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1. ABSTRACT

CDld-restricted Natural Killer T cells (NKT
cells), a novel lymphocyte lineage, are considered to play
an intermediary role bridging innate and acquired
immunity. This review discusses the characteristics of NKT
cells and their biological significance in the immune
system, and summarizes their in vivo functions observed in
a number of pathological settings, including infectious
diseases, cancer, autoimmunity, and transplantation.
Further, we discuss recent data that have generated
considerable interest in utilizing NKT cells as targets of
new therapeutic interventions in various human diseases.

2. INTRODUCTION

CDId-restricted Natural Killer T cells (hereafter:
NKT cells) constitute a distinct lymphocyte subpopulation
with unique characteristics. NKT cells possess several
properties that distinguish them from classical MHC-
restricted T cells and that may be directly related to their
unique functions and significance in the immune system
(reviewed in ref. 1-4). A number of studies have indicated
that NKT cells are involved in various immune responses,
exhibiting both protective and regulatory functions. Also,
the modulation of NKT cells can lead to the amelioration of
several immune-related diseases. This article first gives an
outline of the properties of NKT cells compared to those of
classical MHC-restricted T cells and discusses their
biological significance (Section 3). Then, the in vivo

2577

functions of NKT cells are summarized and possible
therapeutic applications of NKT cells are discussed
(Section 4, 5).

3. PROPERTIES OF NKT CELLS

3.1. Invariant antigen receptor expression

NKT cells co-express a semi-invariant antigen
receptor and NK cell markers, such as NK1.1 (5, 6). The
antigen receptor expressed on mouse NKT cells is encoded
by invariant Va14-Ja281 gene segments and has a human
homologue, Va24-JaQ (5, 7). Both receptors recognize
glycolipid antigens presented by a monomorphic MHC-like
molecule, CD1d (8). These properties of NKT cells are
distinct from those of conventional T cells which recognize
diverse peptide antigens bound by polymorphic MHC
molecules.

The Voal4-Ja281 chain is used only by the
CD1d-restricted, glycolipid-reactive NKT cells, but not by
classical MHC-restricted T cells, despite the fact that the
Val4 and Ja281 genes are located in the T cell antigen
receptor gene cluster on the murine chromosome 14. In
fact, the deletion of the Ja281 gene resulted in the loss of
Val4 antigen receptor expression and caused a complete
failure of Val4-positive, glycolipid-reactive NKT cell
development while leaving other lymphoid lineages intact
(9). On the other hand, the development of conventional
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MHC-restricted T cells was impaired in Val4/VB8.2
transgenic mice after crossing with either Ca-deficient or
RAG-1-deficient mice (NKT mice) (10, 11). These
observations strongly suggest that the Va14/V[38.2 receptor
is indispensable for the generation of CDld-restricted,
glycolipid-reactive NKT cells.

3.2. Recognition of glycolipid antigen

The CD1d molecule is highly conserved among
mammalian species and has an MHC-like fold with two
large hydrophobic binding grooves that are adapted to
present nonpeptidic antigens (12-14). The ligand for NKT
cells was found to be a-galactosylceramide (o-GalCer), a
glycolipid composed of a hydrophilic carbohydrate moiety
with a a-linkage to the hydrophobic ceramide portion (11).
Functional analyses using various analogues of a-GalCer
revealed that the length of the ceramide carbon chains is
crucial; a reduction in the length of either the fatty acyl
chains or the sphingosine base reduces the ability of a-
GalCer to induce NKT cell proliferation (11). A structural
model of the docking of a-GalCer to CD1d shows that the
2”-OH and 3”-OH on the sugar moiety and the 3-OH and
the amide nitrogen on the ceramide portion are crucial for
stable binding (15). Both Arg79 and Asp80 on CD1d seem
to interact with the 2”-OH group, while both Asp80 and
Glu83 interact with the 3”-OH group of the carbohydrate
moiety. In addition, the amide nitrogen on the fatty acyl
chain and the 3-OH on the sphingosine seem to interact
with Aspl53 and Vall49, respectively. Interestingly,
nonfunctional glycolipids, such as B-GalCer, a-GalCer
lacking 3-OH on the sphingosine, or N-dipalmitoyl-L-o.-
phosphatidylethanolamine, can bind to CDId with an
affinity similar to that of the functional glycolipid (16).
Thus, CD1d appears to have an ability to bind a variety of
lipid-containing antigens regardless of their stimulatory
activities, but only o-GalCer and a-GluCer are able to
stimulate NKT cells. Obviously, a-GalCer seems not to be
an endogenous ligand for NKT cells, because a-
glycosphingolipids could not be detected in mammalians.
Nevertheless, a-GalCer might mimic self-antigens that are
recognized by NKT cells. a-GalCer has been extensively
used to study the in vivo functions of NKT cells in various
immune responses, as summarized in Section 4 of this
review.

