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Nervous System Disorders
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Abstract Multiple sclerosis (MS) afflicts genetically predisposed individuals and
is associated with T lymphocyte-mediated damage to the myelin sheath of neurons
in the central nervous system, resulting in severely impaired signal transmission.
The mechanisms of the induction and manifestation of MS are not entirely under-
stood. The control of autoimmune disorders is accomplished by both central toler-
ance in which autoreactive T lymphocytes are eliminated in the thymus and by
tolerance mechanisms that operate in the periphery. Among the many mechanisms
described, T regulatory (Treg) cells derived from the thymus (tTregs) and induced
(iTregs) in the periphery as well as T regulatory type 1 cells (Trl) are involved in
many disease models. However, the precise details of the generation and perpetua-
tion of these various Treg subsets and their relevance to the regulation of autoim-
mune diseases remain elusive. In this review, we critically analyze the current
knowledge of the tolerance mechanisms involved in the regulation of MS and its
animal model, experimental autoimmune encephalomyelitis.
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Introduction

The tenet of the immune system is the protection of the host against both invading
pathogens and autoimmune diseases that arise in genetically susceptible individu-
als. For the former, it is essential to mount robust immune responses, both T-cell-
mediated immunity and antibody production, against a myriad of pathogens. After
the elimination of the source of “foreign antigenic determinants,” the adaptive
immune responses must contrive to restore the normal clonal T- and B-cell reper-
toire. Activation-induced cell death or apoptosis is credited with the restoration of
the clonal size of primarily antigen-activated T lymphocytes at the end of productive
immune responses [1]. The failure to do so can result in overt immune responses
which can cause more harm than benefit to the host. An example of overt immune
responses causing damage to endogenous tissues is the production of the multipo-
tent, noxious cytokine, tumor necrosis factor-a (TNF-a) in inflammatory conditions
including sepsis [2]. In addition to the need to control these adaptive immune
responses, autoimmune responses need to be kept in check to minimize or eliminate
adverse reactions against the host tissues. CD4+ T lymphocytes systematically con-
trol these seemingly opposite versions of immune responses. The various regulatory
mechanisms involved in controlling autoimmune diseases have been the subject of
intense investigation over many decades [3-8].

Among the 80 known autoimmune diseases, only a few are specifically directed
against the central nervous system (CNS). Although evidence for the involvement of
autoimmunity in many CNS disorders is weak or nonexistent, indications of auto-
immunity exist in some cases. Neuromyelitis optica (NMO) is an autoimmune,
demyelinating disorder of the CNS with typical clinical manifestations of optic neu-
ritis and acute transverse myelitis attacks [9]. Although NMO was believed to be a
variant of MS, it is now considered as an independent disorder. NMO is character-
ized by the presence of antibodies against the water channel proteins aquaporin-4
and aquaporin-1 and myelin oligodendrocyte glycoprotein (MOG). The characteris-
tic phenotype is disruption of astrocyte function and demyelination of the spinal
cord, optic nerves, and particular brain regions. Lack of self-tolerance to water
channel proteins is likely to be the cause of NMO [10]. However, the underlying
pathogenic mechanisms have not been fully elucidated. Alzheimer’s disease is char-
acterized by dementia, immunoglobulin in the brain parenchyma, and deposition of
complement components in neurons [11]. The autoimmune encephalitis is a group
of disorders characterized by autoantibodies directed to synaptic surface antigens
(NMDA- and AMPA-type glutamate receptors, GABA (B) receptor, and LGI1)
resulting in severe neurological symptoms [12]. Antibodies against glutamic acid
decarboxylase, the rate-limiting enzyme for GABA synthesis, are associated with
the autoimmune neurological syndromes, namely, stiff person syndrome, cerebellar
ataxia, epilepsy, limbic encephalitis, and abnormal eye movements [13]. Whereas
these characteristics are indicative of the underlying autoimmunity, detailed studies
are required to fully understand the autoimmune nature of these diseases and impor-
tantly regulatory mechanisms useful for controlling these diseases. Importantly,
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there is a paucity of experimental models to dissect the immunological mechanisms
involved in these various neurological disorders.

Multiple sclerosis (MS) is a well-characterized neuronal disorder with an under-
lying autoimmune basis [14—17]. Whether MS is a non-immunological disorder and
primarily a neurodegenerative disease with unknown etiology is heavily debated
over the years [18, 19]. Accounts of various T-cell tolerance mechanisms involved
in immune responses to nominal antigens and self-determinants including neuronal
antigens have been described previously [reviewed in Ref. 3—8]. In this chapter, we
focus on MS and its animal model, experimental autoimmune encephalomyelitis
(EAE), to highlight the underlying common regulatory mechanisms and point out
the disparity between these systems. Finally, we discuss the limitations of the data
obtained in various EAE models to their translation into clinical practice for treat-
ment of differing forms of MS.

Effector T Cells and Pathology of Multiple Sclerosis

MS is a chronic disease lasting over many decades and has highly variable presenta-
tions [14—17]. After the initial diagnosis, clinically isolated syndrome, a majority
(85%) of patients display the common relapsing-remitting form of MS. After
1015 years of diagnosis, 50% of untreated patients develop secondary progressive
MS, whereas in 15% of patients, the disease progresses without remission, referred
to as primary, progressive MS. Most current treatments are directed to relapsing-
remitting MS, and none of them is effective on primary or secondary progressive
MS [14, 16, 17, 20, 21]. These drugs are directed to cull the autoimmune component
[14-17], whereas modalities to treat the neurodegenerative component of MS [18,
19] are scarce [20, 21]. The CNS is an immunologically privileged site and lacks a
potent innate immune response in healthy individuals [22]. Immune cell infiltration
across the blood-brain barrier (BBB) promotes inflammation, demyelination, glio-
sis, and neuroaxonal degeneration, resulting in disruption of neuronal signaling
[14—17]. To better understand the impact of T-cell tolerance on MS, knowledge of
the critical underlying pathological features is vital. MS is thought to be mediated
by CD4* T-cells, although CD8* T cells and antibody-producing B cells are known
to contribute to disease pathogenesis [14—17]. CNS-intrinsic events such as activa-
tion of microglia and astrocytes as well as chemokines have also been implicated in
MS [23-25].

