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Introduction

Summary

Multiple sclerosis (MS) is a chronic inflammatory disease that causes
demyelination of neurons in the central nervous system. Traditional ther-
apies for MS have involved anti-inflammatory and immunosuppressive
drugs with significant side effects that often only provide short-term relief.
A more desirable outcome of immunotherapy would be to protect against
disease before its clinical manifestation or to halt disease after its initia-
tion. One attractive approach to accomplish this goal would be to restore
tolerance by targeting immunoregulatory cell networks. Although much of
the work in this area has focused on CD4" Foxp3™ regulatory T cells,
other studies have investigated natural killer T (NKT) cells, a subset of T
cells that recognizes glycolipid antigens in the context of the CD1d glyco-
protein. Studies with human MS patients have revealed alterations in the
numbers and functions of NKT cells, which have been partially supported
by studies with the experimental autoimmune encephalomyelitis model of
MS. Additional studies have shown that activation of NKT cells with syn-
thetic lipid antigens can, at least under certain experimental conditions,
protect mice against the development of MS-like disease. Although mecha-
nisms of this protection remain to be fully investigated, current evidence
suggests that it involves interactions with other immunoregulatory cell
types such as regulatory T cells and immunosuppressive myeloid cells.
These studies have provided a strong foundation for the rational design
of NKT-cell-based immunotherapies for MS that induce tolerance while
sparing overall immune function. Nevertheless, additional pre-clinical and
clinical studies will be required to bring this goal to fruition.
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antibody medications, which have decreased the numbers
of MS attacks and have slowed disease progression in

Multiple sclerosis (MS) is an autoimmune disease of the
central nervous system (CNS) mediated by T cells, result-
ing in paralysis and loss of cognitive functions.' In the
USA, approximately 250 000-350 000 patients suffer from
MS with 200 new patients being diagnosed with MS each
week. Most treatments for MS and other autoimmune
diseases require long-term treatment and work by broadly
suppressing immune function, which leaves the patients
vulnerable to infections and possibly cancer.” More recent
strategies for treatment of MS involve disease-modifying
therapies such as interferons, glatiramer acetate, sphingo-
sine-1-phosphate receptor modulators and monoclonal
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many patients. However, the ‘holy grail’ of MS treatment
is to induce tolerance against the target antigens and to
restore immune homeostasis, effectively curing the disease
while leaving the rest of the body’s immune defences
intact. One attractive approach to accomplish this goal is
to target the immunoregulatory components of the
immune system, ideally in an autoantigen-specific man-
ner. While much of the work in this area has focused on
CD4" Foxp3" regulatory T (Treg) cells, other investiga-
tors have studied natural killer T (NKT) cells, a subset of
glycolipid-reactive T cells with potent immunomodula-
tory properties.”” Two subsets of NKT cells have been
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identified, and both of these subsets have been implicated
in the progression of disease in MS and its mouse model,
experimental autoimmune encephalomyelitis (EAE). Gly-
colipid antigens that selectively activate NKT cells have
been tested for their capacity to modulate EAE. The
mechanisms involved remain incompletely understood,
but results from these studies have raised enthusiasm for
the development of NKT cell-based therapies for MS and
other autoimmune and inflammatory diseases. The stud-
ies on NKT cells will be discussed in this review article.

Natural killer T cells

Natural killer T cells are a subset of T lymphocytes that
recognize lipid or glycolipid antigens presented by the
MHC class I-related protein CD1d.>® Two subsets of
NKT cells, Type I or invariant NKT (iNKT) cells, and
Type II or variant NKT (vNKT) cells, with overlapping
but distinct properties, have been identified (Fig. 1). We
will briefly discuss these NKT cell subsets as well as tools
and experimental models that have been employed to
study them.

