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Abstract

Introduction—CD8* T cells were originally considered to exert a suppressive role in
demyelinating disease because of bias toward the CD4* T cell-mediated experimental autoimmune
encephalomyelitis, the most common MS model. However, recent studies of human MS lesion
samples and CSF provided compelling evidence about the pathogenic role of CD8* T cells. In this
review, we discuss the theoretical roles of different CD8* T-cell subsets in MS.

Areas covered—A revised focus from CD4* to CD8* T cell-mediated demyelinating disease is
summarized. Clonal expansion of CD8* T cells in MS lesions and in vitro evidence that CD8* T
cells injure every CNS cell type and transect axons are discussed. The role of CD8* T cells in two
animal models of MS and of regulatory, IL-17-secreting CD8* T cells is reviewed. Lastly, an
overview about the pathogenic and/or beneficial role of various CD8* T-cell subsets is offered.

Expert opinion—Growing evidence supports the pathogenic role of CD8* T cells. Clonally
expanded CD8" T cells within MS lesions may damage the nervous system. Revealing the specific
antigen is critical to design novel efficient treatments with minimal adverse effects. Increasing
evidence exists for the role of regulatory, IL-17-secreting CD8* T cells in MS.
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1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous
system (CNS) with diversity of both clinical presentations and pathological features. It
represents one of the most common causes of neurological disability in young adults in the
western world. There is still no definitive cause of MS and no effective cure. Knowledge
accumulated during the last few decades indicates that MS may be the consequence of a
complex interaction of genetic predisposition and numerous environmental factors [1].
Regardless of the underlying cause, there is consensus that the the immune system is the
major culprit in MS pathogenesis. Because experimental autoimmune encephalomyelitis
(EAE), the most widely used mouse model of MS, is driven by Th-1 CD4* T cells, this
subset of T cells was the main area of MS research for several decades, whereas CD8* T
cells were neglected. Therefore, most knowledge about MS etiology, pathogenesis and
therapeutic trials in human MS patients was based on the EAE studies. From the standpoint
of understanding autoimmunity, immune surveillance, CNS inflammation and immune-
mediated tissue destruction, EAE has been very helpful. Results from EAE studies aided the
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development of three approved medications for treatment in MS, glatiramer acetate,
mitoxantrone and natalizumab. However, there were numerous ineffective or, in some cases,
even harmful novel therapeutic trials based on EAE [2, 3]. In contrast to EAE, Theiler’s
murine encephalomyelitis virus (TMEV)-induced demyelinating disease emphasizes a role
for CD8* T cells in this animal model of MS depending on viral strain and the genetic of the
experimental host [4-6]. More than two decades ago, Rodriguez et al. showed that TMEV-
mediated disease in mice can be abrogated by anti-CD8 treatment [7]. In addition, others
showed that myelin-specific CD8* T cells can induce severe autoimmune CNS disease in
mice [8, 9].

CD4* T cells and macrophages are present in human MS lesions [10, 11]. However, the last
15 years of research have shifted the focus toward CD8* T cells as evidence increasingly
indicates this T-cell subtype as the major immune mediator of MS pathogenesis [12-14].
Recent neuropathologic studies convincingly demonstrated that CD8* T cells predominate
and outnumber CD4* T cells in the inflammatory infiltrate in all MS lesions, regardless of
disease stage [15, 16]. Hoftberger et al. studied human autopsy material that included acute,
chronic active MS, inactive MS and control cases. Using quantitative
immunohistochemistry, this group discovered upregulated MHC class | expression on
neurons, axons, astrocytes and oligodendrocytes in MS lesions, which correlated with
disease severity and lesion activity [17]. This important study provided further evidence that
cytotoxic CD8* T cells may influence demyelination and/or axonal destruction in human
MS lesions. In addition, the hypothesis that CD4* T cells are primary culprits for pathogenic
immune response in MS was seriously questioned when therapeutic depletion of this T-cell
subtype did not show any therapeutic effect in MS patients [18]. Conversely, when all T
cells were used as a therapeutic target, a significant reduction in MS relapses and
development of new lesions was observed [19]. CD8* T cells are generally known for their
direct cytotoxic function; however, the recent growing body of literature suggests that this
T-cell subtype also has a regulatory role in MS and contributes to suppressing disease
progression and/or severity. Moreover, a novel subset of IL-17-secreting CD8" T cells has
been identified with a hypothesized role in worsening of MS. Genetic studies also
contributed to the shift in thinking, as specific MHC class I alleles were found to have
independent risk or protection from MS. These studies are consistent with the hypothesis
that various CD8* T-cell subsets not only actively contribute to MS but also protect/limit the
disease. Whereas interest in the role of CD8" T cells in MS is a relatively new trend, these
cells play an important role in other proven autoimmune diseases including rheumatoid
arthritis, type 1 diabetes, autoimmune thyroiditis, vitiligo, and inflammatory bowel disease
[20].