Autoreactive T lymphocytes are thought to mount aberrant immune responses
against CNS autoantigens. Susceptibility to develop MS has been linked to the class
IT human leukocyte antigen HLA-DRB1x15:01 allele, which is expressed on
antigen-presenting cells, implying a role for distinct antigen presentation to T lym-
phocytes necessary for disease induction [26]. Although the etiology of MS is
unknown, poorly understood stochastic events and environmental factors influence
the disease penetrance. Infiltration of immune cells from the periphery is prominent
inrelapsing-remitting MS, and T cells appear early in lesion formation. Inflammation
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of the brain and spinal cord is evident in all MS patients, which declines with age
and duration of the disease [14—17]. An open question is whether MS is triggered in
the periphery such as in draining lymph nodes or originates in the CNS. Peripheral
T lymphocytes specific to neuronal antigens are thought to be activated by “molecu-
lar mimicry” [26], and subsequent reactivation by the CNS resident antigen-
presenting cells leads to a cascade of events resulting in neuronal damage [14-17,
27].

Although the specificity of autoreactive T cells in MS remains obscure, recogni-
tion of autoantigens such as MOG and myelin basic protein (MBP) by CD4* T
lymphocytes from both healthy individuals and MS patients has been demonstrated
[28-30]. The relative frequency of these cells in healthy individuals and MS cases
remains contentious. Thus, it is not clear whether the observed self-reactivity of T
lymphocytes in MS patients reflects the underlying pathological events or a stochas-
tic event resulting from molecular mimicry and breach of self-tolerance. Although
earlier studies implicated interferon-y (IFN-y)-producing Thl cells as the sole
pathogenic T cells, recent investigations also support a role for Th17 cells express-
ing IL-17 as they are found in the peripheral blood, CNS, and cerebrospinal fluid
(CSF) of MS patients. Furthermore, Th cells with a mixed phenotype (double-
producers) expressing both IFN-y and interleukin 17A (IL-17A) have a higher
capacity to infiltrate the CNS as inferred from studies of postmortem MS brain tis-
sues [14—17, 31-33]. These results indicate a pivotal role of double producers in MS
pathogenesis.

Interestingly, CD8* T cells found in the active lesions of MS patients produce
IL-17, similar to mucosal-associated invariant T cells [34]. In addition to the consis-
tent participation of CD4" T cells, B cells have been proposed to be strong candi-
dates for autoimmune effector cells in MS [35]. Although significant differences in
B cells were found in the CSF, they were neither predictive of disease and disease
progression (EDSS, expanded disability status scale) nor conversion to clinically
definite MS following diagnosis of the clinically isolated syndrome [36].

MS pathology is characterized by confluent demyelinated areas known as
plaques or lesions in the white and gray matter of the brain and spinal cord, indicat-
ing a loss of myelin sheaths and oligodendrocytes [14—17]. Damage of axons and
neurons correlates with disease severity. Astrocytes form multiple sclerotic glial
scars in white matter lesions. Demyelination of the gray matter of the cortex, nuclei,
and spinal cord is also associated with MS. Inflammation is more pronounced in
acute than in chronic phase. Invading immune cells and macrophages indicates
BBB leakage. Macrophages, CD8" cells, CD4* cells, B cells, and plasma cells are
represented in descending proportions. In the early stages, little damage outside of
the plaques, called normal-appearing white matter, is present in both the brain and
spinal cord despite general brain atrophy. During disease progression, diffuse T-cell
and B-cell infiltrates, microglia and astrocyte activation, and diffuse myelin reduc-
tion and axonal damage are evident. Although the numbers of T cells do not change,
the frequencies of B cells and plasma cells increase, whereas microglia and macro-
phages remain in a chronic state of activation throughout the disease. In secondary,
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progressive MS, tertiary lymphoid structures are evident in the meninges contribut-
ing to cortical demyelination and tissue damage at later stages [14—17].

Effector Mechanisms in EAE

The earliest description of EAE was the occurrence of acute disseminated encepha-
lomyelitis in monkeys repeatedly given intramuscular injections of normal rabbit
brain emulsions and extracts [37]. This observation explained that the induction of
encephalomyelitis observed earlier in humans vaccinated with rabies virus grown
on rabbit spinal cord was due to the immune response triggered by the spinal cord
contaminant of the vaccine [38]. Since then, monophasic EAE has been induced in
guinea pigs, rats, mice, and primates by immunization with spinal cord homoge-
nates or peptides derived from MOG, MBP, and PLP [see Ref. 14 for citations;
[39-52]. Complete Freund’s adjuvant along with pertussis toxin is required for EAE
induction in guinea pigs, rats, and mice. However, incomplete adjuvant without
Mycobacterium tuberculosis was sufficient to induce EAE in some strains of rats
and marmosets.

Interestingly, EAE could be induced in the susceptible rat strain Dark Agouti
without pertussis toxin. Several explanations have been put forward including
breaching of BBB, breaking of self-tolerance, and enhancing immunogenicity of
the inoculum to explain the dependence of pertussis toxin for EAE induction.
Although questions were raised as to the validity of results obtained in EAE models
for translation into the treatment of MS patients [53], arguments were also made in
support of the fact that when used wisely EAE will provide beneficial information
for clinical application [41].