Invariant NKT cells

Invariant NKT cells express a semi-invariant T-cell recep-
tor (TCR), composed of an invariant Val4-Jal8 chain

paired with V38, V7 or V52 chains in mice, or homolo-
gous Vo24-Jal8 and Vf11 chains in humans.>”’ The
iNKT cells also constitutively express a number of surface
receptors such as CD25, CD44 and CD69 that are charac-
teristic of activated or memory T cells. Most iNKT cells
express the TCR co-receptor CD4, and the remaining
cells express neither CD4 nor CD8, although in humans a
small subset of CD8" iNKT cells has been identified. In
addition to T-cell markers, mouse iNKT cells express a
variety of activating receptors such as NKI.1 (CD161)
and inhibitory receptors such as members of the Ly49
family of C-type lectins that are characteristically
expressed by natural killer (NK) cells. Human iNKT cells
similarly express a variety of NK-cell markers. The iNKT
cells also express receptors for innate cytokines such as
interleukin-12 (IL-12) and IL-18. Invariant NKT cells are
most abundant in liver and adipose tissue, represent a
substantial T-cell subset in spleen, peripheral blood and
bone marrow, and are also present in mucosal tissues
such as lung and intestine, but are quite rare in lymph
nodes. Interestingly, iNKT cells are more abundant in
mice than humans, and their prevalence varies among
different mouse strains and even more so among different
human subjects.

Invariant NKT cells react most strongly with o-anomeric
glycosphingolipids such as a-galactosylceramide (o-GalCer;
Fig. 1a), which was originally isolated as an anti-metastatic
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Figure 1. Natural killer T (NKT) cells and their prototypical antigens. (a) Type I or invariant NKT (iNKT) cells express a semi-invariant T-cell

receptor (TCR) specific for glycolipid antigens such as the o-linked glycosphingolipids a-galactosylceramide (a-GalCer; the structure is shown of

a synthetic optimized version, KRN7000, most commonly used in pre-clinical and clinical studies) and OCH (the a-GalCer analogue that induces
a T helper type 2-biased cytokine production profile in iNKT cells) bound with CD1d on the surface of dendritic cells (DCs). (b) Type II or var-
iant NKT (vNKT) cells express variant or oligoclonal TCRs that recognize f-linked glycolipid antigens bound with CD1d on the surface of DCs.

The structure is shown of 3’-sulpho-galactosylceramide, a sulphatide that has been employed in pre-clinical studies and is recognized by the sul-

phatide-reactive vNKT cell subset.
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agent from a marine sponge,'® but is probably derived
from environmental bacteria that colonize the sponge. The
iNKT cells bind with CD1d-glycolipid complexes in a par-
allel configuration and engage the glycolipid antigen
mainly via the TCR-a chain.!" Glycosphingolipids and dia-
cylglycerols that can activate iNKT cells have been isolated
from various microbial pathogens (e.g. Streptococcus pneu-
moniae, Aspergillus fumigatus and Borrelia burgdorferi) as
well as from non-pathogenic microbes that are widely dis-
tributed in the environment (e.g. Sphingomonas species). A
lot of debate in the field has focused on the endogenous
antigens that drive the development and function of iNKT
cells."” Although it has been long assumed that mamma-
lian cells only produce f-anomeric glycosphingolipids,
recent studies have provided evidence for the presence of
minute amounts of o-anomeric glycosphingolipids that
can activate iNKT cells."”'* The enzymatic activities
responsible for the synthesis of these antigens in mamma-
lian tissues remain to be defined.

Akin to conventional T cells, iNKT cells develop in the
thymus, but they branch away from conventional T-cell
development at the CD4" CD8" (double-positive) thymo-
cyte stage.'> Whereas conventional T cells require MHC
expression by thymic epithelial cells for their develop-
ment, iINKT cell development requires CD1d expression
by cortical thymocytes. A variety of intracellular signalling
pathways and transcription factors have been implicated
in regulating iNKT cell development. Key pathways
include the SLAM (signalling lymphocytic activation mol-
ecule)-SAP (SLAM family receptor adaptor protein)-Fyn
pathway, the TCR signalling cascade with induction of
the classical nuclear factor-xB pathway, and the IL-15
pathway. The innate characteristics of iNKT cells are lar-
gely imparted by the transcription factor promyelocytic
leukaemia zinc finger."