3.3. Autoreactivity and rapid cytokine secretion

It has been well known for some time that NKT
cells can rapidly (within several hours) secrete large
amounts of cytokines upon ligand stimulation. Although
the precise molecular mechanism enabling this quick action
remains unclear, two recent studies point to a novel inter-
and intra-cellular machinery responsible for this unique
response of NKT cells (17, 18).

Accumulative evidence suggests that NKT cells
recognize an endogenous antigen in vivo, although no
endogenous ligand has been identified yet. In fact, freshly
isolated NKT cells express activated or memory
phenotypes (CD44"CD62L"°"CD69"), indicating the in vivo
autoreactivity of NKT cells (19). Moreover, NKT cells fail
to develop in CDl1d-deficient mice, suggesting that the
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recognition of self ligand/CD1d is essential for NKT cell
development in the thymus (20-22). These results indicate
NKT cells belong to the autoreactive repertoire and are
always activated in vivo. Recent findings reported by
Brenner and his colleagues (17) strongly support this notion
and also provide a novel concept for the mechanisms of
rapid cytokine production upon activation of NKT cells in
protective immunity. According to their data (17), NKT
cells are sub-optimally activated but show no functional
activities (i.e. cytokine production or proliferation), under
physiological condition. However, once NKT cells receive
IL-12 signals through toll-like receptors, they become
activated to produce cytokines, such as IFN-y. In fact, weak
responses of NKT cells to CD1d-presented self-antigens
are amplified by IL-12 produced by dendritic cells (DCs) in
response to microbial products sensed through Toll-like
receptors. Subsequently, NKT cells produce IFN-y by
which in turn activates both innate and adaptive immune
cells, such as NK cells and macrophages and pathogen-
specific Thl CD4 and cytotoxic CD8 T cells, respectively.
Therefore, pathogens or their products may not activate
NKT cells directly. These findings may explain the
mechanism of rapid activation of NKT cells in a variety of
microbial infections without specific foreign antigen
recognition.

In addition to autoreactivity, NKT cells seem to
use a unique transcriptional machinery to exert a quick
immune response. Stetson, et al. recently showed that NKT
cells maintain distinct patterns of constitutive cytokine
mRNAs (18). Unlike classical T cells, NKT cells activate
the induction of IFN-y and IL-4 transcription during thymic
development and populate the periphery with both cytokine
loci previously modified by histone acetylation. These data
indicate that NKT cells contain chromatin modifications at
cytokine genes in a manner that promotes access by
transcription factors. This induces the presence of abundant
cytokine mRNAs in NKT cells that, in turn, enable the
rapid secretion of cytokines upon activation. These lineage-
specific patterns of cytokine transcripts predate infection
and suggest an evolutionary selection for invariant but
distinct types of effector responses among the earliest
responding lymphocytes (18).

In any event, since mice lacking NKT cells are
unable to protect themselves from various infectious
diseases (see Section 4.1.1), NKT cells are deemed
essential for protective immunity. Moreover, the findings
by Brenner and his colleagues provide evidence for the
important functional role of self-ligands in the activation of
NKT cells and thus add to our understanding of NKT cells
as a “bridging system” between innate and acquired
immunity.

3.4. Anti-apoptotic nature

Quickly after the activation with a-GalCer, NKT
cells become undetectable when assessed by flow
cytometry with o-GalCer/CD1d tetramers or anti-NK1.1
antibody staining (23-27). This phenomenon had initially
been attributed to activation-induced cell death (23, 24)
mediated by up-regulated Fas-Fas ligand interaction (24).
However, recent studies have demonstrated that the
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activation of NKT cells induces down-regulation of the
invariant Va.14 antigen receptor, rather than apoptosis, and
thereafter causes a dramatic expansion of NKT cells all
while preserving their ability to produce cytokines (25-27).
The anti-apoptotic nature of NKT cells seems to be due to
the up-regulation of several anti-apoptotic genes, such as
the NAIP and MyD118 genes (27). Again, these are unique
characteristics of NKT cells that are not found in classical
MHC-restricted T cells. Such conventional T cells are
rather sensitive to activation-induced apoptosis and become
tolerant soon after down-regulation of their antigen
receptors.