Most rodent EAE models are characterized by ascending flaccid paralysis reflect-
ing preferential targeting of inflammation to the spinal cord, referred to as classic
EAE, which manifests in different forms. Immunization with the immunodominant
MOG:ss_ss peptide induced a mild, monophasic form of EAE in the C57BL/6 strain
(H-2" haplotype). In this model, the clinical symptoms peak around 9-12 days after
immunization, followed by spontaneous resolution by 30 days [42, 43]. However,
the pathology of monophasic EAE in C57BL/6 mice does not parallel that of an MS
form [44, 45]. On the contrary, similar immunization induced a long-lasting
(>75 days, Ref. 46-51), severe disease in NOD (H-2¢") mice characterized by paral-
ysis of fore and hind limbs with [49-51] or without discernible remissions [46—48],
respectively, representing secondary and primary progressive MS. Regardless, in
NOD mice EAE occurs with a high frequency that shares unique features with MS
including lifelong disease, prominent demyelination, axonal loss, and astrogliosis
[46-51]. On the other hand, immunization with PLP;39_;5; peptide induced relapsing-
remitting EAE in SJL/J (H-2%) mice characterized by the appearance of clinical
signs 6-20 days after priming and relapses first appearing at 30—45 days [52].

In the common classic EAE induced by various peptide antigens in mice, inflam-
mation is preferentially targeted to the spinal cord. In a small number of
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antigen-specific models, brain rather than the spinal cord is selectively targeted,
referred to as atypical EAE [54-56]. It was initially observed in C3H/HeJ mice
immunized with PLPjgy 09 peptide [54] and confirmed subsequently in IFN-y
knockout Balb/c mice immunized with MBP peptides and in C3HeB/Fel mice
immunized with MOG [54-56]. Atypical EAE is presented as a movement disorder,
with proprioception defects, ataxia, spasticity, and axial rotation of the head and
trunk, and characterized by predominant cerebellar or brainstem involvement.
These various animal models are useful in gaining insights into the underlying
immunological mechanisms of variant forms of MS. However, the display of com-
plex and variable clinical features and spontaneous remission in certain models ren-
der the interpretation of results difficult. Since each variant of EAE recapitulates
some but not all features of MS, it is useful to ascertain the efficacy of treatment
procedures in a preclinical model that closely mimics the select form of MS in
question.

Other models of demyelinating diseases include viral infections and administra-
tion of toxic substances [see Ref. 40 for citations]. Chronic demyelinating encepha-
lomyelitis is induced by intracranial introduction of Theiler’s virus (BeAn strain or
Daniel’s strain) or nasal infection with mouse hepatitis (Corona) virus. Inflammatory
infiltrates consist of T cells and activated macrophages/microglia in the
CNS. Although viral models may reflect critical features of MS-like inflammatory
inflammation, it is complicated by the involvement of virus-induced immune-
mediated mechanisms. Importantly, evidence for the role of viruses in MS patho-
genesis has not yet been obtained. Demyelination induced by toxic models using
cuprizone, a copper chelator, is useful for understanding mechanisms of demyelin-
ation and remyelination but does not fully reflect aspects of MS pathology and
pathogenesis [40].

Although the role of CD4* T cells in EAE is well established, controversy exists
as to the identity of T helper subsets involved. Whereas IFN-y-producing Thl cells
have been shown to be crucial early during EAE, IL-17A-expressing Th17 cells
participate at a later stage [57-58]. In contrast, Th17 cells and double producers,
those expressing both IFN-y and IL-17A, migrate to the CNS before the arrival of
Th1 cells [59] or ex-Th17 cells that lost the expression of IL-17A and gained IFN-y
during clinical disease manifestation [60]. Other studies indicated that Th1 [57] or
Th17 cells [61] alone could mediate EAE upon adoptive transfer into naive mice.
However, contamination of various degrees of IFN-y-producing cells in the Th17
cell preparations raised questions about the independent role of Th17 cells in EAE
manifestation. In the primary, progressive EAE, Th1 cells were found in the spinal
cord, whereas Th1 and Th17 cells but not Th1/Th17 cells infiltrated the spinal cord
later during the disease [47]. However, Th1/Th17 cells were prominent in peripheral
lymphoid tissues. The plasticity of Th17 cells further complicates the role of dis-
tinct T helper subsets in EAE manifestation [62]. Despite enormous effort to under-
stand the role of various lymphokines, cytokines, and accessory cell-associated
determinants, their roles in EAE pathogenesis remain obscure. Although Th17 cells
have been dubbed as “encephalitogenic” T cells, neither IL-17A nor IL-17F contrib-
utes to EAE [63]. The only cytokine that has been attributed a role in EAE is
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GM-CSF [64]. In the primary progressive EAE model, amelioration of the disease
by treatment with the most potent histone deacetylase inhibitor, trichostatin-A
(TSA), was associated with repression of GM-CSF-producing CD4* T cells in the
secondary lymphoid organs and the CNS [47—-48]. A closer analysis indicates that
GM-CSF is dispensable for EAE induction but is essential for chronic tissue dam-
age and neutrophil accumulation in the brain [48, 65, 66]. Blockade of the GM-CSF
receptor o ameliorated relapses in mice [67]. Lesions from secondary progressive
but not primary progressive MS patients contained GM-CSF receptor o myeloid
cells, indicating a possible target for disease intervention [67]. Collectively, these
data suggest an essential role for GM-CSF in the effector arm of the inflammatory
disease. The identity of the cytokines crucial for the induction of the autoimmune
CNS disease remains to be delineated.