Following TCR engagement, iNKT cells rapidly produce
a variety of cytokines and exhibit cytotoxic activity.'®!”
One unusual property of iNKT cells is their capacity to
produce mixtures of cytokines typically associated with
either pro-inflammatory [e.g. interferon-y (IFN-y),
tumour necrosis factor-o) or anti-inflammatory (e.g.,
IL-4, IL-10 and IL-13) immune responses. It is clear that
several of these cytokines may be produced simulta-
neously by individual cells, but emerging evidence indi-
cates the presence of subsets of iNKT cells with divergent
cytokine profiles and transcription factor expression. This
includes Tbet” NKT1 cells producing IFN-y, GATA3"
NKT2 cells producing IL-4, RORyt" NKT17 cells produc-
ing IL-17A, IL-21 and IL-22,'® Bcl6" follicular helper
NKT (NKTpy) cells producing IL-21," and several sub-
sets of regulatory iNKT cells.”* >

Invariant NKT cells can interact with multiple cell
types of both the innate and acquired immune systems,
including antigen-presenting cells, NK cells, B cells and
conventional T cells.”” As such, iNKT cells have been
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implicated in a wide variety of immune responses.” ° The
iNKT cells become activated during a number of infec-
tions and play a protective role in host immunity against
some pathogens. They also provide natural immunity
against certain metastatic tumours. Generally, iNKT cells
play a suppressive role during autoimmunity, but pro-
mote the development of atherosclerosis. These cells are
also important for the development of allergic inflamma-
tion, contact hypersensitivity, oxazolone-induced colitis
and concanavalin A-induced hepatitis. Invariant NKT
cells also contribute to the rejection of tissue grafts, graft-
versus-host disease, ischaemia—reperfusion injury and
obesity-associated insulin-resistance. Finally, these cells
play a critical role in the induction and/or maintenance
of tolerance in a variety of experimental systems.

Following activation with glycolipid antigens such as
o-GalCer, INKT cells interact with other cells of the
immune system, resulting in their activation.”” For exam-
ple, a-GalCer-activated iNKT cells promote NK cells to
produce IFN-y and become cytotoxic, B cells to produce
antibodies, and dendritic cells (DCs) to become acti-
vated.”*> Activation of iNKT cells can also influence the
differentiation of T helper (Th) cells, typically skewing
the response towards Th2 cytokine production, especially
when multiple «-GalCer challenges are performed.***°
There is also evidence that iNKT cells can promote the
induction and function of Foxp3* CD4" Treg cells.>*’

The immunomodulatory activities of several structural
variants of #-GalCer have been evaluated.”® For example,
o-GalCer analogues with shortened hydrocarbon chains,
such as the reagent called OCH (Fig. 1a), have reduced
capacity to activate iNKT cells, but elicit a Th2-biased
cytokine production profile. #-GalCer analogues contain-
ing unsaturated acyl chains have similar properties, in
that they bias the iNKT cell response towards Th2 cyto-
kine production. In contrast, a C-glycoside analogue of
a-GalCer, «-C-GalCer, was a more potent agonist of
iNKT cells and promoted Thl cytokine production by
these cells. Various other iNKT cell antigens that can
selectively induce the divergent effector functions of iNKT
cells have been described.

The immunomodulatory activities of o-GalCer have
been exploited for therapeutic purposes.’>*> Pre-clinical
studies have demonstrated that o-GalCer and certain
structural analogues have potent adjuvant activities and
protect mice against a variety of diseases, including cer-
tain cancers, infections and autoimmune and inflamma-
tory conditions. Clinical studies with a-GalCer have also
been performed in cancer patients and individuals
infected with hepatitis viruses. 2>

Variant NKT cells

While vNKT cells express more diverse TCRs than iNKT
cells, this population includes oligoclonal subsets, with
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preferential usage of Va3/Val-Jo7/Jo9 and V8.1/V3.1—
Jf2.7 chains in mice.?®? Like iNKT cells, most vNKT
cells express T-cell activation markers and NK cell recep-
tors such as NK1.1, and contain CD4" and CD4~ CD8~
subsets in mice, as well as a small CD8" subset in
humans.*** The tissue distribution of vNKT cells appears
similar to that of iNKT cells. Interestingly, however,
whereas VNKT cells are less prevalent than iNKT cells in
mice, this NKT cell subset is more prevalent in
humans.”**!

