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cells. We showed several lines of evidence supporting this
idea [21]. First, 0-GC treatment inhibited EAE induced in
IFN-y knockout mice. Secondly, a-GC treatment augmented
the clinical sings of EAE induced in IL-4 knockout mice.
Thirdly, blockade of CD86 polarized NKT cells toward a
Th2-like phenotype with concomitant suppression of EAE,
and activation of APCs by treatment with stimulatory anti-
CD40 mAb biased them towards a Thl-like phenotype and
exacerbated EAE. As such, EAE could be prevented when
ligand stimulation would lead to selective production of Th2
cytokines by NKT cells in vivo. Thus we synthesized several
analogs of a-GC and found that a sphingosine-truncated
analog, OCH, induced selective IL-4 production by NKT
cells (Fig. (3)). As expected, administration of OCH pre-
vented development of EAE in both clinical and pathological
parameters. The inhibitory effect of OCH was not observed
for EAE induced either in NKT cell deficient or IL-4 knock-
out mice, confirming that [L-4 produced by NKT cells is
critical for OCH-mediated suppression on EAE [22].

By contrast, two more reports have shown that o-GC
protects mice against EAE when delivered in the immuniza-
tion protocol (MOGss.ss and complete Freund’s adjuvant
[CFA]) with subsequent multiple intraperitoneal injection or
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by using a single injection at the day of induction of EAE
[23,24]. More recently, Furlan R ef al. showed that EAE was
suppressed only when a-GC was administered at the time of
immunization subcutaneously mixed with CFA but not ad-
ministered intraperitoneally [25]. Although it is not clear the
difference among these studies, the role of NKT cells in the
pathogenesis or prevention of autoimmunity in CNS may
depend on the stage of disease and the associated cytokine
milieu, the timing or the route of administration. These pa-
rameters are critical to modulate diseases.

In addition to B6 mice, SJL mice are highly susceptible
to EAE and EAE induced by immunization with proteolipid
protein derived peptides PLP 30.15, is used as a remitting-
relapsing MS model. In the context of NKT cells, SJIL mice
have been reported to be markedly diminished in number
and cytokine production upon activation [26]. Singh AK et
al. reported that SJIL mice responded poorly to treatment
with a-GC [24]. When SIL mice were treated with a—GC,
the morbidity and mortality were exacerbated although the
onset of disease was delayed. By contrast, a multiple injec-
tion of OCH protected SIL mice against EAE (Miyake S and
Yamamura T, unpublished observation). Furthermore, OCH
protected SJL mice against the relapse of EAE, suggesting

Th1i-mediated autoimmune diseases
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Fig. (3). Modulation of NKT cell cytokine production by an altered ligand or by co-stimuiator blockade. 1) a-GC stimulates NKT cells to
produce both anti-inflammatory (e.g. IL-4 and IL-10) and pro-inflammatory (e.g. IFN-y) factors. This response can be modified by 2) stimu-
lation with an altered ligand such as OCH or 3) stimulation in the absence of CD28/B7.2 co-stimulation. These modifications are potentially
imporiant therapeutic approach to suppress Thi-mediated autoimmune diseases.
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that OCH holds possibilities as a therapeutic agent to prevent
relapses for MS.

Glycolipid Therapy for Collagen-induced Arthritis

RA is an autoimmune disease characterized by persistent
inflammation of joints resulting progressive destruction of
cartilage and bone. Although its precise etiology is not
clearly understood, cumulative evidence suggests that Thl
cells exacerbate disease, whereas Th2 cells suppress arthritis
[27]. Given that NKT stimulation with OCH suppressed
Thl-mediated diseases such as EAE, OCH might be an ef-
fective therapeutic reagent for CIA which serves as an ani-
mal model for RA. We have demonstrated that OCH admini-
stration inhibited the clinical course of CIA induced in B6
mice by immunization with the chicken type Il collagen
[28]. Histological analysis revealed that OCH treatment
protected against infiltration of inflammatory cells and de-
struction of cartilage and bone. The suppressive effect of
OCH was not observed for CIA induced either in CD1d
knockout mice or in Ja18 knockout mice deficient in NKT
cells. We also observed OCH suppressed CIA induced in
DBA/1J mice immunized with bovine type II collagen.
Moreover, injection of OCH strongly suppressed CIA in SIL
mice even though these mice have defects in numbers and
functions of NXT cells, and even after the arthritis had al-
ready developed. By contrast, administration of ¢-GC didn’t
suppress arthritis in any of these three models. Suppression
of arthritis was associated with the elevation of 1gG1:1gG2a
ratio indicating the Th2 bias of type II collagen-reactive T
cells. Injection of neutralizing antibody to either IL-10 or IL-
4 reversed the beneficial effect of OCH treatment. These
results imply that 1L-10 and IL-4 are critical in the OCH-
mediated suppression of CIA and are consistent with our
idea that OCH modulated CIA by stimulating the production
of Th2 cytokines from NKT cells although the source of IL-
10 remains to be elucidated. Since OCH seems a potential
therapeutical tool to suppress arthritis, the role of NKT cells
in the natural course of arthritis should be clarified in the
future.