The pathological mechanisms varied with the EAE models [14, 3941, 44-47,
49, 51]. The acute monophasic EAE was characterized by multifocal, confluent
areas of mononuclear inflammatory infiltration and demyelination in the peripheral
white matter of the spinal cord. In the brain, in addition to meningitis, perivascular
inflammatory cuffing in the cerebellum and hindbrain white matter was prominent.
In the relapsing-remitting EAE induced by PLP,;y_;5; immunization, lesions of the
optic nerve, brainstem, spinal cord, cerebellum, and cerebral cortex along with peri-
vascular and meningeal lymphocyte and neutrophil filtration were evident. Besides,
white matter damage and gliosis and demethylated axons were observed. In the
primary, progressive EAE induced by immunization of NOD mice, inflammatory
cuffs around dilated blood vessels in the white matter with penetration into the gray
matter were observed in the spinal cord during the acute phase of the disease [47].
The chronic phase was accompanied by severe damage of the periphery with numer-
ous vacuoles in the dorsal and dorsolateral funiculus. Inflammatory cells were abun-
dant in both the white and gray matter and in the subarachnoid space of ventral
funiculus. Luxol fast blue staining indicated severe demyelination of neurons in the
spinal cord. Bielschowsky’s silver impregnation method unraveled lack of neuro-
filaments in both the white and gray matter, indicative of severe axonal loss during
this form of EAE [47]. Although controversy exists as to whether macrophages play
a pathogenic or protective role in classic EAE, increased accumulation of neutro-
phils during the acute phase of EAE was evident in the spinal cord of mice with
primary, progressive EAE [48], a feature attributed to atypical EAE [54-56]. Thus,
it appears that the pathological mechanisms involved in monophasic, relapsing-
remitting, primary, and secondary progressive EAE as well as atypical EAE are not
remarkably distinct and seem to overlap.

Peripheral Immune Tolerance Mechanisms

Autoreactive T and B cells are deleted in the thymus, referred to as central toler-
ance, which accounts for the lack of overtly self-reactive lymphoid cells in appar-
ently healthy individuals [68]. However, the deletional mechanism is not absolute,
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and a fraction of self-reactive T lymphocytes escape thymic selection and exit to the
periphery. This may explain the presence of T cells specific to the MBP in the
peripheral blood of asymptomatic relatives of MS patients [69, 70]. Similarly,
MOG-specific CD4" T cells were detected in the peripheral blood of healthy indi-
viduals albeit at a lower level compared to that of MS patients following in vitro
expansion with a MOG peptide [71]. Although these self-reactive T cells can poten-
tially trigger autoimmune diseases when appropriately activated by antigen presen-
tation, they do not elicit autoimmunity in healthy people due to restraints imposed
by peripheral tolerance mechanisms. Although reactivity to multiple neuronal deter-
minants such as MBP, MOG, and PLP has been demonstrated in MS, the identity of
the causative autoantigen involved in the induction of this disease remains obscure.

Similarly, the initiating autoantigen in most other autoimmune diseases includ-
ing type 1 diabetes also remains unknown [72]. The lack of this critical information
has negatively impacted on developing successful antigen-specific tolerance strate-
gies for the manipulation of MS [73, 74]. However, the utility of other tolerance
strategies to control the chronic neurodegenerative disease MS remains incom-
pletely understood. Substantial data have been generated in EAE, a model of MS,
supporting a role for immunoregulatory T cells in this autoimmune neurodegenera-
tive disease. Although analogous CD4* T-cell-mediated immunoregulation may
operate in MS, the available data are limited and are often contentious. Herein, we
discuss these data critically and evaluate their impact on MS.

One mechanism that was implicated in the prevention of autoimmune diseases is
T-cell anergy, physical existence of T cells without displaying functional compe-
tence [75]. Exposure of cloned mouse Th1 cells expressing interleukin-2 (IL-2) and
IFN-y to chemically modified antigen-presenting cells pulsed with antigenic pep-
tide induced a state of unresponsiveness, termed anergy. These anergic Thl cells
were unable to produce IL-2 when challenged subsequently with unmodified
antigen-presenting cells pulsed with the specific peptide antigen in vitro.
Interestingly, this form of tolerance is transient since activation with IL-2 reversed
anergy and restored the ability of anergic Th1 cells to respond in an antigen-specific
manner [76] subsequently. Demonstration of peripheral blood T lymphocytes reac-
tive to self-antigens such as MBP and MOG in asymptomatic relatives of MS
patients exemplifies the existence of potentially autoreactive T cells in the absence
of overt autoimmunity, akin to anergic T cells [69-71]. Notably, antigen presenta-
tion by cloned murine thymic macrophages induced anergy in Thl cells without
requiring chemical modification, indicating the possibility that specific native
antigen-presenting cells are capable of inducing anergy despite the optimal expres-
sion of co-stimulatory determinants necessary for T-cell activation [77]. However,
the transient and reversible nature of T-cell anergy imposes severe restrictions in
applying antigen-specific tolerance strategy to silence the autoreactive T cells
in vivo. Another primary mechanism of peripheral tolerance intensely studied dur-
ing the 1970s and 1980s involved the participation of subsets of antigen-specific T
suppressor (Ts) cells governed by idiotype-anti-idiotype interactions and influenced
by the unresolved genetic restriction element, I-J [3, 4]. The ensuing result was sup-
pression of antigen-specific immune responses as well as linked suppression of
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unrelated immune responses [78]. However, the lack of robust biochemical and
molecular evidence discouraged further studies of antigen-driven Ts cells.

Tolerance by T Regulatory Cells

During the decline of interest in antigen-specific Ts cells, the concept of regulation
of autoimmune responses by Foxp3-expressing CD4* T lymphocytes derived from
the thymus, termed the thymic T regulatory (tTreg) cells, emerged [79—83]. Also, a
subset of Treg cells called the induced Treg (iTreg) generated during the activation
of conventional CD4* T cells with antigen, IL-2 and transforming growth factor-f§
(TGF-P) [84], and type 1 Treg (Tr1) cells [85] have been described. The relationship
between these Treg subsets and antigen-specific Ts cells described earlier as well as
their relative contribution to the regulation of immune responses to nominal anti-
gens and autoimmunity remains incompletely understood.