In sharp contrast with the bias of iNKT cells for a-ano-
meric glycolipids, vNKT cells preferentially recognize
B-linked glycolipids (Fig. 1b).**° Interestingly, a major
subset of vNKT cells was shown to react with sulphatide,
a self-glycolipid that is abundant in the myelin sheaths
that coat and insulate nerve fibres in the CNS.** The
sulphatide-reactive VNKT cells also reacted with other
self-lipids, including f-GlcCer and ﬁ—GalCer,33 as well as
with lysophospholipids such as lysophosphatidylcholine.”*
The TCRs of vNKT cells interact with CD1d—glycolipid
complexes in a perpendicular manner and predominantly
engage the ligand using the f-chain rather than the
a-chain.”

Like iNKT cells, vNKT cells develop in the thymus,
with a requirement for CD1d expression by haematopoi-
etic cells, as well as the adaptor protein SAP and the tran-
scription factor promyelocytic leukaemia zinc finger.*®
Variant NKT cells display innate effector functions and
can produce both Thl and Th2 cytokines.>*’ Variant
NKT cells have been implicated in protective immune
responses against autoimmunity, exacerbation of colitis
and obesity-associated insulin-resistance, protection
against graft-versus-host disease, and modulation of
immune responses against some infections.*** Curiously,
VNKT cells sometimes exhibit opposing functions to
iNKT cells.”” For example, vNKT cells suppress tumour
immunity whereas iNKT cells promote tumour immu-
nity. Another interesting feature of VNKT cells is that
they can regulate iNKT cells. For example, they can sup-
press the anti-tumour effects of iNKT cells.*®

Sulphatide has been shown to protect mice against sev-
eral autoimmune diseases, suppress anti-tumour immu-
nity, and ameliorate sepsis.***  Sulphatide and
lysophosphatidylcholine  also  suppress concanavalin
A-induced hepatitis mediated by iNKT cells.***

Tools and experimental models to study NKT cells

Because markers expressed by NKT cells are not uniquely
expressed by these cells, multimeric CD1d molecules
loaded with glycolipid antigens have been extensively
employed to identify these cells. CD1d/a-GalCer-tetra-
mers specifically identify iNKT cells,** whereas CD1d/sul-
phatide-tetramers interact with sulphatide-specific vNKT
cells.”® Whereas CD1d/a-GalCer-tetramers robustly stain

with iNKT cells, they also react with a small population
of o-GalCer-reactive NKT cells expressing canonical TCR
Va10-Jo50 rearrangements with unknown functions.*!
Such tetramers have also been employed for the positive
enrichment of iNKT cells in adoptive transfer studies,
with the potential caveat that tetramers may induce some
TCR signalling. Consistent with the relatively weak affin-
ity of sulphatide-reactive TCRs with sulphatide, CD1d/
sulphatide-tetramers react only rather weakly with sulpha-
tide-reactive VNKT, which has complicated studies with
these cells.”

Several experimental animal models of NKT cell defi-
ciency or over-representation have been employed to
analyse the functions of these cells. Initial studies were
often performed by comparing f,-microglobulin-deficient
mice with mice deficient in the transporter associated
with antigen processing (TAP) peptide transporter that
supplies peptides to classical MHC class I molecules.
Although both of these animals have defects in CD8" T
cells, the former mice, but not the latter, lack NKT cells.
Because these animals also have deficiencies in other
MHC class I and class I-related molecules, studies
obtained by comparing the immune responses of these
animals have been difficult to interpret. CD1d-deficient
animals**** lacking both iNKT and vNKT cells have
been extensively employed to study these cells, and mice
with a floxed CD1dl1 allele for tissue-specific or condi-
tional CD1d ablation studies are also available.*” Mice
that are selectively deficient in the Jo18 gene segment
have been employed as a model of selective iNKT cell
deficiency,*® although a more recent study has revealed
that these animals lack certain conventional TCR speci-
ficities,*” raising some concerns about interpreting data
obtained with these animals. Nevertheless, phenotypic
differences between CDI1d-deficient and Jo18-deficient
mice have often been interpreted as being mediated by
VNKT cells. Transgenic animals expressing the murine
invariant Va14-J218 TCR chain*® or the human Ve24-
Jul8 TCR chain®*>* have been employed as models of
iNKT cell enrichment, and transgenic mice over-express-
ing a murine VNKT cell TCR (this TCR does not react
with sulphatide) have been developed as well.”"

