogenic role from disease onset. However, MOG-
induced SP-EAE is a 2-stage disease, where T cell-mediated RR disease is followed by
antibody-mediated SP disease (Fig. 1c).

On the other hand, SJL/J mice normally develop RR-EAE when injected with MOGg_16.
However, if the mice were UV irradiated (UV irradiation favors anti-inflammatory Th2
immune responses) after MOG sensitization, some of the mice developed SP-EAE with
pathology similar to that of A.SW mice with progressive EAE (Fig. 2a, b) [%71].

In addition, if apoptotic cells, which alter immune response towards an anti-inflammatory
response, were injected into SJL/J mice during RR-EAE, 21% of the mice developed SP-
EAE [/3]. Histologically, in SJL/J mice that develop RR-EAE after MOG sensitization, Ig
deposition was only found in the meninges and endothelial cells. On the other hand, in SJL/J
mice that went on to develop SP-EAE, intense Ig deposition could be observed in the white
matter. Thus, it appears that Ig is a key contributor to the development of progressive
disease (Box 1).

Interestingly, if A.SW mice were treated with bacterial DNA rich in CpG that favor Thl
type immune responses, half of the mice showed no clinical signs and only 25% died from
SP-EAE [?]. Since both BP and CpG DNA suppress PP-EAE, it is likely that favoring Thi
immune responses inhibits the production of Th2 mediated anti-myelin antibody which
limits progression [72]. Here, the roles of BP and CpG in progressive EAE are reversed from
those in RR-EAE, where both BP and CpG can exacerbate disease [€°]. Similarly, NKT cells
that suppress RR-EAE seem to contribute to disease progression in PP-EAE (Martinez and
Tsunoda, unpublished data). Additionally, SJL/J mice that generally respond with a Thl
phenotype do not develop progressive disease.
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3. Viral pathogenesis of MS and Theiler’'s murine encephalomyelitis virus
(TMEV) infection
3.1 Viral infection and MS

Viruses and anti-viral immune responses have been detected in the CNS of MS patients,
particularly EBV and human herpes virus (HHV)-6, suggesting that viruses may cause or
contribute to disease [81-84]. The possibility that MS has an infectious trigger has long been
considered since the initial descriptions of the disease [8%]. Although there is no consensus
as to which microbe causes MS, EBV is the virus most consistently linked with MS
pathogenesis. While up to 95% of the population is EBV-infected, ~99% of MS patients are
EBV seropositive [88]. Since EBV can infect and immortalize B cells, EBV infection may
provoke myelin autoantibody production, although self-reactive B cells should be eliminated
in normal individuals [87]. The autoantibodies would lead to the destruction of myelin and
the release of antigens to augment the inflammatory process, however convincing evidence
of this has not yet been found.

3.2 TMEV infection: 2-stage disease theory

Perhaps the most compelling evidence that MS may have a viral origin is seen in animal
models using TMEV and murine hepatitis virus to mimic the disease in mice [3"]. TMEV
belongs to the family Picornaviridae and has been used for animal models of MS and
epilepsy (Box 2). In the TMEV model, mice develop chronic progressive demyelinating
disease without remission, one month after infection (Fig. 1d). The disease course of TMEV
infection is similar to PP-MS or PP-EAE in MOG-sensitized A.SW mice. However, the
pathomechanisms in PP-EAE and TMEYV infection seem to be different, which may explain
the inter-individual heterogeneity of MS pathology. PP-EAE could be a 1-stage disease,
where anti-myelin antibody induces demyelination without oligodendrocyte apoptosis (Fig.
1b, 3b, and d) [72]. In contrast, the chronic demyelinating phase in TMEV infection can be
divided into two stages: 1) axonal degeneration and oligodendrocyte apoptosis lead to
macrophage activation and demyelination (Fig. 3a, c), and 2) myelin damage that leads to
epitope spreading, inducing myelin specific autoimmune responses and demyelination.
During the first stage of the chronic phase of TMEV infection, there is evidence that axonal
degeneration occurs before demyelination and triggers demyelination [°]. This has lead to an
‘Inside-Out” model of neurodegeneration, where axonal damage inside the nerve fibers
precedes the damage of myelin outside of the nerve fiber [°].