2. CD8* T Cells Are Present in MS Lesions

Besides the long-standing focus on CD4* T cells due to use of the EAE animal model, the
other reason for minimal interest in the role of CD8* T cells was the lack of CNS tissue
samples from MS patients with acute lesions [21]. Another reason was the relative scarcity
of immunocytochemistry materials needed to detect CD8" T cells on formalin-fixed CNS
tissues. In one of the first studies shifting focus toward the role of CD8* T cells, Booss et al.
found that CD8* T cells outnumber the CD4* T-cell subset in all samples from MS patients,
regardless of the MS subtype, duration and speed of disease progression [22]. Subsequently,
Hauser et al. analyzed brains from 16 deceased progressive MS patients and 2 from acute
MS. This group found that perivascular cuffs at the edges of active demyelinating plaques
contained up to 50 times more CD8" than CD4* T cells [23]. Moreover, CD8* T cells
predominated in occasional perivascular cuffs in the normal-appearing white matter
(NAWM). None of the analyzed brains showed predominance of CD4* over CD8* T cells.
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There is clear evidence regarding the clonal expansion of CD8* T cells in MS patients [24]
and MS lesions [15], but the epitopes recognized by these CD8" T cells remain elusive.
Generally, peripheral blood contains approximately twice as many CD4* T cells as CD8* T
cells. In a landmark study using single-cell polymerase chain reaction (PCR), Babbe et al.
demonstrated that 1) CD8* (not CD4*) T cells predominated in all studied MS lesions; and
2) only a few CD8" T-cell clones were present in the infiltrate [15]. Interestingly, in one
case, two CD8* T-cell clones were detected in the peripheral blood at two different time
points following brain biopsy. In a later study, several expanded clones of CD8" T cells
were present not only in biopsied MS lesions but also in the cerebrospinal fluid (CSF) and
blood [16]. An independent group from Germany analyzed CD4* and CD8* T cells isolated
from the peripheral blood and CSF of 36 MS patients for their T-cell receptor B-chain
variability [25]. These authors also found significant expansion of CD8* T cells in the CSF
of most MS patients studied. Moreover, in selected patients, CD8* T-cell expansion proved
stable over several months. More recently, another group from Germany analyzed distinct
MS lesions and NAWM in whole-brain autopsy specimens from four MS patients [26].
Within each patient, the authors found identical T-cell clones in at least two distant brain
regions, including MS lesions and NAWM, whereas some clones were present in all
analyzed brain regions. Interestingly, these patients had some identical HLA class I and
class 1l molecules, but the observed T-cell clones were unique for each individual patient.
Unfortunately, no blood or CSF samples were available, so this study could not test for the
presence of expanded T-cell clones in these compartments to confirm the previous findings
by Skulina et al [16]. However, this study yielded an interesting observation with
significance for future studies: the authors found silent nucleotide mutations in CDR3
regions of several T-cell receptor B-chains that did not disrupt amino acid sequence. After
forming in thymus, the T-cell repertoire does not mutate when T cells become activated
anywhere in the body. The presence of these silent nucleotide mutations indicated that the
corresponding T-cell clones were not random bystander cells but, instead, were most likely
stimulated by the particular antigen and selectively recruited and accumulated in the MS
brain. Finally, Jilek et al. provided evidence that highly differentiated CD8* T cells enrich
the CSF in early MS rather than in primary progressive MS or “other neurological
disorders” [27]. An independent Swedish study proposed that increased CD8* T-cell
cytotoxicity in the CSF (determined by increased granzyme levels) correlates with clinical
relapses in MS patients with relapsing-remitting pattern of disease [28]. Granzyme levels
were normal in control subjects and patients in remission.

In summary, the repeated and independent findings regarding the clonal expansion of CD8*
T cells indicate antigen-specificity for discrete epitopes that are yet to be elucidated. Several
candidate antigens recognized by these expanded CD8* T-cell clones include myelin
antigens or viruses. Myelin-specific CD8" T cells are encephalitogenic in mice and cause
severe EAE disease [8]. Several viruses have been proposed as causative factors for MS, but
so far none of these agents has been unequivocally linked to MS. One of the best candidates
for a viral trigger of MS is the Epstein-Bar virus (EBV). However, despite extremely
intriguing results, such as strong relationship between EBV-specific CD8* T-cell response
and early MS [29], the exact viral antigen that causes MS has been difficult to prove. Further
studies need to elucidate whether EBV infection indeed predisposes one to MS or simply
occurs due to the same susceptibility factors that eventually lead to MS. Another herpes-type
virus associated with MS is neurotropic human herpes virus-6 (HHV-6) [30]. Indeed,
significantly more CD8" T cells directed against MBP and cross-reactive to HHV-6 residues
were found in MS patients than in control subjects [31]. However, solid evidence that
demonstrates a definite role for HHV-6 in causing MS is missing.