In additional to these tools, mice over-expressing mur-
ine CD1d molecules”™ and mice expressing a human
CDI1d allele®®™* have also been employed. Antibodies
directed against CD1d molecules in an attempt to block
interactions with NKT cell TCRs have been employed,
although some of these antibodies appear to activate
CD1d-expressing cells,”> complicating data interpretation.

NKT cells in MS

Multiple sclerosis is a chronic inflammatory disease that
causes demyelination of the neurons in the CNS, result-
ing in muscular weakness, loss of coordination, and
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speech and visual disturbances, ultimately leading
to paralysis. T lymphocytes, especially MHC class
II-restricted CD4" T cells that infiltrate the CNS, are
the primary mediators of MS." Activated T cells,
together with activated macrophages and microglia,
induce active lesions in the CNS, which causes demye-
lination of neurons.

Invariant NKT cells in MS

A few studies have shown that iNKT cells are decreased
in the peripheral blood of MS patients.”®*” Importantly,
the prevalence and function of iNKT cells was restored in
patients in remission due to treatment with IFN-p.”®
Another study analysed untreated patients in remission,
and found instead a further reduction in iNKT cells but
evidence for a Th2-bias in the cytokine profile of iNKT
cell lines established from these patients.”® A Th2 bias in
the cytokine profile of iNKT cells was also observed in
patients treated with oral corticosteroids, suggesting that
iNKT cells might exert immunoregulatory effects in MS
by producing Th2 cytokines.®

Variant NKT cells in MS

The finding that a main subset of murine vNKT cells is
specific to sulphatide,”* a major component of the myelin
sheath, raised the possibility that vNKT cells may contrib-
ute to MS. Sulphatide-reactive human CD1-restricted T
cells have been identified, but whether this includes
CDld-restricted NKT cells remains unclear.’’ Studies
regarding the status of VNKT cells in patients with MS
have not yet been reported.

NKT cells in EAE

The most common mouse model of MS is EAE, which
can be induced in multiple mouse strains by immuniza-
tion with myelin antigens in the context of a potent adju-
vant such as complete Freund’s adjuvant.’*®® Disease
induction is usually further facilitated by breaking the
blood-brain barrier with pertussis toxin. Several mouse
strains, particularly those with the H2° (e.g., SJL/]) or
H2" (e.g., PL/] and B10.PL) haplotypes, are most suscep-
tible to EAE. The disease is characterized by multiple
perivascular foci of mononuclear inflammation, leading
to ascending weakness and paralysis.®* In addition to
EAE, demyelinating disease with characteristics of MS can
by induced in mice by infection with Theiler’s murine
encephalitis virus.*> The disease observed in both of these
experimental models can be adoptively transferred to
naive animals by encephalitogenic T cells. Transgenic ani-
mals expressing TCRs derived from encephalitogenic T
cells have also been developed to study disease pathogen-
esis and treatment modalities.
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Invariant NKT cells in EAE

Studies with EAE-susceptible SJL/] mice showed that
these animals have defects in iINKT cell numbers and
functions,”> with the remaining cells exhibiting a Thl
cytokine production profile.® Defects in these animals
are owing to the absence of the V38 gene segment, which
is the preferred TCR-f# gene segment of murine iNKT
cells. These findings suggested that susceptibility of SJL/J
mice to EAE might somehow be linked to alterations in
the iNKT cell compartment, a possibility that remains to
be validated.

One study investigated the fate of iNKT cells in the
CNS of mice with EAE and found that numbers remain
unchanged as compared with naive animals.®”

The effects of CD1d- and Jx18-deficiency on the devel-
opment of EAE have been controversial, with some stud-
ies reporting disease amelioration,® no effect,®® or disease
exacerbation®® in Jo18-deficient mice, and no affect®”-%%7°
or disease exacerbation’' in CDI1d-deficient mice. The
potential role of iNKT cells was more directly addressed
by investigating Vo14-Ja18 transgenic mice, which were
partially protected against the development of EAE in the
non-obese diabetic (NOD) background.72 Protection from
EAE in the latter model was associated with infiltration of
iNKT cells into the CNS and suppression of encephalito-
genic Th1 and Th17 cell responses in the spleen.”” In the
Theiler’s murine encephalitis virus model, the absence of
iNKT cells in Jo18-deficient mice had no effect on disease
parameters in the C57BL/6 background.”* These divergent
findings might be the result of differences in the EAE
models, background strains, or genetically engineered ani-
mals employed, as well as differences in the microbiota of
the animal facilities where the studies were performed.
With regard to a possible role of the microbiota, one
study implicated iNKT cells in the effects of gut flora on
the development of EAE.”