Glycolipid Therapy for Autoimmune Diabetes in NOD
Mice

Nonobese diabetic (NOD) mice develop a spontaneous
autoimmune diabetes similar to the human T1D. Autoim-
mune destruction of B cells is preceded by infiltration of

pancreatic islets by macrophages, B cells and T lymphocytes -

[29,30]. Many studies have indicated that Thl type CD4"
cells and CD8" T cells have been implicated in the develop-
ment of diabetes in the NOD mouse. In parallel with these
effector cells, the regulatory cells including NKT cells have
been suggested to inhibit the development of diabetes. Al-
though the mechanisms of suppressive effect of these regu-
latory T cells are not fully understood, it is believed that an
imbalance between autoreactive effector T cells and regula-
tory T cells may trigger the development of destructive insu-
litis and diabetes [28].

Studies have indicated that NOD mice were deficient in
the number and function of NKT cells [31]. Although the
correlation between a defect in NKT cells and the suscepti-
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bility of diabetes in NOD mice is still debated [3,32,33], the
putative involvement of NKT cells in the control of islet p-
cell reactive T cells in NOD mice was suggested by preven-
tion of diabetes following infusion of NKT cell enriched
thymocytes preparations [34] and by the increase of NKT
cells in Va14Ja281 transgenic NOD mice [35].

Several recent papers investigated the effect of treating
NOD mice with a-GC [33,35-38]. When started around
three or four weeks of age, repeated injections at least once a
week delayed the onset and reduced the incidence of diabe-
tes. After treatment, splenocytes from NOD mice produced a
greater amount of IL-4 in response to islet antigens and the

1gG1l/IgG2a (Th2/Thl) ratio of anti-GAD antibody in-

creased. Thus it appears that the mechanism of protection is
similar to that observed by increasing the numbers of NKT
cells in NOD mice and by a—GC treatment in other autoim-
mune disease models such as EAE and CIA. This effect was
auto-antigen specific as no difference was observed in the
immune response to ovalbumin {36]. However, the mecha-
nism in which glycolipid treatment induces an auto-antigen
specific switch in the immune response of NOD mice is un-
clear. We also observed the protective effect of OCH treat-
ment in NOD diabetic mice in addition to a-GC treatment.
The protective effect for insulitis by OCH was more pro-
found compared to that by a-GC [56].

GLYCOLIPID THERAPY FOR MOUSE MODELS OF
SYSTEMIC LUPUS ERYTHEMATOSUS

1t has been reported that a selective reduction in NK1.17
T cells precedes the development of autoimmunity in MLR
Ipr/lpr mice. Mieza MA et al. also found a decrease in the
expression of invariant Val4 TCR mRNA of NKT cells
before the onset of lymphocyte accumulation and autoim-
mune disease in MRL Ipr/lpr mice, C3H gld/gld and NB/W
F1 mice when compared to control mice [39]. Recently,
Zeng D et al. demonstrated that treatment of NZB/W FI
mice with anti-CD1d monocional antibody augmented Th2-
type responses, increased serum levels of IgE, decreased
levels of [gG2a and IgG2a anti-double-stranded DNA
(dsDNA) antibodies, and ameliorated lupus [40]. They also
showed that multiple injection of o-GC induced an enhanced
Thl-type response and exacerbated lupus associated with
decreased serum levels of IgE and increased levels of 1gG2a
and I1gG2a anti-ds DNA antibodies. This exacerbation of
disease was associated with reduced 1L-4 and tumor necrotic
factor-ot production and expansion of marginal zone B cells.
These results suggested that activation of NKT cells aug-
mented Thl-type responses and autoantibody production that
contribute to Jupus development in NZB/W F1 mice. In
contrast, Yang JQ et al. reported that pristine-induced lupus
nephritis was accelerated when induced in CD1d deficient
mice [41]. They also demonstrated that repeated injection of
0-GC resulted in the expansion of NKT cells and amelio-
rated dermatitis in MRL Ipr/lpr mice [42]. Thus they postu-
lated that NKT cells may play a protective role in lupus
models. Since lupus models are not simply explained by
only Thi-mediated or Th2-mediated pathology, the com-
plexity of these models may explain the differences in results
in these studies,
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NKT Cells in Human Autoimmune Diseases
Multiple Sclerosis