It is now well documented that CD25'CD4"
regulatory T cells contribute to the maintenance of self or
non-self tolerance (28). Interestingly, CD25'CD4"
regulatory T (T,,) cells are also reported to be relatively
resistant to activation-induced apoptosis (29). This anti-
apoptotic behavior of Ty, cells is accompanied by the up-
regulation of several genes related to anti-apoptosis and cell
survival. These genes include Fas-associated phosphatase
1, mitogen-activated protein kinase phosphatase 1, and
members of the tumor necrosis factor receptor (TNFR)-
nerve growth factor receptor superfamily, such as TNFR2,
0X40, 4-1BB, and glucocorticoid-induced TNFR family-
related genes (30). Furthermore, it is worthwhile to note
that Ty, cells are also autoreactive (31, 32). It is possible
that the anti-apoptotic properties and autoreactivity found
in both NKT and T, cells are related to the regulatory
function of these lymphocyte sub-populations and, in fact,
constitute a general feature of regulatory cells. Further
investigation of these properties may thus offer new clues
for the understanding of the functions and homeostasis of
NKT cells and T., cells, and more generally, the
phenomenon of immunoregulation.

4. IN VIVO FUNCTIONS OF NKT CELLS

The function and importance of NKT cells in
various diseases has been extensively examined over the
past few years—not only in mouse models but also in
humans. As mentioned above, NKT cells interact with both
the innate and the acquired immune systems. NKT cells
exhibit both protective and regulatory roles in the immune
system, and our discussion below follows this
classification.

4.1. Protective role
4.1.1. Bacterial and fungal infections

In several bacterial and fungal infection models,
it has been demonstrated that NKT cells are indispensable
to eliminate the pathogens and contribute to the survival of
the hosts. Recently, Kawakami et al. designed a model to
elucidate the role of NKT cells in the host defense against
pulmonary infection with Streptococcus pneumoniae (33).
In NKT cell-deficient mice, pneumococcal infection was
severely exacerbated, as shown by the shorter survival time
and marked increase of live bacteria in the lung compared
to wild-type mice. The proportion of NKT cells, detected
by a-GalCer-loaded CD1d tetramer, increased in the lung
after S. pneumoniae infection. This increase was
significantly reduced in mice with a genetic disruption of

2579

monocyte chemotactic protein (MCP)-1, which was
produced in the early phase of infection in wild-type mice.
In NKT cell-deficient mice, the number of neutrophils as
well as macrophage inflammatory protein (MIP)-2 and
TNF-a synthesis in the lungs was significantly lower than
in wild-type mice. In addition, treatment of mice with o-
GalCer significantly improved the outcome of this
infection. Similarly, in a murine pneumonia model
established by intranasal application of Pseudomonas
aeruginosa, CDIld-deficient mice showed markedly
reduced pulmonary eradication of P. aeruginosa compared
with wild-type mice. This was associated with significantly
lower amounts of MIP-2 and reduced number of
neutrophils within the bronchoalveolar lavage fluid (34).
Also, treatment of mice with o-GalCer increased the
amount of IFN-y; this was associated with rapid pulmonary
clearance through enhanced phagocytosis of P. aeruginosa
by alveolar macrophages. These results reveal a crucial role
played by CD1d-restricted, a-GalCer-reactive NKT cells in
regulating antimicrobial immune functions.

Unlike the specific recognition of mycobacterial
cell-wall antigens that are presented by human CD1b and
CDI1c molecules (35), CD1d-mediated responses are not
crucial for the resistance to Mycobacterium tuberculosis
(36, 37). Despite this fact, Vau14 NKT cells are required for
the formation of granulomatous lesions after the injection
of deproteinated bacterial cell walls (mycobacterial
oligomannosylated GPI, particularly PIMs) (38). This
granuloma formation is an early immune response of the
host during tuberculosis infection that is thought to
contribute to the prevention of tuberculosis bacilli
dissemination. The recruitment of NKT cells to granulomas
is independent of CD1d, and does not require recognition
of cognate antigen by the invariant Va14 antigen receptor,
because it can occur even when NKT cells are adoptively
transferred to CD1d-deficient mice (39).