Variant NKT cells in EAE

Sulphatide-reactive vVNKT cells are expanded several-fold
in the CNS of mice with EAE,”* suggesting that sulpha-
tide may function as a self-ligand to activate vNKT cells
during disease progression. Nevertheless, as discussed in
the previous section, different laboratories have reported
divergent effects of NKT-cell deficiency on the incidence
and progression of EAE, leaving questions regarding the
role of sulphatide-reactive VNKT cells in the progression
of EAE unanswered.

Modulation of EAE by lipid-activated NKT cells

Based on the immunomodulatory activities of NKT cells
and their potential role in the development of MS and
EAE, many studies have investigated the capacity of
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glycolipid antigens for either iNKT or vNKT cells to
influence EAE.

Effects of iNKT cell activation on EAE

Treatment with a-GalCer has different effects on EAE,
depending on the timing and dose of «-GalCer administra-
tion, and the genetic background of the animals
employed.” In C57BL/6 mice immunized with a peptide
derived from the myelin oligodendrocyte glycoprotein
(MOG), treatment with o-GalCer at the time of immuniza-
tion protected the animals against disease in a CDId-
dependent manner.*””%’® One study compared subcutane-
ous versus intraperitoneal ®-GalCer administration and
found that only subcutaneous administration effectively
protected against EAE in this model,®® although this was
not confirmed in a separate study.®””” One study further
reported that very high doses of a-GalCer (5 pg per ani-
mal) exacerbate rather than ameliorate EAE,”” which is
also discordant with some other studies.”””® In PL/J mice
immunized with myelin basic protein (MBP), a co-treat-
ment protocol similarly ameliorated disease.”’ However, in
B10.PL mice immunized with an MBP-derived peptide a
co-treatment protocol exacerbated disease whereas a pre-
treatment protocol protected against disease.”” Consistent
with the Thl bias in the cytokine production profile of
their iNKT cells, a-GalCer treatment exacerbated disease in
MBP-immunized SJL/J mice in a co-treatment protocol.””

With regard to the mechanisms by which o-GalCer-
activated iNKT cells modulate EAE, the published studies
consistently showed that disease protection was associated
with a shift towards enhanced Th2 and/or reduced Th1/
Th17 responses, whereas disease exacerbation had the
opposite effect on Th cell profiles.””””>’® These findings
suggested a role for a shift in the cytokine profile of anti-
gen-specific Th cells in the capacity of x-GalCer to modu-
late EAE. This possibility was consistent with the finding
that a combination treatment of o-GalCer with anti-
CD86 antibodies, which promotes Th2 cytokine produc-
tion in iINKT cells, was more effective than o-GalCer
treatment alone in protecting C57BL/6 mice against
MOG-induced EAE.”® Similarly, the «-GalCer variant
OCH, which induces a more Th2-biased cytokine produc-
tion profile in iNKT cells, was more effective than a-Gal-
Cer in protecting mice against EAE.** Similar findings
have been obtained for additional Th2-biasing «-GalCer
analogues.®’ Additional studies with cytokine-deficient
mice and cytokine neutralizing antibodies in MOG-
immunized C57BL/6 mice revealed a role not only for the
Th2 cytokines IL-4 and IL-10,577%%2 but also for the Thl
cytokine IFN-7.”77® While this finding was consistent
with a pathogenic role of Th17 cells in this EAE model, it
suggested that a shift in the cytokine profile of iNKT cells
might not be the domininant mechanism for the protec-
tive effects of these cells against EAE.