MS is an autoimmune demyelinating disease of the CNS.
llles Z et al. reported a reduction in Vo24Ja18 cells among
Va24" cells from the peripheral blood of patients with MS
compared to healthy subjects using single-strand conforma-
tion polymorphism method to detect TCR gene rearrange-
ments [43]. Van der Vliet et al. showed a decrease in the
number of NKT cells by screening of Voi24"VB117 cells in
the blood [44]. Araki M et al. demonstrated that DN NKT
cells in the periphery were greatly reduced in remission
whereas the reduction of CD4™ NKT cells was marginal [45].
Furthermore CD4" NKT line cells expanded from MS in
remission produced a larger amount of IL-4 than those from
healthy subjects or from MS in relapse. Therefore, we
speculated that the Th2 bias of CD4™ NKT cells may play a
role in the regulation of Thl type autoantigen reactive T
cells. In contrast, Gausilng et a/. did not find a significant
difference in the number of DN V24" NKT cells in PBL
between from MS patients and from healthy controls [46].
The basis for the discrepancy between the number of NKT
cells among these studies is not clear. Considering that the
proportion of Vo24Jau18 T cells in normal individuals varies
among studies, it may not be easy to compare these studies.

Type I Diabetes

Studies of the frequency of human NKT cells in PBMCs
in patients with T1D have had conflicting results. In initial
studies, Wilson B et al. studied identical twin/triplet sets
discordant for disease, and reported that diabetic siblings
have lower frequencies of DN Va24Jal8 T cells in their
peripheral blood than non-diabetic siblings [47]. In addition,
Kukreja AG et al. showed a reduction in the number of NKT
cells in newly diagnosed patients [48]. However, more re-
cent papers reported unaltered or increased NKT cells in
recent-onset patients with type I diabetes [49,50]. Wilson B
et al. also showed that DN Vo24Jal8 T cell clones isolated
from diabetics had an impaired ability to produce 1L-4 [47].
In contrast, Lee PT et al. reported IL-4 production by NKT
cells was similar among these groups as assessed by intra-
cytoplasmic staining following short-term PMA and iono-
mycin stimulation [49]. At this stage, it is hard to interpret
the discrepancies between these results, since the methods
for detecting NKT cells and the functional assays used differ
between these studies.

Systemic Autoimmune Disease

Sumida and colleagues found that aff+ DN T cells were
increased in Scleroderma patients and that there was oligo-
clonal expansion of Vo24"TCR" cell among these cells [51].
Although the invariant Va24Jal8 T cells were dominant
among these cells from healthy donors, invariant Vo24Jol8
T cells were replaced by clones with other Vai24 TCR cells
in Scleroderma patients. In addition, Maeda et al. have re-
ported the expansion of non-invariant Va24 TCR" cells but
not Vo24Ja18 T cells in the synovium of RA patients [52].
Similar to this study, these authors observed the expansion
of non-invariant V24 TCR™ clones in patients with active
SLE [53, 54]. Furthermore, following predonisolone therapy,
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V2418 T cells increased among Vo24 TCR cells. The
recovery of Vo24Jal8 T cells in patients with predonisolone
therapy was also observed among patients with MS (Araki
M and Yamamura T, unpublished observation). Kojo S ef al.
and other groups investigated the number of NKT cells using
Va24 and V811 mAb to detect NKT cells in patients with
several different autoimmune diseases, including SLE,
Scleroderma and RA {43, 55]. They found lower numbers of
Va24"VB117 NKT cells in the peripheral blood than con-
trols. Kojo S et al. also showed in this study that half of the
patients with autoimmune disease responded to a-GC in
culture.

PROSPECTS FOR GLYCOLIPID THERAPY FOR
AUTOIMMUNE DISEASES

It remains unclear whether the defect in NKT cells is
causal for autoimmune disease or occur as a secondary con-
sequence of the autoimmune process. However, given the
efficacy of OCH and a-GC in mouse models, stimulation of
NKT cells with glycolipid antigens seems to be an attractive
strategy for the treatment of autoimmune diseases. Although
several studies have shown that administration of a-GC
caused liver damage, the hepatotoxicity was minimal in
Phase I trials of a-GC for patients with cancer. Given the
lack of severe toxicity in humans, it seems reasonable to use
glycolipids for the prevention or therapy of selected human
autoimmune disorders. @-GC has been shown to exacerbate
EAE, depending on the strain of mouse and stage of disease
tested and to have only a marginal effect on CIA. In this
situation, treatment with OCH might be preferable to o-GC
for Thl-mediated diseases such as MS, type I diabetes and
RA, as OCH elicits a predominantly IL-4 response rather
than JFN-y in contrast to a-GC, which might afford greater
protection from EAE and MS.