The notion that immunoregulation is accomplished by T lymphocytes distinct
from conventional effector CD4* T cells was fueled by the critical observation that
neonatal thymectomy led to the emergence of many autoimmune diseases in mice
due to the depletion of CD4*CD25* tTreg cells [79, 80]. Notably, autoimmune neu-
ronal diseases were not among those unleashed by the removal of tTreg cells. The
tTreg cells are enriched for T-cell receptors and exhibit high affinity for self-
peptides. The description of Foxp3 as the critical transcription factor for the devel-
opment, function, and stability of Treg cells revitalized the study of tTreg cells in
mice [81, 82] as well as humans [83]. Whereas tTreg cells control most autoimmune
diseases [79, 80], iTreg cells generated from conventional CD4* T cell with low
affinity for self-antigens is thought to play a prominent role in general immune
regulation [84]. Although these three Treg subsets are treated as distinct entities,
confirmatory phenotypic features that can distinguish between them remain
unknown [5-8, 79-86]. Although the Treg cells also exert non-specific immune sup-
pression [87] similar to antigen-specific Ts cells [3, 78], the molecular nature of
immunosuppression remains unclear in both cases.

Initially, the human counterparts of mouse Treg cells were identified in the thy-
mus and peripheral blood of healthy individuals as CD4*CD25"¢" cells which func-
tion similar to mouse Treg cells [88, 89]. The frequency, phenotype, and function of
Treg cells have been extensively studied in MS patients. In some studies, the fre-
quency of CD4*CD25" Treg cells in the peripheral blood of MS patients was similar
to that of healthy individuals irrespective of the disease activity [90-93]. Notably,
removal of IL-7 receptort (CD127*) cells from the analysis unraveled that both the
number and function of Treg cells in MS patients did not differ from that of healthy
individuals [93]. Paradoxically, the number of Treg cells was higher in the cerebro-
spinal fluid than in the peripheral blood of MS patients [94]. Chronic MS patients
had a higher frequency of memory CD4*CD25*CD127°CD45RO" Treg cells in the
peripheral blood [95]. Surprisingly, CD4*CD25*FOXP3* Treg cells were also sig-
nificantly increased in MS patients when compared to healthy individuals [96].
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On the contrary, in relapsing-remitting MS, the numbers of CD4*CD25*FOXP3*
Treg cells were reduced in the peripheral blood [97]. Interestingly, both
CD4+*CD25"FOXP3* cells and FOXP3 expression were lower during relapses than
remission [98]. The numbers of CD31* recent thymic emigrants of the
CD4*CD25*CD45RA*CD45RO"FOXP3* Treg phenotype within the peripheral
blood decline with age and are significantly reduced in MS patients [99].
Interestingly, the Treg cells expressing CD39, an ectoenzyme that hydrolyzes ATP,
were diminished in MS patients [100]. On the contrary, in another study the fre-
quency of CD4*CD25*CD127°FOXP3*CD39* Treg cells in MS patients was com-
parable to healthy controls [101]. To date, little consensus exists as to the phenotype
and frequency of the Treg population in various clinical forms of MS, a disease that
lasts for several decades. Longitudinal analysis of Treg cells using uniform pheno-
typic markers during different stages of the disease will help to delineate whether
the Treg cell populations correlate with the clinical presentations.

The Complex Role of FOXP3 in Immunoregulation

The description of Foxp3 as a master regulator of tTreg cells led to its adoption as a
surrogate marker of mouse [81, 82] and human Treg cells [7, 8, 83, 96-98, 100,
101]. The IPEX (immune regulation, polyendocrinopathy, enteropathy, and X-linked
inheritance) syndrome is characterized by diarrhea, diabetes mellitus, hemolytic
anemia, eczema, autodestruction of endocrine glands, and thyroiditis with abso-
lutely no evidence of MS [102]. The IPEX syndrome is fatal and without aggressive
immunosuppression or bone marrow transplantation, and male patients rarely sur-
vive beyond the second decade of life [103]. Although insulin-dependent diabetes
was diagnosed in IPEX patients [102], association between variation of the FOXP3
gene and the common type | diabetes was not subsequently found [104]. IPEX is
associated with mutations of the human FOXP3, the ortholog of the gene mutated in
scurfy mice that develop autoimmune disorders [105, 106].

On the other hand, MS is diagnosed as clinically isolated syndrome typically
during the second or third decade of life and requires several decades for full mani-
festation [14]. Therefore, it is highly unlikely that IPEX patients can develop the full
spectrum of MS symptoms within two decades of life. Another unexpected compli-
cation is that FOXP3 mutation affects not only Treg cells but also the effector CD4*
T cells. This was indicated by the ability of CD4*CD25"FOXP3* cells from IPEX
patients to suppress the proliferation of normal but not autologous responder T cells
[107]. Thus, IPEX syndrome is associated with the development of resistance in
responder T cells to suppressor signals and not impaired suppressor function of Treg
cells [107]. Although there is no evidence linking IPEX syndrome and MS, sharing
of similar defective functions of Treg cells is likely serendipitous (vide infra).