Additional mechanisms that might contribute to the
capacity of INKT cell antigens to protect against EAE
have been explored. These studies have largely focused
on myeloid lineage cells with immunosuppressive activi-
ties.*”*>#* One study showed that repeated treatment of
C57BL/6 mice with a-GalCer induced a regulatory phe-
notype in splenic DCs that depended on IL-10 produc-
tion by iNKT cells,**® and these DCs were able to
suppress EAE upon adoptive transfer.®> A potential role
of tolerogenic DCs in the immunomodulatory activities
of o-GalCer in EAE is consistent with previous findings
that «-GalCer similarly induces tolerogenic DCs in dia-
betes-prone NOD mice.*® Another study showed that
protection against EAE was associated with a reduction
in inflammatory monocytes and an increase in the pro-
portion of non-inflammatory M2 macrophages in the
CNS, in a manner that involved IL-4 production by
iNKT cells.”” Yet another study provided evidence for a
crucial role of myeloid-derived suppressor cells (MDSCs)
in EAE protection.*® The MDSCs are a heterogeneous
population of myeloid progenitor cells and immature
myeloid cells that regulate immune responses during
inflammation.®” These cells accumulate in various organs
in response to inflammatory conditions (e.g. strong adju-
vants) and have a strong capacity to suppress T-cell
responses in vitro and in vivo, a property that has been
exploited to prevent the generation of autoimmunity.
Under homeostatic conditions, these cells lack immuno-
suppressive properties and quickly differentiate into vari-
ous mature myeloid cells such as macrophages, DCs and
granulocytes. Only in pathological situations do these
cells expand vigorously, retain their immature
phenotype, and acquire immunosuppressive functions.
o-GalCer promoted a profound expansion of immuno-
suppressive MDSCs in the spleen of mice induced for
EAE.¥ Protection against disease in these animals also
correlated with an influx of immunosuppressive MDSCs
in the CNS. Induction of MDSCs involved granulocyte—
macrophage colony-stimulating factor, IL-4 and IFN-y
production by iNKT cells, and disease protection
involved IL-10 production by MDSCs. These findings are
therefore consistent with the previously identified role of
IFN-y in the protective effects of o-GalCer against
EAE.”””® Because MDSCs can give rise to mature mye-
loid cells, an appealing possibility is that the immuno-
suppressive DCs and M2 macrophages that accumulate
in response to o-GalCer treatment during EAE induction
are derived from splenic MDSCs.

Studies on a-GalCer treatment of autoimmune diseases
other than EAE might provide further insight into the
protective effects of iNKT cell activation in EAE.*>* In
particular, a study on diabetes in NOD mice®
another on experimental myasthenia gravis in C57BL/6
mice® has provided evidence for a role of Foxp3™ Treg

and

cells in disease protection afforded by o-GalCer.”” A
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Figure 2. Proposed model for the capacity of a-galactosylceramide (o-GalCer) and related invariant natural killer T (iNKT) cell antigens to pro-
tect mice against experimental autoimmune encephalomyelitis. o-GalCer-activated iNKT cells produce a variety of cytokines that can promote T
helper type 2 (Th2) deviation of autoreactive T-cell responses, Foxp3" regulatory T (Treg) cells, and immunosuppressive immature [e.g. myeloid-
derived suppressor cells (MDSCs)] and mature [e.g. dendritic cells (DCs), M2 macrophages] myeloid cells. Tolerogenic myeloid lineage cells may
also promote the induction of Treg cells. In turn, Th2 cells, Treg cells and suppressive myeloid cells suppress the generation and/or function of
pathogenic autoantigen-specific Thl, Th17 and cytotoxic T cells (CTL) in the central nervous system (CNS). GM-CSF, granulocyte-macrophage

colony-stimulating factor; [FN-y, interferon-y; IL-4, interleukin-4; TGF-f, transforming growth factor-f.

possible role for Treg cells in the protective effects of
iNKT cell antigens on EAE is therefore appealing. In this
context, iINKT cells produce cytokines such as IL-2 and
transforming growth factor-f5, which might directly con-
tribute to the induction of Treg cells. Additionaly, it has
been shown that MDSCs and other tolerogenic myeloid
lineage cells can promote the induction of Treg cells.””®!
Hence, activated iNKT cells might induce Treg cells either
directly or indirectly via tolerogenic myeloid cells. Collec-
tively, these findings suggest cooperative interactions

between iNKT cells, tolerogenic myeloid cells and Treg
cells in protecting mice against EAE and potentially other
autoimmune and inflammatory diseases. A proposed
model for the protective effects of a-GalCer and related
glycolipids against EAE is depicted in Fig. 2.