Both rodent and human NKT ells have been reported to
recognize o-GC in the context of CD1d. OCH also stimu-
lates human NKT cells, particularly CD4" NKT cells, and
OCH stimulation induces more Th2 cytokine production
from NKT cells compared to a-GC stimulation (Araki M
and Yamamura T, unpublished observation). The evolution-
ary conservation and the homogeneous ligand specificity of
NKT cells allow us to apply a glycolipid ligand like OCH for
the treatment of human disease without considering species
barrier or genetic heterogeneity of humans,

CONCLUSION

In this review, we have discussed the supporting data for
the role of NKT cells in the regulation of autoimmune dis-
eases. Ligand stimulation of NKT cells is an atiractive strat-
egy for prevention or treatment of autoimmune diseases.
However, the mechanisms by which NKT celis exert their
immunoregulatory functions are still largely unknown and a
number of questions require further investigation including
the mechanism to recruit NKT cells and control its functions
at inflammatory sites and the interaction of other subsets of
cells. To clarify the nature of natural ligands for NKT cells is
one of the major questions and it could be an interesting
natural source of useful ligands for CD1-restricted reguiatory
cells.
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ABBREVIATIONS

NKT = Natural killer T

MHC = Major histocompatibility complex

a-GC = da-galactosylceramide

EAE = Experimental autoimmune encephalomyelitis

CIA = Collagen induced arthritis

Th = T helper

L = Interleukin

IFN = Interferon -

TiD = Type 1 diabetes

MS = Multiple sclerosis

RA = Rheumatoid arthritis

TCR = T cell receptor

DN = Double negative

NF-AT = Nuclear factor of activated T cells

APC = Antigen presenting cell

CNS = Central nervous system

B6 = (C57BL/6

MOG = Moyelin oligodendrocyte glycoprotein

CFA = Freund’s complete adjuvant

NOD = Nonobese diabetic

dsDNA = Double-stranded DNA
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REEEL, A DML ARBMRBOPE 5
A, k2 E, BEHANLVATT LLE -
EEVSHETAZLIIHENICREBTAZ LT
HEN, TOEMFERZERIZOVWTHEL M
ENTWBZ Liddhw, #0EHRELT, &
DL HRIEEEMERFEOESIEET S
B, TREMBRTIESD)DIDR L, R
EOL TN ERBITONLE, D Litew,
LdL, REREHERSEBOST T HWT
VB ZER, MVATFALADZ X~ (neuro-
immune crosstalk) DERENE 4 1B S M Y,
MAWHR S EOT, TS g - 5 -
MBW A v F 77— 7 . neuro-immune-endocrine
network) & @HEHIIHR ) & ) RIAEAEEI R o
TE MERICL BREHEIIOVTIE, &
BN T FL+) Y EBEEEN L TRERE
ZHET HEESLEI NS HSNTWAY, |
ML, BEMEREIS T TFaZI LD
B 8 1B co-transmitter TdH 3 = 2 — O 275
F Y(neuropeptide Y ; NPY)#?%, #5353
EHAL TRBERCHIE TSI LS 2z
7Y, MREEMHCLPDISFOVEDL
LTH LB R 2 TV 29, RRBTH,
NPYD R Z e B IC B 5 Tk O MR % /B4
T 5.

Za—ANRTFRY

Z 2 —uaR7F FY(NPY)IZ36@EDT 3 /B
b7 BR) T F FT, Tetemoto 512 & » T1982
FEIROR, SRR 8729, NPYSAMKIL 7 E
JEEBMO GEHELAEEL YT Y—T, v
ATIEHENRLET Y — L LTYL, Y2, Y4,
Y5, Y6D 5TEEDT T8 47, & MTIkY6% &
W ARBEOY T Y A THEET A, BOZ
BHRERATL7 7 3) —0Ficid, WETE
A & 1% pancreatic polypeptide (PP) & /Nig T4
W E B peptide YY (PYY) 433 5. NPY & F#AE
RANTE o L bBEIHFET AWERTF I
THY, TOPRMERICBITLIEREE DD
TEHTHL., EIEBRTEERIIEETH
B, BEKLORHE, MEBENNE, MEESE
OFIE R S B BRT 5. EETIE, NPYSPNPY
SEEERETH/ v 7T NI ANSEEE

RN, SEEGFTYATEFNENOEEICE

T LR EA TS,

NPYD A i3 M ICIRFE T, KEOE
%22 BA#% (postganglionic sympathetic fiber) &
BOYVFTANL b BECHEETS. ZOK
it/ V¥ 2 7Y ¥ (norepinephrine ; NE)
EEL/ABIZEEFNED, NPYDAZE &L /T
bH 5 (1), REMEINEMELT S ENPYIINE
e HITAWEN?, NEDco-transmitter & L T
RREARTHEN OB IS ITRET 5.