Studies in experimental models unraveled that the role of Treg cells in immuno-
regulation is complex and complicated. No spontaneous CNS inflammation was
observed in Foxp3 mutant mice or after targeted depletion of Foxp3* Treg cells in
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wild-type mice [108], indicating that the loss of Treg function alone is insufficient
to cause EAE. Paradoxically, the same group observed that targeted and acute
depletion of Foxp3+ Treg cells resulted in limited autoimmune inflammation by
controlling the T effector cell proliferation and mobility within the CNS [109], indi-
cating a role for Treg cells in EAE regulation. This finding is in contrast to another
study which showed that the Treg cells accumulated in the CNS at the peak of EAE
but were unable to suppress the proliferation of CNS-derived T effector cells in vitro
[110]. In several studies, anti-CD25 antibody administration was used to demon-
strate the participation of Treg cells in EAE [43, 111].

Interestingly, anti-CD25 antibody administration repressed the secondary but not
primary remission [112]. However, CD25 is not a bona fide marker of Treg cells
since these antibodies persist in the circulation for an extended period and also
could affect the activated T effectors cells expressing CD25 [109]. Moreover, nei-
ther the administration of the anti-CD25 antibody nor adoptive transfer of Treg cells
obtained during the resolution of monophasic EAE was determined to be antigen-
specific [43]. Thus, further analysis is required for a full evaluation of the role of
Treg cells in EAE.

Many other complications impede the understanding of the role of Treg cells in
EAE. The expression of Foxp3 is not sufficient for the full expression of the sup-
pressor phenotype and requires several “partner proteins” including the transcrip-
tion factors Gata-3, NFAT, and Runx1, which influence Treg cell functions [113].
The critical importance of partner proteins in immunoregulation was demonstrated
in Foxp3 reporter NOD mice in which the disruption of the interaction between
Foxp3 and cofactors such as the histone acetyltransferase Tip60, histone deacety-
lase 7 (HDACT7), and Eos accelerated the development of autoimmune diabetes
[114]. Another difficult aspect of Treg cells is their “plasticity.” In the peripheral
blood of MS patients, increased frequency of CD4*CD25"CD127"*~ FOXP3* IFN-
y* secreting Th1-like Treg cells with lower suppressive ability was observed, indi-
cating the instability of human Treg cells [115]. The conversion of Foxp3* Treg cells
into IL-17-producing Th17 cells has been implicated in the pathogenesis of
collagen-induced arthritis in mice and rheumatoid arthritis [116]. Use of a dual
lineage tracing model indicated that the conversion of effector Treg cells into central
Treg cells was accompanied by increased Foxp3 stability in vivo [117]. Also, acqui-
sition of Th2-like Treg cells expressing Gata-3, activation of STA6, and secretion of
IL-4 have been reported [118]. Although Treg cells appear to populate specific tis-
sues including muscles, the skin, lungs, and the gastrointestinal tract, their involve-
ment in tissue homeostasis remains speculative [119]. An additional complication
of Treg cells is the so-called ex-Foxp3 cells, a small proportion of tTreg cells that
lost Foxp3 expression during EAE induction and express IFN-y and the ability to
mediate EAE [120]. Although the levels of FOXP3 mRNA and protein are decreased
in MS patients [121], it is unclear whether this reflects the transition to “ex-FOXP3
cells” during the disease pathogenesis. Thus, despite extensive investigations on the
phenotypic and functional characteristics of CD4*FOXP3* Treg cells, several key
issues await further elucidation for a better understanding of how these cells con-
tribute to immune homeostasis in humans.
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Defective Function of Treg Cells in MS Patients and its
Clinical Relevance

Regardless of the complex nature of the phenotype of the Treg subsets, some inves-
tigations indicated that these cells are functionally impaired in MS patients [90, 92,
96-98, 100, 101]. Although both CD39* and CD39~ Treg subsets suppressed the
proliferation of responder T cells and IFN-y production, interestingly only the
CD39* Treg subset suppressed IL-17 production, which is also defective in MS
patients [100, 101]. Since IL-17-producing T cells are enriched in active MS lesions
and considered crucial for MS pathogenesis [14, 122], these data suggest that com-
promised Treg cell function may exaggerate IL-17-mediated disease symptoms.
This observation could provide possible mechanistic insights into the control of
MS. Interestingly, impaired suppressor function of CD4*CD25" Treg cells was also
noted without numerical reduction of these cells in the peripheral blood of some but
not all MS patients [90, 92]. As mentioned above, impaired suppressor function cor-
related with diminished expression of FOXP3 protein and mRNA in MS patients
[121]. Diminished suppression of MBP-induced proliferation of peripheral T cells
observed in 45% of untreated MS patients was paradoxically associated with
increased frequency of CD4+CD25termediate Treo cells [96].

Interestingly, the ability of CD4*CD25* Treg cells was depressed in relapsing-
remitting but not secondary progressive MS patients, despite comparable number
and phenotype of these cells [123]. However, the status of Treg cells in primary
progressive MS in which neuronal deficits accrue without remission [14, 20] is cur-
rently not known. Thus, these studies suggest that despite the variability in number
and phenotype, diminished suppressor function of Treg cells may have a significant
impact on MS pathogenesis. However, the clinical value of depressed suppressor
function of various Treg cells has been challenged [8, 124] and should be treated
with caution. The uncertainty of the functional aspect of human Treg cells is attrib-
uted to technical issues associated with in vitro assay systems used for the func-
tional assessment [8, 124]. These include the type of stimulation of responders
(anti-CD3 antibody + antigen presenting cells along with anti-CD28 antibody vs.
immobilized anti-CD3 antibody), blocking IL-2 production to maximize suppres-
sion in some cases, different cellular targets of suppression (responder T cells vs.
antigen presenting cells such as dendritic cells), requirement for enormous numbers
of Tregs (1:1 ratio of Treg cells and responders), and the lack of suitable animal
models to determine the suppressive activity of human Treg cells in vivo. Importantly,
using autologous responder and Treg cells, it will be hard to distinguish between the
acquisition of resistance in responder cells to Treg cell-mediated suppression and
compromised suppressor function of Treg cells. These technical issues render the
results of in vitro suppression assays somewhat uninterpretable [8, 124].
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Disease-Modifying Therapies Failed to Impact Treg Cells