Cryptococcus neoformance is a ubiquitous fungal
pathogen that causes granulomatous lesions in the lung and
disseminates to the central nervous system, frequently
leading to lethal meningoencephalitis, particularly in AIDS
patients. IFN-y produced by NKT cells critically controls
the Th1-dependent host defense against this pathogen (40).
In particular, NKT cell numbers were not increased in the
lungs of MCP-1-deficient mice by Cryptococcus infection
(unlike wild-type mice), suggesting that infection causes
MCP-1 production followed by the recruitment of NKT
cells. Also, elimination of this fungal pathogen was
drastically delayed in NKT cell-deficient mice, due to the
limited IFN-y production and the failure to induce
protective responses (41).

4.1.2. Parasitic infections

a-GalCer-activated NKT cells have potent anti-
malaria activity, inhibiting the development of intrahepatic
stages of the rodent malaria parasites Plasmodium yoelii
and Plasmodium berghei. NKT cell-deficient, CD1d-
deficient, and IFN-y-deficient mice failed to show a-
GalCer-mediated protection against malaria infection (42).
This anti-malaria activity can be elicited in the absence of
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NK, B and T cells, suggesting that NKT cells serve as
effector cells to control parasite replication in the liver.
Most recently, it was shown that NKT cells not only exert a
direct inhibitory activity against the liver stage of malaria
but also play a role in enhancing memory responses elicited
by malaria vaccines, including irradiated sporozoites and a
recombinant circumsporozoite protein (43). The increased
protective immunity is due to the increased level of
malaria-specific CD8" T cell responses by o-GalCer-
activated NKT cells. The effect of a-GalCer was abolished
in mice lacking CDI1d, IFN-y receptor or NKT cells,
indicating that IFN-y produced by NKT cells mediates the
adjuvant activity of a-GalCer. Similar enhancing effects of
activated NKT cells on antigen-specific CD8" effector T
cell function have also been reported in other settings such
as tumor rejection (44, 45).

4.1.3. Viral infections

It is well known that IFN-y and IFN-o, inhibit
hepatitis B virus (HBV) replication. Interestingly,
intrahepatic Val4 NKT cells were activated to produce
IFN-y and IFN-o/B within 24 hrs and inhibited HBV
replication when administered with a-GalCer into HBV
transgenic mice (46). Since the antiviral activity by o-
GalCer was abolished in mice deficient for either IFN-y- or
IFN-ofreceptor, most of the antiviral activity was
apparently mediated by these cytokines derived from NKT
cells. However, another CD1d-reactive population which
does not express an invariant Vol4 and recognize o-
GalCer was indicated to be required in the anti-HBV
response (47). In addition to virus elimination, the
activation of intrahepatic NKT cells is also involved in the
liver injury. In concanavalin A-induced hepatitis, NKT
cells appear to be essential, because NKT cell-deficient
mice do not develop the hepatocyte injury (48). Both
perforin and FasL produced by NKT cells are required as
effector mechanism (48). This is similar to the cytotoxic
mechanism of HBV-specific CTL, in which both signaling
pathways must be activated simultaneously in order to kill
the hepatocytes in vivo (49).

Similarly, NKT cells seem to be required for
virus elimination in in herpes simplex virus infection (50),
but not in cytomegalovirus infection (51). But, even in the
latter case, a-GalCer injections contributed to the reduction
of viral replication in visceral organs (51). In this context, it
should be noteworthy that human CD4"Va24 NKT cell
express CCRS and CXCR6 (HIV coreceptors), and are thus
more susceptible to HIV infection than conventional CD4"
T cells (52). Selective loss of CD4"Va24 NKT cells in
HIV-infected individuals has been reported (52, 53).