TMEYV is a murine neurotropic virus which uses axonal transport to spread in the CNS, thus
axonal degeneration by the host could prevent TMEV from spreading and block further
disease expansion [%3]. This axonal degeneration could provide a physiological barrier
against neurotropic virus infection [%4]. After infection with the neurovirulent strain of
TMEV, the GDVII strain, axonal degeneration can be seen in the white matter of the spinal
cord in the absence of inflammation [%°]. During infection with a less virulent strain of
TMEV, the Daniels (DA) strain, axonal degenerations can be detected ~2—3 weeks post
infection, while demyelination and inflammation are not apparent until one month post
infection. Thus, axonal degeneration was observed before a demyelinating event. Axonal
damage preceding demyelination has also been observed in MS patients, and may occur in a
subset of MS patients [°]. Moreover, in EAE and MS, autoantibodies against neurofascin
have been found and experimentally shown to bind to the exposed axon at the nodes of
Ranvier (Box 2). These autoantibodies can induce axonal damage in the absence of
demyelination or inflammation [%6].

Axonal degeneration can trigger a cascade reaction, leading to widespread demyelination
[%4]. The degeneration of axons and oligodendrocyte apoptosis (induced by viral infection or
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disruption of cross-talk between axons and oligodendrocytes, Fig. 3c) locally activates
microglia and macrophages. Chemokine release from activated microglia can lead to
increased expression of adhesion molecules in the CNS which drives virus-specific T cell
recruitment and inflammation [%7]. The activated microglia and macrophages will
phagocytize degenerate axons and apoptotic oligodendrocytes, and present neuroantigens to
CD4* T cells.

Here, epitope spreading is initiated where the immune response initially targeted against a
viral epitope progressively targets multiple CNS antigens. Indeed, in the late chronic stage
of TMEYV infection (>100 days post infection), myelin specific T cell responses have been
demonstrated [#9]. At this point, anti-myelin autoimmune responses can be generated to
initiate the conventional “‘Outside-In’ pathomechanism. Thus, the ‘Inside-Out’ model can
contribute to or initiate the conventional ‘Outside In” model, where myelin sheaths outside
the nerve fibers are damaged first by anti-myelin T cells, leading to secondary damage of
axons inside the nerve fiber (Table 5). Therefore, the TMEV model should be considered a
2-stage disease. During the first stage (1-3 months post infection) axonal damage and
oligodendrocyte apoptosis lead to macrophage activation and demyelination mediated by
virus-specific T cells. Then, during the second stage (>100 days post infection) myelin-
specific T cells contribute to enhancement of demyelination (Fig. 1d).

4. Conclusions: 1-stage versus 2-stage disease theories

The balance of different immune cell types influences the activity of disease (relapse,
remission, or progression) in the two ‘stage’ theories (Fig. 1). In the 1-stage disease model,
during the RR course of the disease, the inflammatory and anti-inflammatory (Th2, NKT,
and Treg) responses balance resulting in relapse and remission, but at some points the
inflammatory responses overwhelm the anti-inflammatory immune response, leading to
progressive disease (SP-MS). In the 1-stage theory, the cause of pathology remains the same
throughout the disease (intra-individual pathological homogeneity). In the 2-stage theory the
effector mechanism changes during the time course of disease, during the second stage Th2
responses or some other responses overcome the inflammatory response leading to
neurodegeneration, for example, disease mediated by autoantibodies (intra-individual
pathological heterogeneity) (Box 1). Since there is both clinical and experimental evidence
for both stage theories in MS (Table 6), these patterns may represent different clinical
subgroups within MS patients. The presence of subgroupings in MS is strongly supported by
the fact that plasmapheresis and B cell depletion appear to be beneficial only in a subset of
MS patients [199:101] What may determine whether the disease transforms into a chronic
inflammatory disease or switches to an autoantibody-mediated disease? Experimentally,
differences in sensitivity to particular autoantigens and adjuvants are linked with genetic
backgrounds, and are known to play important roles in the development of progressive
disease.

MOGgy.106 can induce RR-, SP-, and PP-EAE depending on the mouse strain and adjuvant,
while PLP and MBP induce RR-EAE and monophasic EAE, respectively. Here, the
opposing Th cell subsets may have different major histocompatibility complex (MHC)-
ligand(s) affinities, where the subset with the stronger affinity ultimately dominates the
immune response [192]. Alternatively, one of the subsets of Th cells may become depleted or
anergic to the ligand and stops responding [*3].