Expert Opin Ther Targets. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

3. CD8* T Cells Cause Damage to all CNS Cell Types

Under normal conditions, CD8* T cells are absent or extremely scarce in the CNS tissue
[32]. Also, MHC class | molecules are normally only present in vascular and meningeal
cells and poorly expressed on neurons and glia [33]. However, under inflammatory
conditions, all CNS cells (astrocytes, oligodendrocytes, and neurons) express MHC Class |
molecules and can be recognized and lysed by cytotoxic CD8* T cells [17, 34](Figure 1).
Medana et al. demonstrated that CD8" T cells kill astrocytes primarily by fast perforin-
mediated lysis [35]. Others showed that MBP peptide-specific CD8" T cells recognized and
lysed oligodendrocytes in vitro without any exogenous antigen [36]. In addition, Pouly et al.
demonstrated that treating oligodendrocytes with interferon-y (IFN-y) significantly
upregulated expression of Fas (death receptor), which led to Fas-mediated apoptosis [37].
However, unlike astrocytes and oligodendrocytes, neurons possess some level of selective
protection from CD8" T-cell attack by cytotoxic granules or TNF and related molecules
[32]. It is controversial how cytotoxic T-lymphocytes (CTLs) kill neurons. An early in vitro
study concluded that CD8* T cells kill neurons via the perforin pathway instead of the Fas
ligand-mediated pathway [38]. However, Medana et al. demonstrated the opposite; neurons
resisted perforin-mediated lysis but succumbed to delayed Fas ligand-mediated apoptosis
[35, 39]. The resistance to perforin-induced damage supports the finding by Khanna et al. in
which CD8* T cells use perforin to suppress infection without causing cytotoxicity in a
mouse model of herpes simplex virus infection of sensory neurons [40]. Until that point, all
in vitro experiments focused on CTL toxicity on neuronal bodies. But, due to lack of
knowledge regarding CD8* T-cell effects on axons, the same group subsequently shifted
focus. Using continuous visualization by confocal microscopy, the authors showed stable
connections between CD8* T cells and axons [41]. Following this, the first clues of axonal
damage appeared within 15-20 minutes with further progression of injury, which ended in
complete axonal transection within 55 minutes.

In pathological studies, Neumann et al. very nicely demonstrated close contact between
CD8* T cells and demyelinated axons in the human MS brain lesion as well as granzyme-B
cytotoxic granules polarized towards the axons [32]. A similar observation was made in a
tissue sample from Rasmussen’s encephalitis in which cytotoxic granules of closely attached
CD8* T cells were polarized towards degenerating neurons [42]. By analyzing brain
biopsies from 42 MS patients, Bitsch et al. showed a statistically significant, positive
correlation between the number of CD8* T cells and amyloid precursor protein (APP)
expression, which is indicative of axonal damage [43]. The authors did not observe any
correlation between CD3* T cells and APP expression. In a subsequent study, the same
group found a correlation between APP expression in MS lesions and duration and course of
the disease [44]. Likewise, they confirmed the previous finding of a significant correlation
between the number of CD8* T cells and the extent of axon damage. A novel finding was
that the highest APP expression was observed in acute MS lesions, within one year of
disease onset. The clear implication of this finding is that neuroprotective therapy should
commence as early as possible and be continuous [44]. This is consistent with the recent
finding from our laboratory, where mice with virus-induced demyelinating disease that
received early treatment with a single dose of the human neuron-binding antibody
(rHIgM12) that protects axons had more beneficial effect than mice receiving treatment later
in the disease course [45].

In summary, the aforementioned literature review about in vitro killing of CNS cells
provides evidence that all brain cells are potentially targets for CD8* T cell-mediated killing
in MS. Nevertheless, differences were observed in cytotoxic mechanisms and susceptibility
to lysis of various CNS cells. However, the reader should note that in vivo systems are much
more complex and dependent on the combination of genetic factors and extent of CNS
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inflammation. Human MS is a pathologically heterogeneous disease with 4 distinct patterns
of lesions [46, 47], and each distinct lesion type contains both CD4* and CD8* T cells along
with different inflammatory cytokines and mediators. In the future, it will be important to
elucidate the role(s) of each individual cell type present in these distinct lesions including
CD8* T cells.

4. MHC Class | Genes Confer Risk or Protection from MS

In order to perform their function, CD8" T cells recognize and interact with antigens
presented within major histocompatibility complex (MHC) class | molecules through their
T-cell receptors (TCRs). In general, certain MHC class | alleles correlate with both
susceptibility and protection from MS. In one of the earliest studies, HLA-A3 [48] and
HLA-B7 [49] were most convincingly associated with MS. The association of HLA-A2,
HLA-A7 and W10 antigens was less convincing, although it reached statistical significance
[49]. Three decades later, using larger patient series, two studies showed that, independently
of MHC class Il antigens, HLA-A*0301 approximately doubles the risk of MS [50, 51]. In
addition, both studies confirmed that the association of HLA-B7 (B*0702) was only
secondary to MHC class Il HLA-DR2 alleles and due to linkage disequilibrium with these
alleles. Furthermore, these studies showed the protective function of a HLA-A*0201 allele,
as the risk for developing MS was up to 50% less. A more recent Swedish study confirmed
protective properties of HLA-A*0201 allele not explained by linkage disequilibrium with
class Il alleles [52]. Interestingly, HLA-A*0301 (risk) allele and HLA-A*0201 (protective)
allele work in synergy with MHC class Il allele DRB1*1501, which normally confers triple
risk for developing MS (Table 1).

All of these genetic studies support the hypothesis that MHC class | alleles and, therefore,
CDS8™ T cells have important roles in MS that are both protective and pathogenic. Notably,
MHC class | alleles can exert their effect independently from MHC class 11 alleles.