Effects of vNKT cell activation on EAE

A single dose of sulphatide injection before, at the time
of, or after EAE induction protected against MOG-

/->

VNKT

(. ()

J\,O

Tolerant
splenic DCs

Anergic/
regulatory

‘1

—*7-\’

D

Inactivated
CNS-resident
microglia

Figure 3. Proposed model for the capacity of sulphatide to protect mice against experimental autoimmune encephalomyelitis. Sulphatide-acti-
vated variant natural killer T (vNKT) cells induce an anergic or regulatory phenotype in invariant natural killer T (iNKT) cells and induce toler-
ance in splenic dendritic cells (DCs) as well as microglia in the central nervous system (CNS). In turn, these interactions suppress the generation
and/or function of pathogenic autoantigen-specific T helper type 1 (Th1), Th17 and cytotoxic T lymphocytes (CTL) in the CNS. Note that many
of the factors and interactions involved, and the locations where they take place, remain to be identified.
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induced disease in C57BL/6 mice in a CD1d-dependent
manner.’”> Hence, compared with a-GalCer, the protective
effects of sulphatide treatment on EAE appeared to be less
dependent on the timing of treatment relative to the time
of disease induction. A similar level of protection was
observed in a co-treatment protocol in BI10.PL mice
immunized with an MBP-derived peptide.”*> Sulphatide
(but not o-GalCer) also was able to reverse ongoing
relapsing—remitting EAE in SJL/] mice immunized with a
proteolipid protein peptide.”” This was associated with a
sharp reduction in the frequency of pathogenic Th1/Th17
responses.

Based on their previous findings that activation of sul-
phatide-reactive vNKT cells induces an anergic response in
iNKT cells of C57BL/6 mice,”® these investigators per-
formed experiments with iNKT cell-deficient Jo18 knock-
out mice, which revealed a surprising requirement for
iNKT cells in the sulphatide-mediated inhibition of EAE.*?
Additional studies revealed that sulphatide induced toler-
ance in peripheral DCs and CNS-resident microglia. Fur-
ther, these tolerized DCs isolated from sulphatide-treated
animals were able to protect naive animals against EAE
upon adoptive transfer. Hence, these findings revealed an
intricate immunoregulatory pathway involving interactions
between sulphatide-reactive vNKT cells, anergic iNKT cells
and tolerized DCs and microglia in suppressing EAE. A
proposed, albeit speculative, model for the suppressive
effects of sulphatide in EAE is shown in Fig. 3.

Conclusions and future perspectives

The ‘holy grail’ of MS treatment is to induce tolerance
against the target antigens and to restore immune
homeostasis, effectively curing the disease while leaving
the rest of the body’s immune defences intact. One
attractive approach to accomplish this goal is to target
the immunoregulatory components of the immune sys-
tem. NKT cells exhibit several appealing properties for
therapeutic targeting during MS. The NKT cell system is
highly conserved between mice and humans,”** so the
findings obtained in mice should be relevant to human
patients. Furthermore, because CD1 molecules are largely
non-polymorphic, NKT cell-based therapies lack some of
the limitations associated with therapies that target anti-
gen-specific conventional T lymphocytes. Clinical trials
with INKT cell agonists such as a-GalCer have shown a
favourable safety and tolerability profile,”»** with promis-
ing clinical benefit in some cancer patients.”> Finally, pre-
clinical studies in mice have shown that long-term treat-
ment with o-GalCer does not impair host immunity to
foreign antigens.”® These properties of NKT cells, together
with the pre-clinical studies performed in mice with EAE,
provide a strong foundation for the rational design of
novel immunotherapies for MS that induce tolerance
while sparing overall immune function. Nevertheless,

additional studies will need to be performed to under-
stand why «-GalCer (but not sulphatide) treatment can
have such divergent outcomes depending on the treat-
ment protocol employed, and to unravel the underlying
mechanisms of protection involved.
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