The TMEV infection model can also be classified as a 2-stage disease. However, in the
TMEV model, the switch between stages is not based on Thl or Th2 immune responses, but
rather conversion from a viral-mediated to an autoimmune-like pathology. There is no
absolute evidence of a direct viral cause of MS. However, newly forming lesions in MS
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patients, reported by Barnett et al. [28], had characteristics similar to those seen in TMEV
infection in mice. For example, the early lesions in TMEV infection (2—3 weeks post
infection) resemble MS lesions that display oligodendrocyte apoptosis, early microglial
activation, and little or no infiltration by lymphocytes or myelin-laden phagocytes [#%]. The
lesions observed during the pathology-shift described by Barnett et al. led them to propose
that initial oligodendrocyte apoptosis induces microglia activation during the early stages of
MS, which eventually leads to recruitment of inflammatory cells into the CNS during the
following stage (stage-dependent pathology) [>:29].

A neurotropic virus may infect and spread in one area of the CNS and be eliminated (or at
least nearly eliminated) through host-defense mechanisms, including anti-virus immunity
and apoptosis of virus-infected neuronal cells. The apoptotic neuronal cells would have to be
cleared by phagocytes, which may lead to inappropriate presentation of self-antigens
triggering autoimmunity [193]. Then, the autoreactive T cells could be recruited to sites of
Wallerian degeneration which are often remote from the original infection site [37]. This
could account for the sporadic nature of MS lesions ‘“in space’ in the CNS. Alternatively,
some of the virus may escape and go on to infect other cell types in the CNS leading to
further pathology; for example TMEV has been shown to infect from axons to myelin
sheaths [104]. A virus that becomes persistent/latent with a low rate of reactivation could
account for the sporadic nature of MS lesions ‘in time” in the CNS, since reactivation of the
virus would trigger new CNS lesions, including recruitment of inflammatory cells, induction
of apoptosis, or activation of microglia. These inflammatory events would activate myelin-
specific T cells either by epitope spreading or bystander activation perpetuating the vicious
cycle [°].

The two disease theories are not mutually exclusive of each other. Evidence from animal
experiments shows that sensitization with the same myelin peptide but with different
adjuvants/treatments can also induce different clinical courses. Although multiple causative
factors have been implicated in MS, these factors may influence the clinical course of MS,
while a common cause may be responsible for initiating the seemingly heterogeneous
disease. On the other hand, similar clinical courses in MS patients can be caused by different
causative factors and adjuvants. Here different causes would be responsible for the
development of the homogenous disease in appearance.

5. Future perspective: Treatment strategies

As we discussed above, although immune therapy requires consideration of the disease stage
and etiology, neuroprotection and remyelination should be beneficial regardless of the
immune effectors or etiology. Additionally, neuroprotection will prevent cascade reactions
blocking inflammatory cycles [#4]. The two most feasible approaches include 1) promoting
remyelination and 2) axonal protection.

5.1 Remyelination

The myelin sheath of nerve fibers allows for rapid saltatory conduction of signals in the
CNS and also protects against axonal damage [19%]. Demyelinated nerve fibers can be
remyelinated. However this process is slow in the CNS, requires the proper conditions, and
the remyelinated myelin sheath will be thinner than the original sheath [106]. The two most
likely approaches for promoting remyelination are 1) myelin forming cell transplantation
and 2) promotion of repair by resident stem- and precursor-cell populations. Methods have
been established to transfer several different cell types that result in myelination of the CNS
in rodents with myelin deficiencies [197-109]. While this sounds promising, these injections
can cause further physical damage to the CNS and with multiple demyelinated plaques in
the brains of MS patients this may not be feasible. In addition, it is not clear as to whether or
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not cell transplants can take hold in the conditions present in active or neurodegenerative
plaques.

A safer approach to remyelinating the CNS after attacks in MS would be to use
pharmacological agents that promote remyelination. The resident stem- and precursor-cells
in the brain are capable of remyelinating axons and this activity can be seen in the plaques of
MS patients [119]. Both autoantibodies that react with surface antigens on oligodendrocytes
and pregnancy associated with hormones have been shown to actually promote
remyelination; however the exact mechanism involved in this is still unclear [111-114]. The
recruitment of precursor cells and their differentiation into oligodendrocytes but not
astrocytes in lesions is an important consideration in promoting remyelination and not
astrogliosis. It has been shown that both chromatin remodeling factors and the redox
environment control the fate of neural progenitor cells (NPCs) [11°]. Here, pharmacological
agents may favorably balance the redox state to block astrogliosis or to activate or deactivate
chromatin remodeling factors to promote oligodendrocytes differentiation from NPCs.
While a single pharmacological agent that promotes all of these outcomes is unlikely to be
found, pharmacologic combination therapy to promote NPC mobility and differentiation into
oligodendrocytes would be of great value.