5. CD8* T Cells Induce Injury in Animal Models of MS

5.1. CD8* T Cells Have a Role in Experimental Autoimmune Encephalomyelitis

Because MS remains a disease with an unknown etiology and no effective cure, various
animal models still provide the best way to study the mechanisms of immune-mediated
pathology and test novel therapeutic strategies. As mentioned in the introduction, the two
most commonly studied animal models of MS are experimental autoimmune
encephalomyelitis (EAE) and Theiler’s Murine Encephalomyelitis Virus (TMEV)-induced
chronic demyelinating disease [53].

Generally, EAE studies have been historically biased towards CD4* T cell, Th1-mediated
pathology. This bias was corroborated by findings that CD8* T cells have a regulatory role
with only minimal effector functions [54, 55]. However, since several groups repeatedly and
independently demonstrated an important role for CD8" T cells in MS pathogenesis, focus
has shifted toward the role of this T-cell subset in the EAE animal model. In the first report,
Sun et al. demonstrated that adoptive transfer of MOGgs_s5-specific CD8" T cells induced
severe EAE disease in susceptible wild type C57BL/6 mice but not in isogeneic 2-
microglobulin (32m)-deficient mice [9]. Subsequently, by using series of truncated MOG
peptides, Ford et al. revealed that CD8* T cells specific for minimal epitope MOG37_46
induced EAE in C57BL/6 mice [56]. In another study, Huseby et al. used an MBP-primed
model of EAE in C3H mice to show that MBP79_g7-specific CD8" T cells induced
pronounced CNS disease characterized by scattered but focal lesions surrounding small
blood vessels [8]. Interestingly, these mice presented with ataxia, spasticity and brisk
reflexes, symptoms that more closely mimic human MS than traditional EAE. To study in
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greater detail whether autoreactive CD8" T cells cause significant loss of oligodendrocytes,
Saxena et al. generated transgenic mice in which influenza virus hemagglutinin (HA) is
selectively expressed in oligodendrocytes under MOG promoter [57]. Authors demonstrated
that HA-specific, pre-activated CD8* T cells induced inflammatory lesions in the spinal
cord, brain and optic nerve in these transgenic animals. Pathologically, CNS lesions in these
mice were very similar to an active human MS lesion, featuring CD8* T-cell infiltration,
demyelination with axonal damage, focal loss of oligodendrocytes and microglia activation.
This was the first EAE study to show invivo CD8* T cell-mediated oligodendrocytelysis.
Using a more complex transgenic approach in which expression of cognate (self) antigen is
restricted to oligodendrocytes, others proposed that myelin-specific CD8" T cells also lead
to axonal loss due to collateral bystander damage [58]. In addition, using confocal live
imaging, these authors demonstrated CD8* T-cell migration through brain tissue. Finally, in
a very recent study, Ji et al. demonstrated that “Tip-dendritic cells” cross-presented MHC
Class I-restricted MBP epitopes and activated naive CD8* T cells, which then subsequently
and specifically lyse oligodendrocytes [59]. This is consistent with the previously mentioned
finding that MBP-specific CD8* T cells are able to lyse human oligodendrocytes [36]. In
summary, these recent studies provide new insights about the pathogenic role of CD8* T
cells on oligodendrocytes in the EAE model of MS.

5.2. CD8* T Cells Contribute to Axonal Injury and Demyelination in Virus-Induced
Demyelinating Disease

Compared to EAE, the involvement and contribution of CD8* T cells in viral models of MS
have been firmly established. In one of the first studies, Rodriguez et al. studied the
individual contributions of CD4" and CD8* T cells on virus-induced demyelination and, as a
secondary finding, observed that CD8™/~ mice on a susceptible haplotype presented with
less severe clinical disease than CD4~/~ mice [60]. In the follow-up landmark study, Rivera-
Quinones et al. clearly demonstrated the pathogenic role of CD8* T cells in promoting
neurological deficits following demyelination [4]. This study was important because it
challenged the concept that demyelination was sufficient to induce clinical deficits in
TMEV-infected mice. However, authors observed that, despite equivalent levels of
demyelination and inflammatory cell infiltration, only f2m-deficient mice, and not 2m-
competent mice, presented with normal motor function as assessed by two independent
functional assays and hind-limb motor-evoked potentials. In addition, this study proposed
that B2m-deficient mice remained functionally normal due to relative preservation of axons
and redistribution of sodium channels within axons. In contrast, the f2m-competent mice
presented with degeneration and loss of axons, which likely resulted in significantly fewer
sodium channels, disrupted pattern and severe motor decline. This study provided strong
direct evidence that in virus-induced mouse model of MS, neurological and
electrophysiological decline absolutely requires MHC Class | and CD8" T cells (Figure 2).
Furthermore, the finding regarding sodium channels supported a study that described altered
distribution of these channels in human MS lesions [61]. Subsequently, Murray et al.
showed that the mechanism of neurological injury is perforin-mediated [62] as perforin-
deficient mice presented with relative axonal protection and preserved motor function [5,
63]. As direct evidence that axons were preserved despite similar levels of demyelination,
Ure et al. showed that f2m-deficient mice had up to 7-fold higher numbers of retrograde-
labeled brainstem neurons compared to control mice [64]. In another study, Johnson et al.
used a model of fulminant and fatal demyelinating disease to test contribution of virus
peptide-specific CD8* T cells [65]. Normally, as a response to TMEV infection, mice on
H-2P-resistant background mount a vigorous CD8* T-cell response against a single-virus
capsid protein epitope, VP21,1_130 [66]. However, despite the presence of resistant H-2P
MHC haplotype, the infection of interferon-y receptor (IFN-yR)-deficient mice leads to
rapid demyelination and severe neurologic disease. One day prior to TMEYV infection,
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authors treated these animals with VP2421_13¢ or control E7 peptide to induce tolerance and
eliminate specific CD8* T cells. Removal of VP2151_130-specific CD8* T cells did not alter
virus load or levels of demyelination but led to a significant preservation of motor function.
Subsequently, using the same IFN-yR-deficient mice, authors demonstrated better motor
performance in mice pretreated with VP2121_139 peptide, due to relative preservation of
retrograde axonal transport [67].