* Neureopeptide Y as an immunomodulatory molecule.

#* Takashi YAMAMURA, M.D., Ph.D.: B B4 - #% 1 v 7 — (S0 3eT e oo el (©187-8502 /N TH/NMI
R MT4-1-1) ; Department of Immunology, National Institute of Neuroscience, NCNP, Kodaira 187-8502, JAPAN
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3T REIR IS & B RIERDIRE
AR — R Rk e (R), BLU

—RY ‘//*’Hﬁf () »osg, BRI SIS AT L
Twh, BEWEMOFIFEICLY, TEARED
BERRHIET 2EMIERL T& L, £
6-hydroxydopamine (6-OHDA) DFAESIZ & -
T, Fv Moy ADRBMREMRANEZ 58 S
&5 Fik (b EMEYER, chemical
- sympathectomy ; CSE) i3, ZREAMMENHERIC
BIFTRSOMBBICEMRL T, 2L 2,
% Z5 M REAL4E (multiple sclerosis ; MS) DB €
FITH HEEN B CREENE K (experimen-
tal autoimmune encephalomyelitis ; EAE) i&
CSEiZ & » THWES 28, FLHE) 72T 0
EFNTHLIT—F VHERHED, R
CSETEAL+ 29, EAER I T —4 v FHEME£
1, ThIMERDAET 2EWETVTH Y, CSE
D EERE R BANE R ATTh LR O B 12 B 5
Té LhRRBLTWA., LaL, CSEIZE-T

RIS RSIREL Lz IREDH D, K
mwzw IZThUSE 2 815 5 L3RS v,
F-bhbhid, L4/ v 777 b RIZHE
L7-EAEDCSEIZ & » TEFELT A Z L HE L
T\/\Zﬂ’ EEERLGTEET ABEEEITHTSH S

S, THIBEBETEDFEIIBT 2B ORHE
’<°, BAERBEOBVWE ETHIETE AP LA
T,

HF AT I BEIRE

) SEkew a7 T — JOWEEI, 773
53 02L AT NLTHY BB (BR) ORI
WX DR ST A, ok, BRERMNIC
EWALT 2 salbutamolid, € /4 MR o0
77—V OILA2 BRI LT, SBEREZThl
A5 Th2 B a0, ThidildEs 3 5H
DB BMSIZ 3§ 5 salbutamol 558k

Tid, E /A P OIL2EABHI R ST
WA, BEAEEFVIZBWTY, salbutamols®
77077 — Y LB O 1278 £ X 7 i
LCEESR 2RI, RIS T, BRZ

FAREH L NV DR T O 7O IR ERISER
TE 7, 7B, salbutamolilid, FEAEZ (oral
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M1 RRWE-REHECES / LIERTY
ENPYDIRE|
IR 2 VR ¥ 327 1) ¥ (NE) £ NPY(Y)
EHETHMNE, HBEVIEINPYDORE GH/MMudd
N, RESHENCRE S TR S, B0 RIERI(Z
ST 7T —UNAEHT S, (RIREEONER
SRR LT Y S vE AN, a7 v —
DOIL6HELEH AT 59, Lo L, #EilEONE
BT AR % A L CILGMEA IR 72 & 7 v & AL
5. NPYIS L BYUSHEE ALY T ViE, w®
HROWGIY 7F b, PeREROREY 7+, £
LB iR X & B co-transmitter & LT <.
(semkmne xob G IHeR)

tolerance) NDFEALET AIERbFF ST
A BRIGIEMALThIMAICIEFEIRL, 16 IML
Th2HBEIEEE LRV EWI R H N,

F AT 3 ATRIRIC & - T ThIAREO A tﬁﬂf‘h]l
L, Thi/Th2/v s v 2A=Th2llmEsEs 2 e
HERAENSD.

NPYI(Z & 5 B & se & il

NPYid B % %7 (innate immunity) & £ RIE
(acquired immunity) DT HICHEEL SR H I L
PHEXNT WA, NPYIZ L 5 BARREARDH

ll
P

<~\

'l:nlll
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