4.1.4. Tumor defense

Many reports support the hypothesis that
treatment with o-GalCer is beneficial to the prevention of
the growth and metastasis of certain tumors in mice
(reviewed in ref. 54). This effect occurs at least in part
through NK-like direct cytotoxic action of NKT cells on
tumor cells, because Val4VP8 transgenic mice but not
NKT cell-deficient mice were protected against
experimental liver metastasis of melanoma upon
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stimulation with a-GalCer in vivo (11). However, NK and
CD8" T cells also contribute to the cytotoxic effector
mechanisms as a secondary effect of IFN-yproduced by
activated NKT cells (45, 55). The anti-tumor immune
response elicited by a-GalCer can be enhanced when
administered as a-GalCer-pulsed DCs rather than by direct
injection (56, 57). These observations suggest the
possibility that a-GalCer-pulsed DCs might constitute an
effective new tool in cancer immunotherapy and clinical
studies in humans are now in progress in several centers
around the world. Since 2002, and after confirming that the
functions of DCs and Va24 NKT cells in lung caner
patients are preserved (58), we have undertaken a Phase I
clinical trial to examine the safety of a-GalCe/DC therapy
for unresectable lung cancer at Chiba University (Chiba,
Japan). To date, no serious, undesirable effects have been
observed and we plan to progress towards Phase II/III
clinical tests in the near future.

NKT cells also play a decisive
immunosurveillance role in methylcholanthrene-induced
fibrosarcoma development (59, 60). This effect depends on
CD1d recognition and requires the additional involvement
of both NK and CD8" T cells. IFN-y production by both
NKT cells and downstream, non-Val4 NKT cells, was
essential for protection, and perforin production by effector
cells was also found to be critical. These studies
demonstrated that, in addition to their importance in tumor
immunotherapy induced by IL-12 or a-GalCer, NKT cells
can play a critical role in physiological tumor
immunosurveillance, at least against methylcholanthrene-
induced sarcomas, in the absence of exogenous stimulation.
In this tumor immunosurveillance system, it is an important
issue to determine whether NKT cells react with some
glycolipid antigens derived from the tumor cells themselves
or else are activated through signals such as IL-12 derived
from DCs as observed in microbial infection (see Section
3.3 and ref. 17).

4.2. Regulatory role

It has been also indicated that NKT cells can
exert immuno-regulatory functions in the models such as
autoimmune diseases or transplantation. The molecular
mechanisms behind these regulatory functions are not yet
fully understood, but the potent cytokine production by
NKT cells seems to be important. Furthermore, recent data
indicated that NKT cells also contribute to generating
regulatory DCs.

4.2.1. Regulatory interaction between NKT cells and
DCs

It has been postulated that the immune-regulatory
functions of NKT cells are, at least in part, linked to the
generation of regulatory DCs (61). Naumov et al. have
reported that treatment of NOD mice with repeated
injection by a-GalCer induced an accumulation of CD8a
DCs in pancreatic lymph nodes, and inhibited disease
development (62). These results suggest that the interaction
between NKT cells and DCs is operated in the regulatory
responses mediated by NKT cells. In fact, a single injection
of a-GalCer into NOD mice induced rapid maturation of
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DCs, manifested by up-regulation of co-stimulatory
molecules and proinflammatory cytokine production. By
contrast, DCs derived from mice after several injections of
o-GalCer showed a non-maturated phenotype and up-
regulation of the production of IL-10—a regulatory
cytokines. These data suggest a novel mechanism by which
NKT cells regulate the immune system through the
generation of regulatory DCs (Kojo, et al. unpublished).

4.2.2. Autoimmunity

Since many autoimmune  diseases are
characterized by polarized T-helper cell responses that can
be affected by NKT cells, a role for NKT cells in the
regulation of autoimmune diseases has been proposed. In
fact, the selective reduction in Va24/VB11" NKT cell
numbers has been shown in human patients with various
autoimmune diseases, such as systemic sclerosis (63), SLE
(64), theumatoid arthritis (64), type 1 diabetes (65-67), and
multiple sclerosis (68). Similar findings were also observed
in autoimmune prone MRL/Ipr or NZB/NZW F1 mice (69,
70).