Since most observations about the pathogenic role of CD8* T cells came from experiments
in animals of the resistant black (BL) background, a recent attempt was made to determine
the influence of $2m deficiency on spinal cord pathology in mice with H-29 haplotype on
B10 background [6]. Several important observations were made: 1) demyelination was
progressive in f2m-competent mice, whereas demyelination levels in B2m-deficient mice
remained steady from 45 days up to a year post infection; 2) remyelination was minimal in
B2m-competent mice and occurred very late in the disease, whereas remyelination was
extensive in f2m-deficient mice; 3) due to marked differences in levels of demyelination
and remyelination, axonal loss was more pronounced in f2m-competent mice. These
findings indicate that, in addition to their axon-damaging role, CD8* T cells can also be
responsible for increased levels of demyelination and/or suppressed repair. The concept of a
remyelination-inhibiting role for CD8* T cells is not new [68, 69]. On the other hand,
because demyelination and modest axonal loss were evident in p2m-deficient mice, CD8* T
cells may not be the only mediators of the significant pathology observed in f2m-competent
animals. This is supported by the study in which both T-cell subsets proved to have discrete
contributions to demyelination [70]. In addition, the decreased burden of demyelination in
B2m-deficient animals may, at least to some extent, be due to the absence of regulatory
CD8* T cells.

In summary, experiments in CD8-, CD4- and 2m-deficient mice provided strong evidence
that demyelination and axonal damage followed by neurologic deficits are functionally
separable. Apparently, demyelination creates an environment that favors the pathogenic role
of CD8™ T cells in promoting axonal loss and the progression of neurological deficits.

6. CD8* T Cells as Regulatory Cells
6.1. CD8* T Cells Have a Regulatory Role in Animal Models of MS

Under normal conditions, regulatory T cells are necessary to maintain immunological
tolerance to self-antigens and prevent disproportionate immune responses that are
potentially deleterious to the host [71]. The two major functions of CD8* T cells are
cytotoxicity and suppression. Approximately two decades ago, two EAE studies supported
the concept that regulatory/suppressive CD8* T cells confer protection against disease
relapses [54, 55]. It appears that the mechanism of CD8* T cell-mediated suppression is
related to Qa-1, a non-classical MHC class | molecule (mouse analog of human HLA-E)
[72]. Madakamutil et al. demonstrated that expansion of regulatory CD8* T cells induced
apoptotic deletion of MBP-reactive CD4* T cells that expressed VB8.2 T-cell receptor [73].
Experiments in Qa-1-deficient animals provided additional evidence. Hu et al. showed that
Qa-1 is critical for immune regulation because Qa-1-deficient mice failed to prevent
expansion of pathogenic, self-reactive CD4" T cells, which therefore presented with severe
PLP-mediated EAE [74]. Furthermore, another independent group revealed that antigen-
specific CD8*/CD28™ cells have the ability to suppress autoimmunity and prevent
development of clinical deficits [75] (Table 2). Authors showed that adoptive transfer of
CD8*/CD28~, but not CD8*/CD28* cells, into CD8-deficient mice led to a significant
suppression of disease, and the mechanism of suppression required direct cell-to-cell contact
with antigen-presenting cells (APCs). This supports the study in which naturally occurring
CD8*/CD28 regulatory T cells prevented experimental inflammatory bowel disease in mice
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[76]. The important function of APCs in conferring protection from autoimmune disease
involves CD40-ligand, immunosuppressive IL-10 [77] and transforming growth factor 8
(TGF-B) [78]. More recently, Chen et al. revealed a new subset of CD8" T cells that express
latency-associated peptide (LAP) (CD8*/LAP* T cells) and perform regulatory activity both
invivo and invitro [79]. Utilizing IFN-y and TGF-B these CD8*/LAP* T cells ameliorated
severity of clinical disease in EAE. A group from Japan proposed that CD8*/CD122*
regulatory T cells play an essential role during the recovery phase of EAE [80] because
transferring these cells at the peak of EAE disease improved symptoms and depletion of
these cells resulted in persistent clinical disease. Finally, Mangalam et al. further confirmed
that CD8*/CD122* T cells function as regulatory cells, whereas CD8*/CD122" T cells have
a pathogenic role [81]. It appears that CD8*/CD122* T cells modulate self-reactive CD4* T
cells through direct contact with APCs as well as through the release of IL-10, IFNy and
TGF-B.