5.2 Axonal protection

When an axon remains demyelinated, it can compensate its function by redistributing its
sodium channels to allow for conduction. In addition, the sodium channel that is
redistributed along the axon can influence whether or not the axon will degenerate or remain
intact. For example, Na, 1.2 sodium channels appear to favor axonal survival and Na, 1.6
sodium channels are evidence of injury [116]. The theory behind the difference in survival
rates between axons with the two sodium channels is that Na,1.6 produces a large sustained
sodium conductance that results in calcium and sodium exchange. The increased
intracellular calcium concentrations activate proteases resulting in additional damage to the
axon. Conversely, Na,1.2, which is present on non-myelinated axons, rapidly activates and
inactivates supporting axonal conduction. Thus, a mechanism of either increasing the
likelihood of Na, 1.2 being redistributed along the axon or inhibiting Na,1.6 conductance
may result in neuroprotection and extended life of demyelinated axons. This type of therapy
may buy time by preventing the cascade of reactions where axonal degeneration (Inside-Out
model) leads to augmentation of demyelination (Outside-In model). However, one must
keep in mind that in their natural state axons are myelinated and without remyelination

degeneration may be inevitable since longer axons may require myelin for trophic support
[117]'
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Box 1
Anti-MOG and anti-axon antibodies

Antibodies have been increasingly recognized as pathological contributors to various
forms of CNS diseases. In fact, anti-aquaporin-4 antibody can be used to differentiate
neuromyelitis optica from MS [74]. In MS there is both clinical and experimental
evidence for antibody-mediated pathology [2%:72]. However, the prevalence and impact of
autoantibodies in MS patients is extremely heterogeneous. MS lesions may or may not
have Ig deposition and this is used in the Lucchinetti scheme to differentiate lesions [7°].
For antibodies to mediate disease they must either pass the blood-brain barrier or be
generated within the CNS, thus it is likely that antibodies only contribute to disease
progression but do not initiate disease.

Antibodies against MOG have been extensively studied since they have been shown to
mediate demyelination in EAE [76]. MOG is an oligodendrocyte specific protein found
on the outer layer of myelin sheaths. Antibodies in the sera of both MS patients and
healthy individuals do not bind to MOG in its native conformation, but do bind to
linearized MOG. However, in acute disseminating encephalomyelitis (ADEM),
antibodies in the serum can bind to native MOG [21:77]. It appears as if anti-MOG
antibodies do not play a major role in MS, but it has been proposed that the myelin
surrounding lesions is not in a normal state [78]. In the area surrounding the lesions,
MOG may have been partially denatured; this would reconcile the large antibody
deposition seen in MS lesions and the lack of sera antibody binding to native MOG.
Also, there is evidence of cross-reactivity between MOG-specific T cells to
neurofilament antigens, so these antibodies may not be targeting MOG but other CNS
antigens ["9].

While myelinated axons are largely insulated from the external environment, they remain
exposed at the node of Ranvier. Axonal degeneration may be initiated due to autoimmune
responses against the exposed areas of the axons. Neurofascin is a glycoprotein expressed
by neurons on axons at the nodes of Ranvier. If EAE mice were given anti-neurofascin
antibody, disease was exacerbated and severe axonal injury was observed [21]. Other
proteins on the nodes of Ranvier such as contactin and various glycoproteins could also
serve as targets for anti-axon antibodies and T cells [2921]. The degeneration of these
axons would facilitate axonal degeneration preceding myelin destruction as suggested in
the Inside-Out model [°].
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Box 2
Epilepsy and MS

The occurrence of epilepsy in MS patients is higher than that of the rest of the
population, and seizures have been observed and considered to result from the disease
since shortly after MS was first described [8]. Since seizures may occur during either
relapses or periods of remission in MS, it remains controversial as to whether or not the
seizures seen in MS patients are caused by the disease or the two diseases co-occur.
However, since the pathology in MS increases over time and other diseases with damage
in the CNS are associated with an increased risk of seizures, it is likely that the seizures
seen in MS patients are caused by the development of cortical demyelination and not just
a coincidence [89].