4.2.3. Type 1 Diabetes

The strongest evidence in support of a role for
NKT cells in the regulation of autoimmune disease is
provided by studies of type 1 diabetes. NOD mice develop
spontaneous autoimmune Type 1 diabetes as a result of
Thl-mediated destruction of pancreatic islet cells. Several
studies have shown a defect in the number and function of
NKT cells in NOD mice, and it is suggested that the disease
could be ameliorated by the transfer of cell populations that
are enriched for NKT cells (71-73). Besides the reduced
number of Val4 NKT cells, abnormal Th2 cytokine
production seems to be associated with disease
development. In fact, protection against diabetes
development correlated with recovered production of Th2
cytokines, such as IL-4 and IL-10 (73). Furthermore,
treatment of NOD mice with the Thl cytokine IL-12 or
anti-Th2 cytokine monoclonal antibodies (mAb), such as
anti-IL-4, abolished protective effects by NKT cells (74).
These results indicate that diabetes development is tightly
associated with the defect in Th2 polarization, while
disease protection is accompanied by recovery of Th2
cytokine production. Also, the crossing of NOD mice to
CD1d-deficient mice caused earlier onset and increased
frequency of the disease (75, 76), further confirming the
correlation between typel diabetes and Va14 NKT cells.

Activation of NKT cells with a-GalCer
ameliorates the disease in NOD mice (62, 75, 77, 78). The
prevention of autoimmune diabetes development in NOD
mice has been correlated with the ability of a-GalCer to
enhance Th2 cytokines (IL-4/IL-10) and suppress IFN-y
production, resulting in islet specific protective Th2 cell
generation. However, it has been also indicated that
recruitment of tolerogenic myeloid DCs to pancreatic
lymph nodes, rather than the Th1/Th2 cytokine imbalance,
is important for the protection as described above (62).
Furthermore, Beaudoin et al. recently reported evidence for
NKT cell-mediated regulation using a model of NKT cell
transfer into T cell-deficient (Ca-deficient) NOD mice with
injection of islet-specific BDC2.5 T cells (79). The
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transferred Va14 NKT cells inhibited the differentiation of
BDC2.5 T cells into IFN-y producers by preventing their
late expansion and proliferation. Therefore, in addition to
the Th2 deviation, NKT cells may exhibit regulatory
functions by inducing a kind of tolerogenic DCs, and by
inducing anergy in effector T cells.

Numerical and functional abnormalities similar to
those found in NKT cells were also found in patients with
type 1 diabetes (65, 67). However, one controversial study
also indicated that there was a broad range in the frequency
of Va24 NKT cells present in the blood, with no significant
difference between controls and patients (80). It was argued
that this discrepancy might be attributed to different
methods to detect “NKT cells”; earlier works used a
combination of  anti-CD3/Va24/VB11  monoclonal
antibodies whereas more recent studies typically use a-
GalCer-loaded CD1d tetramers. Furthermore, differences in
patient populations, including race and age, may have been
responsible for the discordant results. Considering the
important role of NKT cells in type 1 diabetes, further
studies with larger patient groups are needed.

4.2.4. Multiple sclerosis and experimental allergic
encephalitis (EAE)

Multiple sclerosis is a chronic inflammatory
disease of the central nervous system in humans. A
decrease in Va24 mRNA in the peripheral blood of patients
suffering from multiple sclerosis has been demonstrated
(68). Also, a Va24 NKT cell line from multiple sclerosis
patients in the remission stage showed a Th2 cytokine bias
when compared to that from relapsed patients (81). These
results suggested a regulatory role of Va24 NKT cells in
this disease. Murine NKT cells also correlate with the
pathogenesis of EAE, a murine model of multiple sclerosis,
that is well documented by the results obtained from
treatment of EAE with a-GalCer or its analogue, OCH (82-
84). Similar to the NOD model of diabetes, when o-GalCer
was effective it usually prevented EAE by shifting the
balance from a pathogenic Thl towards a protective Th2
response to CNS antigens. However, in a recent study it
was demonstrated that Val4 NKT cell protection from
EAE was conversely mediated by IFN-y, but not IL-4, and
in turn, suppressed Thl-cytokine production and fostered
secretion of IL-10 from myelin oligodendrocyte
glycoprotein-specific T cells (85). This study also showed
that the route of administration of a-GalCer is critical for
eliciting regulatory function.