6.2. CD8* T Cells Have a Regulatory Role in Human MS

Treating relapsing-remitting MS patients with glatiramer acetate (GA) has provided some
understanding about the role of regulatory CD8* T cells in human MS. It was hypothesized
that glatiramer-specific Th2 cells enter the brain and, following cross-reactivity with myelin
antigens, induce suppression and produce anti-inflammatory effects and subsequent
beneficial effects in MS patients [82]. There is consensus that GA induces CD8" T-cell
response[83] and that the up-regulation of regulatory CD8" T cells, which suppress myelin-
specific CD4" T cells by direct cytotoxic killing [84], accounts for the beneficial effects for
MS patients. In a follow-up study, Biegler et al. demonstrated the existence of oligoclonal
GA-specific CD8" T cells, among which dominant clones persisted for a long time, whereas
GA-specific CD4* T-cell responses were polyclonal and featured frequent evolution of their
repertoire [85]. In addition, using quantitative real time PCR assays to assess functional
evolution of CD8" T cells, the authors observed up-regulation of several cytokines (11-4,
IL-5, IL-10 and TGF-), which was indicative of regulatory phenotype. Another group
discovered a new subset of regulatory CD8* T cells that expresses HLA-G, has strong
suppressive properties and may modulate inflammation thereby influencing the course of
MS [86]. Indeed, Airas et al. demonstrated that a group of MS patients with increased
postpartum disease activity had reduced numbers of both CD4* and CD8* HLA-G-
expressing T cells [87].

Correale et al. explored the potential effects of regulatory CD8* T cells on MS development
by analyzing CSF and peripheral blood of MS patients (in remission or during
exacerbations) and healthy subjects [88]. Authors determined that both CSF and blood from
patients with exacerbation contained less regulatory CD8" T cells compared with patients in
remission or controls. Apparently, increased expression of the CD94/NKG2A receptor limits
the suppressive activity of the CD8" T cells. More recently, the same group investigated the
role of non-cytotoxic CD8*/CD25"/FoxP3* cells during the course of human MS [89].
Similarly, authors analyzed peripheral blood, CSF and CD8* T-cell clones that recognize
autoreactive CD4* T cells in MS patients during exacerbation or remission, patients with
other inflammatory neurological diseases and control healthy individuals. CD8*/CD25*/
FoxP3™* cells suppressed secretion of IFN-y and interleukin (IL)-17 and proliferation of
autoreactive CD4* T cells. Interestingly, this suppression was abolished if FoxP3 was
silenced by small interfering RNA. An important finding of this study was that the cloning
frequency of regulatory CD8* T cells was more suppressed in MS patients during
exacerbations than in patients in remission or healthy controls. Therefore, it is clear that
non-selective deletion of all CD8* T cells, including subsets of regulatory CD8* T cells,
may aggravate MS. Following the conclusions of this work, an alternative approach may be
to activate regulatory CD8*/CD25%/FoxP3™ cells, which may have a beneficial effect in
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human MS. In the most recent article, Hu et al. discovered a unique population of CD8*/
CD1617/CD56* T cells in a normal human blood [90]. When activated, CD8*/CD1617/
CD56™, but not CD8*/CD1617/CD56~, subset was able to lyse TCR-activated CD4* T cells
in vitro. This novel regulatory CD8* T-cell subset will most likely be further explored in
human MS in the hope of finding anothertherapeutic target to boost numbers of this subset.
A short summary of regulatory CD8" T cells in human MS appears in Table 3.

In summary, regulatory CD8" T cells may exert their role in disease/inflammation
suppression either by direct killing of self-reactive CD4* T cells or indirectly through APCs
(Figure 3).

7. CD8* T Cells Make IL-17, which may Cause Damage in MS Lesions

Recently, there has been increased interest in the potential role of interleukin (IL)-17 in MS
lesions. Compared to classic cytotoxic CD8* T cells, IL-17-secreting CD8* T cells (Tc-17)
have much less cytotoxic functions, mainly because levels of the T-box transcription factor
Eomesodermin, IFN-y, and granzyme B are significantly reduced [91]. Initially, because of
convincing results from EAE studies, CD4* T cells were considered to be the main source of
IL-17 [92, 93]. Elevated numbers of IL-17-producing mononuclear cells have been detected
in peripheral blood of MS patients, especially during exacerbations [94]. The proportion of
these IL-17-producing cells was higher in the CSF. However, Tzartos et al. were the first to
provide evidence that CD4* and CD8* T cells secreted IL-17 in equivalent amounts in
active MS lesions [95]. Indeed, Vanden Eijnden et al. demonstrated that in cultured human
cells, IL-23 had a greater influence on polarizing naive CD8" T cells rather than CD4* T
cells into IL-17-secreting cells [96]. Subsequently, Tc-17 cells were assessed in peripheral
blood and CSF of early MS patients and control group. Interestingly, the authors observed
increased numbers of these cells in the CSF of early MS patients but not in peripheral blood.
In peripheral blood from healthy human individuals, only CD4* T cells produced 1L-17 [97].
It appears that the inflammatory microenvironment of the human brain and the clonal
expansion of CD8* T cells in the disease setting initiate production of IL-17 [95]. Several
pieces of evidence support this hypothesis. One is the presence of IL-23, a cytokine
produced by macrophages and dendritic cells in MS lesions [98]. Additionally, a recent
study suggests that pro-inflammatory cytokines IL-6 and IL-1p also polarize naive T cells
into IL-17-secreting cells [99]. Another group demonstrated that almost all circulating Tc-17
cells belonged to a subset of non-cytotoxic, pro-inflammatory CD161M9" CCR6* CD8* T
cells [100]. Authors further showed that these CD161M3h CCR6* CD8* T cells comprised
approximately 10% of all CD8* T cells detected in analyzed MS lesions but were not
detectable in brain samples from a control subject who passed away from cardiac arrest.
Interestingly, coexisting expression of chemokine receptor 6 (CCR6) implies that these cells
migrate to the brain parenchyma [101]. Together, these findings provide evidence about the
pathogenic role of CD161M9" CCR6* CD8* T cells in human MS.