Interestingly, the same virus used to study MS in SJL/J mice, TMEV, induces seizures in
C57BL/6 mice and is being used as a viral model for epilepsy [%°]. While C57BL/6 mice
are normally resistant to chronic TMEYV infection, the mice develop seizures 4 to 8 days
post infection. Mice that have the seizures show degeneration in the pyramidal cell layer
of the hippocampus, which is consistent with the brain damage observed in epilepsy
patients [99].

In both MS and some forms of epilepsy, there is evidence for a potential viral etiology. In
children experiencing febrile seizures and in adults with epilepsy there was an increased
presence of human herpes virus-6 (HHV-6) [°1]. In MS, HHV-6 has been one of the
suspected viruses that may contribute to its etiology [%4]. Thus, the same neurotropic
virus has been associated with MS and epilepsy both epidemiologically and
experimentally. Hence, some individuals may develop epilepsy due to the viral infection,
others develop MS, some both, and some neither.
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Fig. 1.

The 1-stage (a, b) and 2-stage (c, d) disease theories of MS. (a) Classical EAE and RR-EAE
are 1-stage diseases where the relapses and remissions of disease courses are due to the
balance between inflammatory (Th1 and Th17 cells) versus regulatory (Th2, Treg, and NKT
cells) cells. In this scheme, Th1/Th17 cells contribute to relapse and Th2, Treg, and NKT
cells support remission. During the SP phase of the 1-stage disease theory, immune
responses are skewed toward inflammatory responses. Here, the pathomechanisms of SP-
MS remain the same during the disease course (intra-individual homogeneity); excessive
anti-myelin inflammatory responses result in secondary axonal degeneration. (b) PP-EAE
can be a 1-stage disease, which is mediated by anti-myelin antibody with the participation of
Th2 cells. (c) Ataxic SP-EAE could be a 2-stage disease, where the central effector
mechanisms change and the RR disease course shifts to the SP course. Here, a new effector
mechanism, such as increased autoantibody production, is promoted by Th2 cells, leading to
disease progression (intra-individual heterogeneity). (d) TMEV-induced demyelination is
also a 2-stage disease. During the first stage, axonal damage, oligodendrocyte apoptosis, and
macrophage activation leads to demyelination. During the second stage, epitope spreading
results in generation of anti-myelin immune responses, contributing to disease progression.
EAE: experimental autoimmune encephalomyelitis; PP: primary progressive; RR: relapsing-
remitting; SP: secondary progressive; TMEV: Theiler’s murine encephalomyelitis virus
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TMEV infection

Demyelination

Oligodendrocyte

Fig. 3.

Inter-individual heterogeneity of pathology in animal models for PP-MS. TMEV infection
and PP-EAE induced with MOGgj.10g. (8, b) Both in TMEV infection and PP-EAE,
demyelination was observed in the spinal cord (arrowheads, Luxol fast blue stain). (c, d)
Although a few oligodendrocytes survived in the lesions in TMEYV infection (arrows), many
oligodendrocytes were detected in PP-EAE (carbonic anhydrase Il immunohistochemistry
for oligodendrocytes). Magnification: x 70.
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Table 1
Two neuropathologies in MS
Pathology Cell component Reference
Inflammatory demyelination T cell infiltration 15-19]

Myelin loss, oligodendrocyte apoptosis

Neurodegeneration Axonal damage [220:21)
Loss of neurons

MS: multiple sclerosis
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Table 2

Demyelination

Neur odegener ation (axonal damage)

Myelin specific Thl and Th17 cells
Pro-inflammatory cytokines
Oligodendrocyte apoptosis

Secondary demyelination following primary axonal degeneration

Neurotropic virus infection
Anti-axon immune responses (Th2 mediated; autoantibody)
CaZ* influx leads to axonal damage

Secondary axonal degeneration following primary demyelination

Th: T helper
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Table 3
Two cellular immune responses
Immuneresponse Cell type Cytokine Reference
Pro-inflammatory Thl, Th17 IFN-y, IL-17, TNF-a  [17:19:3247]

Anti-inflammatory ~ Th2, Treg, NKT  IL-4, IL-10, TGF-B [3248-52]

IFN: interferon; IL: interleukin; NKT: natural killer T; TGF: transforming growth factor; TNF: tumor necrosis factor; Treg: regulatory T
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Table 5
Lesion development in MS
Model Mechanism Animal model Reference
Inside-Out model ~ Axonal degeneration precedes demyelination TMEV 5:37:95,96] [79:96]

EAE induced with axonal antigens

Outside-In model  Primary myelin damage is followed by axonal degeneration ~ EAE induced with myelin antigens ~ [15:98]
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