Since it is difficult to determine the impact of phenotype, defective number, and
function of human Treg cells on disease progression during long duration such as in
MS, a correlation was sought between these parameters and the health status of MS
patients at specific time points. A majority of disease-modifying treatments avail-
able today are directed to relapsing-remitting MS, and there is a paucity of drugs to
treat secondary and primary progressive MS [14, 20]. Treatment of MS patients
with IFN-beta-1a reduces relapses without altering the circulating numbers of
CD4*CD25" Treg cells [95]. Another study demonstrated that treatment of relapsing-
remitting MS patients with IFN-beta-la increased the proportion of
CD4*CD25*GITR* Treg cells above the baseline [125]. Glatiramer acetate treat-
ment of relapsing-remitting MS patients reconstituted naive Treg cells and increased
total Treg cell numbers [126]. Combined treatment with IFN-beta-1a and glatiramer
acetate reduced the numbers of naive (CD4*CD25*CD127"°*CD45RA") Treg cells
without affecting the memory type Treg cells (CD4*CD25*CD127°*CD45R0O") in
chronic MS patients [96]. Glatiramer acetate treatment of MS patients improved the
Treg cell function by expanding CD4*CD25*FOXP3* T cells [96].

Interestingly, IFN-la-beta treatment redistributed tTreg subset to central
memory-like Treg population expressing CCR27 and the increased Tr1-like subset
that expressed IL-10 and CD46 mRNA [127]. Natalizumab, a monoclonal human-
ized antibody targeting the a-4 chain of the very late antigen 4 (VLA-4) integrin,
reduces relapses independent of alterations in Treg cell frequency or function [128].
Although these disease-modifying therapies (IFN-1a-beta, glatiramer acetate, and
natalizumab) reduce relapses in MS patients, they do not provide robust protection
against MS or reverse axonal degeneration [20]. It will be exciting and appropriate
to determine the alteration of the number and function of Treg cells during various
stages of the disease and after treatment with more effective disease-modifying
drugs when they become available.

Pharmacological Modulation of Treg Cells

Posttranslational modifications of histones by acetylation, phosphorylation, and
ubiquitylation are powerful epigenetic modulations that have a substantial influence
on gene expression [129]. Epigenetic markers including acetylation and methyla-
tion of histones and cytosine-guanosine (CpG) dinucleotide methylation have been
reported at the Foxp3 locus [130]. Naive CD4*CD25~ T cells, activated CD4* T
cells, and TGF-f-induced adaptive Treg cells, but not in natural Tregs, CpG dinucle-
otides are methylated at the Foxp3 locus. It has been proposed that Treg cells can be
manipulated via epigenetic modification of the transcription factor Foxp3 in mice.
In support of this notion, it was shown that treatment of mice with TSA enhanced
Treg cell-mediated suppression of homeostatic proliferation and decreased
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inflammatory bowel disease [131]. In conjunction with low-dose rapamycin, TSA
induced permanent Treg cell-dependent cardiac and islet allograft survival and
donor-specific allograft tolerance [131].

In contrast to these data, attrition of the naturally occurring type 1 diabetes and
primary, progressive EAE in autoimmune-prone NOD mice by TSA treatment was
not associated with the modulation of CD4*CD25*Foxp3* Treg cells or function
[132, 47]. Global gene expression analysis indicated up- and downregulation of
many genes in uninduced splenocytes from TSA-treated mice including novel pro-
inflammatory genes specifically expressed in macrophages [133] but not Foxp3
transcription (unpublished data). On the contrary, TSA treatment induced histone
hyperacetylation and reduced inflammation, demyelination, and axonal damage in
the spinal cord [47]. Interestingly, drug treatment diminished the generation of
CD4* memory T cells and induced antigen-specific tolerance (Fig. 1) as indicated
by abrogation of T-cell proliferation when draining lymph node cells and spleno-
cytes were stimulated with MOGg;s_s5 in vitro albeit normal proliferation to a T-cell
mitogen. However, activation with IL-2 restored the ability of tolerized T cells to
respond to antigen stimulation, indicating a reversal of anergy. Tolerance was char-
acterized by the reduced antigen-induced production of IL-17A, IFN-y, and
GM-CSF but not IL-4.

The consecutive appearance of double producers (IL-17A + IFN-y) and Th1 cells
occurred in peripheral lymphoid tissues and was susceptible to repression by TSA
treatment. In the CNS, only Thl cells appeared during the acute phase, while Thl
cells, Th17 cells, and GM-CSF-expressing cells were found in the chronic phase.
Importantly, TSA treatment diminished the frequencies of these cells in the CNS

Effector CD4* T cells Anergy

| Neurodegeneration |

CD4*Foxp3* CD11b*Ly-6G*

®

CD4*CCR27*

Fig. 1 Overview of mechanisms involved in the regulation of autoimmune neurodegeneration. In
the experimental model of MS, drug-mediated histone hyperacetylation induces anergy in effector
IFN-y-producing Thl cells, IL-17A-expressing Th17 cells, and cells with mixed phenotype (Th1/
Th17). In addition, the neutrophil expansion is also subject to regulation by the epigenetic modi-
fier. Together, they contribute to the amelioration of neurodegeneration in the mouse model. It
remains to be determined whether similar manipulation of IL-17A- and IFN-y-producing Th1/
Th17 cells found in MS patients by pharmacological intervention could benefit patients with
MS. Defective numbers and function of Treg cells have been reported in MS patients, suggesting
a role for these cells in disease pathogenesis. Restoration of functional Treg populations in MS
patients may potentially provide therapeutic advantages. A role for Tr1 cells in MS disease patho-
genesis is also possible
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[47]. In the primary, progressive EAE model, TSA treatment also reduced the abun-
dance of mature CD11b*Ly-6G“™-activated neutrophils in the secondary lymphoid
tissues and their influx into the spinal cord [48]. Thus, in addition to myelin-specific
T-cell tolerance induction, selective repression of mature neutrophils and PD-L1*
cells is critically involved in the epigenetic regulation of primary, progressive
EAE. These data indicate that epigenetic regulation by histone acetylation amelio-
rates autoimmune diseases such as type 1 diabetes and EAE by modulating gene
expression without involving the Treg population or Foxp3 transcription.