In summary, it is likely that Tc-17 cells contribute to human MS and contribute to
worsening disease, since significant numbers of these cells appear in human MS lesions
during exacerbations. Clearly, a more specific definition of 1L-17-secreting CD8* T cells
represents an avenue for future research and, ideally, a new therapeutic target(s) on this
CD8* T-cell subtype.

8. Expert Opinion

Historically, most conclusions about human MS pathogenesis were based on results from
CD4* Thl T cell-mediated EAE studies, and therefore, numerous therapeutic strategies have
been developed to influence the activity of this T-cell subset. Many treatments effective in
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EAE were ineffective or, paradoxically, even worsened clinical disease in MS patients. The
growing body of research implicating CD8" T cells in MS pathogenesis may explain the
failure of many EAE-based therapies. In addition, recent clinical trials with various
monoclonal antibodies confirm previously discussed neuropathological data implicating
CD8* T cells in MS [18, 19, 102, 103].

We propose that both CD4* and CD8* T cells have pathogenic or beneficial (regulatory/
suppressive) functions in MS pathogenesis. To some extent, both functions may exist
simultaneously. Recent literature indicates that CD8* T cells are critical in MS pathogenesis.
This does not diminish the role of CD4* T cells or even B cells, which may be important in
keeping CD8" T cells continuously activated [104]. Several pieces of evidence support the
hypothesis that CD8* T cells are pathogenic: 1) clonal expansion and multifold increase of
CD8™ T cells in acute and chronic MS lesions as compared to CD4" T cells [15]; 2) up-
regulation of cytotoxic mediator granzyme B in MS [28, 32]; 3) killing of neurons,
transection of axons and the correlation of number of CD8* T cells with the degree of
axonal injury [32, 43]; 4) clonal expansion of CD8* T cells, but not CD4* T cells, evident in
CSF and blood of MS patients [16, 25]; 5) higher prevalence of CNS-specific CD8* T cells
in MS patients versus healthy individuals [105, 106]; and 6) non-specific targeting of all T
cells in clinical trials is beneficial in MS patients, whereas targeting only the CD4* T-cell
subset was ineffective. In addition, there is increasing evidence for the role of regulatory/
suppressor CD8* T cells, as this subset was significantly decreased in both CSF and blood in
patients with exacerbated MS vs. patients in remission or controls [88]. Genetic evidence for
this is MHC class | gene HLA-A2 (A*0201); it confers protection against disease, which
implies that some CD8" T cells may indeed be beneficial, whereas others are pathogenic
(HLA-A3 (A*0301)). Finally, IL17-secreting CD8* T cells shed new light on the MS
pathogenesis [95, 97]. Apparently, cytotoxic and regulatory subsets of CD8* T cells, along
with CD4* T cells, have a complex role in MS pathogenesis, and this disrupted balance may
shift the disease towards remission or exacerbation. This complex interaction of immune
cells with emphasis on the role of CD8" T cells from unknown trigger to CNS injury is
summarized in Figure 4. It is critical to continue investigating various CD8" T-cell subsets
to reveal their role and monitor their levels during the course of the disease. In addition, it is
important to elucidate further the interactions of different T-cell subsets with each other as
well as with neurons and glia in the CNS. Lastly, it is critical to determine the 9 amino-acid
peptide sequence recognized by CD8" T cells in the CNS of MS patients.

The clonal expansion of CD8* T cells with apparent skewing of the CDR3 junctional
regions in MS lesions is clearly established, and thus, it is extremely unlikely that these cells
are just bystanders. Even though many recent studies clearly implicate CD8* T cells in MS
pathogenesis, the neurotoxicity-triggering antigen, whether it is component of a myelin,
other auto-antigen or exogenous pathogen (virus), is still elusive. A possible approach to
investigate specificity of clonally expanded CD8" T cells in CSF and/or blood is to
challenge them with a series of candidate antigens, as well as combinatorial peptide libraries
[107]. Revealing this elusive antigen may allow targeting of only epitope-specific CD8* T
cells, as we showed previously in animal model of MS [65]. Removal of only epitope-
specific CD8™ T cells may prevent further progression of MS and would also preserve the
other CD8* T cells required for protective immunity. This should eliminate the risk of
opportunistic infections due to the non-selective blockade of all T cells such as PML in
some of natalizumab-treated MS patients [108].