4.2.5. Transplantation and other immuno-regulatory
functions

The regulatory activity of NKT cells seems to be
implicated in the induction or maintenance of immune
tolerance. We and others have tested whether NKT cells
played an important role in the induction of allo- or xeno-
graft acceptance. By using a murine cardiac allograft model
where costimulatory molecules are blocked, we
demonstrated that NKT cells are required in the induction
of allograft tolerance in vivo (86). Similarly, the
involvement of NKT cells in transplant tolerance was
demonstrated in xenogenic pancreatic islet transplantation



NKT cell function

combined with the administration of anti-CD4 monoclonal
antibody (87). In these two reports, the adoptive transfer of
NKT cells restored the long-term acceptance of allo- and
xeno-grafts in NKT cell-deficient mice. In both cases,
however, the straightforward involvement of Th2 cytokines
could not be identified, and the treatment of cardiac
transplant hosts with a-GalCer failed to prolong graft
survival (unpublished data). This could be due to
differences in the models used, which induce different
levels of immune response, and may indicate a general
difficulty to overcome the allogenic barrier. Sonoda et al.
reported that CD1d-reactive NKT cells were essential for
allogenic corneal graft survival (88). Moreover, the
presence of allospecific T regulatory cells (probably CD8"
cells, ref. 89) correlated well with the acceptance of
allogenic corneal grafts, and the adoptive transfer of these
cells to Ja2817 mice lead to an improved survival rate. The
authors concluded that CDld-reactive NKT cells are
required for the induction of allospecific T regulatory cells
and are thus essential for the survival of corneal allografts
(88).

In a model of immune privilege in the eye,
known as anterior chamber-associated immune deviation
(ACAID), the involvement of NKT cells was also
demonstrated (90). Tolerance was evident by a deficiency
in the antigen-specific delayed-type hypersensitivity
response at peripheral sites. The mechanism of immune
deviation involves IL-10 produced by CD1d-reactive NKT
cells as well as non-CD1d-restricted T cells with regulatory
functions (91).

Down-regulation of immunity by NKT cells was
also demonstrated in a model of tumor recurrence (92, 93).
CTL-mediated tumor immunosurveillance of the 15-12RM
tumor could be suppressed by CDIld-restricted
lymphocytes, most likely NKT cells, which produced I1L-13
through the IL-4a-STAT6 signaling pathway, although this
negative regulation was found to be independent of IL-4. It
was demonstrated that TGF-B production by CD11b"Gr-1"
cells, a mechanism that in turn is dependent on IL-13
produced by CDld-restricted T cells, was responsible for
this negative regulation. Blocking TGF-$ or depleting Gr-
1" cells in vivo prevented the tumor recurrence. These data
indicate that there is an immunoregulatory circuit
repressing tumor immunosurveillance in which CDI1d-
restricted NKT cells are involved. Further verification
whether this mechanism is activated not only in a tumor
system but also in other cases may contribute to a better
understanding of the in vivo regulatory function of NKT
cells.

5. PERSPECTIVES

Great progress has been made in recent years
towards the elucidation of the basic immunobiology of
Va4 and Va24 NKT cells and the NKT cell/CD1d system
is now well established as a new immunological system
based on glycolipid-recognition and with the capability to
regulate the entire spectrum of immune responses. From a
therapeutic point of view, the possibility of preventing
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disease development through the manipulation of Voa24
NKT cell functions with o-GalCer is of particular interest.
The NKT cell/CD1d system is physiologically conserved
among mammals and both human and mouse CD1d can
bind a-GalCer and form complexes that can stimulate NKT
cells from either species (94, 95). Therefore, some of the
studies in rodents described above may have direct
implications for clinical applications in humans. Clinical
trials with a-GalCer to treat human cancers are well under
way (96), but no clear data on efficacy are as yet available.
A potential problem with the therapeutic application of
NKT cells relates to the relatively small number of NKT
cells in humans. But, while humans have fewer NKT cells
than mice, it has been reported that human NKT cells can
be expanded with cytokines such as IL-7 and IL-15 (97).
But, while such approaches may solve the quantitative
problem, we must realize that there is no assurance that
increasing the number of NKT cells alone will prove
therapeutically effective—qualitative modulations may also
be needed. In the near future, more detailed investigations
of the cellular and molecular mechanisms governing the in
vivo functions of NKT cells will contribute to resolving the
problems encountered with present therapeutic approaches
using NKT cells and help establishing new therapeutic
strategies for various human diseases, including cancer,
infections, autoimmunity, transplant rejection, and allergic
disorders.
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