Interestingly, treatment with various small molecule inhibitors of histone deacet-
ylases increased the suppressive function of both freshly isolated and in vitro-
expanded human Treg cells [134]. This functional change was accompanied by
increased expression of the negative regulator of immune response, CTLA-4, indi-
cating that epigenetic drugs can be promising pharmacologic agents that can
improve the immunosuppressive potential of T lymphocytes. Since TSA, the most
potent inhibitor of histone deacetylases is effective in reversing naturally occurring
type 1 diabetes and immunization-induced EAE without causing undesirable side
effects [132-134, 48], this strategy may be of potential use to treat patients with
autoimmunity.

Administration of the lipid-lowering drug atorvastatin alleviated EAE without
increasing IL-4-producing Th2 cells or Treg population, implicated in protection
against neurodegeneration [135]. This observation is consistent with the ability of
statins, inhibitors of cholesterol biosynthesis, to affect IL-17-producing Th17 cells
[136]. Since Th17 cells are pivotal for MS pathogenesis [14], inhibition of IL-17
production by statins could be useful for the treatment of MS.

Antigen-Specific Tolerance-Inducing Strategies Failed
to Block MS Progression

Since MS is considered as an autoimmune disease, induction of antigen-specific
tolerance is the best approach to annihilate this debilitating disease via inactivation
of autoreactive T cells without causing undesirable side effects. As MS is geneti-
cally predisposed, self-reactive T lymphocytes recognizing neuronal antigens in the
context of HLA-DRBI1 hypothetically escape thymic deletion (central tolerance),
which can be subsequently reactivated by the peripheral antigen-presenting cells
causing dire consequences. As discussed above, the induction of anergy could
restrain these autoreactive T cells from causing neuronal destruction. Toward this
goal, several clinical trials were conducted in MS patients by administering peptides
derived from MBP, MOG, and PLP via various routes [Ref. 73, 74 and citations
therein]. Also, complexes of HLA class II molecule HLA-DR?2 and MOG;3s_s5, and
myelin peptides (MBPgs_o9, MOGss_s5, and PLP;39_5;), a plasmid containing MBP
protein, referred to as DNA vaccine, attenuated autologous T cells specific to MBP,
MOG, and PLP were candidates for tolerance induction in MS patients. Furthermore,
peripheral blood mononuclear cells coupled with seven myelin peptides (MOG _y,
MOGss_ss, MBPy3_3,, MBPg; 99, MBP)11_1209, MBP146 170, and PLP,39_;s54) were also
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tested for their efficacy to produce a favorable outcome in MS patients. Not surpris-
ingly, oral administration of MBP failed to protect MS [73, 74], as observed previ-
ously in type 1 diabetes [137]. Altered ligand peptide analogs of immunogenic
peptides that have been modified to interact with the T-cell receptor while retaining
the ability to bind the HLA motifs proved fatal in clinical trials [138]. Although
most of these approaches did not have safety issues, no breakthrough as to clinical
benefits has been achieved. Recent efforts to establish an antigen-specific tolerance
in autoimmune patients include administration of tolerogenic dendritic cells [139]
and tolerogenic immune-modifying nanoparticles [140]. So far, successful
“tolerance-inducing” strategies have not emerged as standard-of-care clinical use.
The identification of the disease-instigating antigen(s) will pave the way for the suc-
cessful design of antigen-specific tolerance for the treatment of the debilitating CNS
disease.

The Future Perspectives

It is now well established that peripheral tolerance is of paramount importance in
the homeostatic control of the T-cell repertoire and for curtailing autoimmunity. The
concerted effort for over half a century has unraveled unexpectedly diverse types of
Treg cells in the mouse. By analogy, Treg cells with multiple phenotypes have been
reported in humans as well. Attempts to understand the mode of immunosuppres-
sion mediated by these cells yielded clues to several mechanisms that need to be
carefully discerned. Limited studies conducted in EAE models do not support
in vivo manipulation of Treg cells, mostly the thymic-derived, “naturally occurring”
Treg cells, by epigenetic or pharmacological strategies (Fig. 1). Although disease-
modifying therapies provide some benefits to MS patients, it is unclear whether
disease protection accompanies changes in the Treg cell number, phenotype, or
function. Adoption of uniform parameters for evaluation of phenotypic markers
may help to improve our understanding of the status of the Treg subsets during the
variable and prolonged duration of chronic neurodegeneration. It is important to
emphasize the need for refining in vitro conditions required for assessing the “sup-
pressive” function of human Treg cells. The fact that the Treg cells are scarce in the
brain lesions but abundant in the cerebrospinal fluid of MS patients [141] suggests
that anatomical constraints are responsible for this uneven distribution of Treg cells.
It is essential to know whether pharmacological intervention or administration of
biologicals to improve MS symptoms may influence the Treg cell trafficking to the
brain. Finally, since the Treg cells producing IL-10, type 1 Treg (Trl), were also
reported to be impaired in MS patients [127, 142], it will be informative whether
disease-modifying treatments can also impact this cellular compartment.
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