Finally, there is increased evidence that regulatory CD8* T cells control MS. Research in
this area is rapidly expanding and will hopefully bring novel molecular candidates to
enhance this T-cell subset, which may be a successful therapy in human MS. In addition,
given the recent insights about the possible role of 1L-17-secreting CD8* T cells (Tc-17) in
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rly MS or during MS exacerbations, anti-IL-17 monoclonal antibodies may also treat MS.

However, researchers will need to investigate and define the Tc-17 cell subset in detail to
reveal its mechanism of action and identify potential therapeutic targets.
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Figure 1. CD8* T cellscan kill all CNScell types

* T cells can mediate pathology in MS lesions by killing all cell types in the CNS. Under
inflammatory conditions, astrocytes, oligodendrocytes, and neurons/axons express MHC
Class | molecules and can be recognized and killed by cytotoxic CD8* T cells. Upon
recognition of MHC Class I, CD8* T cells in a polarized manner, release granules
containing perforin and/or granzyme B, molecules that have cytolitic effect on a target cell.
In addition, in the inflammatory setting IFN-y and TNF-a are also released, affecting the
homeostasis of the neurons and axons that express their corresponding receptors, leading

them to apoptosis.
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("B. Without CD8* T-cells
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Figure 2. CD8"* T cellsareresponsible for axonal lossand clinical deficits
A) Regardless of the initial trigger that causes demyelination, CD8* T cells induce injury to
axons, lead to progressive axonal loss in the environment with bare, unprotected axons due
to the chronic demyelination. B) When CD8* T cells are absent, demyelination may still
occur, but due to sodium channel redistribution there is relative preservation of axons,
functional preservation and increased potential for remyelination.
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A. Direct regulatory role by cytotoxic killing of self-reactive CD4+ T-cells
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Figure 3. Mechanisms of Regulatory CD8* T cell-mediated suppression of disease

A) In the direct mechanism, CD8" T cells exert direct cytotoxic role by recognizing classical
Class | molecule or non-classical HLA-E molecule on CD4" T cells. [84] B) CD8* T cells
may indirectly suppress inflammation by acting through antigen presenting cells (APCs).
APCs then secrete anti-inflammatory cytokines IL-10 or TGF-B, or modulate self-reactive

CD4* T cells.
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Figure 4. From unknown trigger to CNSinjury; a summarized view of therole of CD8* T cells
in M S pathogenesis

Several environmental factors in combination with genetic factors activate dendritic cells
(DCs), which then present epitopes and influence priming of CD4* T cells. Subsequently,
primed CD4"* T cells license DCs to activate CD8* T cells by cross-presenting epitopes.
Activated CD8" T cells then differentiate into cytotoxic (CTL) and regulatory cells. Under
normal conditions, regulatory CD8" T cells prevent immune response against self-antigens
as shown in Figure 3. However, when this protective mechanism fails autoreactive CTLs
migrate through blood-brain barrier with the help of a4p1 integrin (molecular target of
natalizumab). Within the CNS, resident microglia or macrophages that express co-
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stimulatory and MHC class | molecules likely are involved in reactivation of CD8* T cells.
As a result of reactivation, CD8* T cells clonally expand, meet hypothetical target antigens
presented on MHC class | on neurons, axons or oligodendrocyte and induce injury. In the
inflammatory milieu of an MS lesion, IL-6 and IL-1p as well as IL-23 produced by
macrophages, polarize some CD8* T cells into I1L-17-secreting cells which can comprise up
to 10% of all CD8* T cells detected in MS lesions. Thus, CD8" IL-17-secreting T cells may
influence exacerbations in MS.
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Table 1

Additive effect of MHC class | alleles with MHC class 11 alleles [50-52]

MHC Allee Odds Ratio
HLA-A*0201 0.52-0.7
HLA-A*0301 19-21
HLA-B*0702 16-22
HLA-DRB1*1501 29-36

HLA-DRB1*1501
HLA-DRB1*1501
HLA-DRB1*1501

*HLA-A*0201 1.5
*HLA-A*0301 3.7-5.2
*HLA-B*0702 3.2

MHC - Major histocompatibility complex
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Table 2

Summary of Regulatory CD8* T cells in EAE.

Cell Marker Function

CD8*/CD28~  Suppression of autoimmunity and clinical deficits [75]
CD8*/LAP* Ameliorate severity of EAE [79]
CD8*/CD122* Regulatory role during recovery of EAE [80, 81]

EAE — Experimental autoimmune encephalomyelitis
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Table 3

Summary of Regulatory CD8* T cells in Human MS

Cell Marker Function

CD94/NKG2A Limited suppressive activity of CD8* T cells [88]
CD8*/CD25*/FoxP3*  Suppressed secretion of IFN-y and 1L-17, and proliferation of autoreactive CD4* T cells [89]
CD8*/CD1617/CD56*  Lysed TCR-activated CD4* T cells in vitro [90]

MS — Multiple sclerosis
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