TE@RIERE

f%@ﬁ%@wfhuioféWﬂéntﬁ,ﬁ
BBIZHV/z @-GalCer T & A EHIRI S L p
ok“.ik,ﬁ%ﬂ&ﬂ%CﬁH@ﬁ%&%?
s, OCH z&EE5 s ATIEEHREE
BeAERONLZ ol (RERT—5). L
LOERERIE, OCHOERKSICL - TED
TIEROBEREIFEHTE S a%ﬁ%¢5
4. & b NKT#ifald OCH #5259 %

NKT M OMER EPURR#E I oW Tid, TCR,
CD1d & b IR B2 TBEIREEINTRY,
FORRFE—DOWERE (a-GalCer) 25vw AL
b NKTHBOmMAICREasns, L,
OCH %t F NKTHHRZICAR S IERRR S LD DA FE
BT BLEND o7, EFELIIRE, b MEHEML
NKTHIFEASOCH IZ UG L THEGE$ 5 & & % FEBA
L Giks, sscEf+), OCH OERRICH 2]
FrHFETn5E, $7z, FEM2 S8 L7 NKT
Ml O — I X BT LEDTWAEA, OCH
12 & 5 CD4" NKT #ifE 0 Th2 (R FHEL R
TELEIATHL., B, ZOFKREIE, NKT
FRASE— 70— O LT b ikReny 2 ik
P RETLIEERLIZBDELTHEETH
5,

HBHOIC
MS O APL BEEEEIER (7T LAE—FE, B

BOFHE) O7-OIZEE L7205, OCH TFEZ
ﬂ%AGL%ﬁ(f%%Pﬁﬁﬁ)i%%%T%
TR E . FORIE LT, NKTHRED
mﬁaﬁvlTAﬁ7D~Vﬁ @Wﬁf%bb
TH—THY, APLDO L) IC—EDEETE
B b sk RmEINE % %ﬁ?éT%ﬁ#ﬁw
ENBHITONAE, OCHHAHVIIEET 27D
BB HE—DTH BWEEZRT b OV EE S
g, #hifioT, TXTOEZFIZHEL (EHE
BMEERITT I EPIETE L. BREOIER
512X o TNKTH#RESHA T 5, & LS
HEMMET L CIRERIRME A TLE)OTIRE Y
IBELH o7, BERTTVIIBIT HERE
RS- ORI L ) R s N
Ih b ORFERRE L LT, lipid tail 0R &
WRLLH7ZTT, BFOCH & a-GalCer 2D
EIEMIC R B KE%E NKTHIBICFHET 5
PRETLZEDVNEETH L. ERIFIELED S
LX), OCH &) bEN-Thl BORIER
BIREESR, Foo B 2EH% b OWEREY
R TEATEMMNH 5. NKTHRL %R 5
AGLIE, 4 ECHRE, 7LV ¥—, BRE,
%ﬁ**&awfw“ﬁf BRZEROY -V
%%wiﬁw&éﬁitLLEﬁT%:
#%ﬁéné

M @

1) Brocke S, Gijbels K; Allegretta M, et al. Treatment of
experimental encephalomyelitis with a peptide analogue
of myelin basic protein. Nature 379, 343-6 (1998)

2) Kappos L, Comi G, Panitch H, et al. Induction of a non~
encephalitogenic type2 T helper-cell autoimmune
response in multiple sclerosis after administration of an
altered peptide ligand in a plécebo—contro”ed, rando-
maized phase I trial. The altered peptide ligand in
relapsing MS study group. Nat Med 6, 1176-82 (2000)

3) Bilekova B, Goodwin B, Richert N, et al. Encephalitogenic
potential of the myelin basic protein peptide (amino acids
83-99) in multiple sclerosis : Results of a phase 1 clinical
trial with an altered peptide ligand. Nat Med 6, 1167-75
(2000)

4) Miyamoto K, Miyake S & Yamamura T. A synthetic glycol-
ipid prevents autoimmune encephalomyelitis by inducing

TH2 bias of natural killer T cells. Nature 413, 531-4 (2001)
pAEBNEIREY A2 R (AGL) DAt T bOFEEEREEL

FERAIOMRN. EES5ORREL /ZOCH A, NKT RO IL-
4EEENLT, Th1 BEERBERBEAE EMHTI &N
NCE (N

5) Chiba A, Oki S, Miyamoto K, et al. Natural killer T-cell
activation by OCH, a sphingosine trucated analogue of
o -galactosylceramide, prevents collagen-induced arthri-
tis. Arthr Rheumat, in press

6) Taniguchi M, Harada M, Kojo S, Nakayama T & Wakao
H. The regulatory role of Va14 NKT cells in innate and
acquired immune response. Annu Rev Immunol 21, 483~
513 (2003)

7) Kronenberg M & Gapin L. The unconventional lifestyle of
NKT cells. Nat Rev Immunol 2, 557-68 (2002)

8) Wilson SB & Delovitch TL. Janus-like role of regulatory

310 Molecular Medicine Vol.40 2003
— 75 —



10)

11)

12)

13)

14)

15)

16)

17)

SEAE DR BN EE (EAE) [CI1T D NKT #ISHEEsIAT AR S Z OB

iNKT cells in autoimmune disease and tumour immunity.
Nat Rev Immunol 8, 211-22 (2003)

Wang B, Geng YB & Wang CR. CD1-restricted NK T
cells protect nonobese diabetic mice from developing dia-
betes. J Exp Med 194, 313-20 (2001)

Gumperz JE, Miyake S, Yamamura T & Brenner MB.
Functionally distinct subsets of CD1d-restricted natural
Kkiller T cells revealed by CD1d tetramer staining. J Exp
Med 195, 625-36 (2002)

Lee PT, Belengha K, Teyton L & Bendelac A. Distinct
functional lineages of human Va24 natural killer T cells. J
Exp Med 195, 637-41 (2002)

Kim CH, Johnson B & Butcher EC. Trafficking machinery
of NKT cells : Shared and differential chemokines recep-
tor expression among Va24+V/J’11+ NKT cell subsets
with distinct cytokine-producing capacity. Blood 100, 11-
6 (2002)

Nakamura T, Sonoda KH, Faunce DE, et al. CD4™ NKT
cells, but not conventional CD4™ T cells, are required to
generate efferent CD8* T regulatory cells following anti-
gen inoculation in an immune-privileged site. J /mmunol
171, 1266-71 (2003)

Lee PT, Putnam A, Benlagha K, et al. Testing the NKT
cell hypothesis of human IDDM pathogenesis. J Clin
Invest 110, 793-800 (2002)

Oikawa Y, Shimada A, Yamada S, et al. High frequency
of Va241tV 311t T-cells observed in type 1 diabetes.
Diabetes Care 25, 1818-23 (2002)

llles Zs, Kondo T, Newcombe J, et al. Differential expres-
sion of natural killer T cell Va24JaQ invariant TCR chain
in the lesions of multiple sclerosis and chronic inflamma-
tory demyelinating polyneuropathy. J Immunol 164,
4375-81 (2000)

Araki M, Kondo T, Gumperz JE, et al. Th2 bias of ch4t
NKT cells derived from multiple sclerosis in remission. Int

SRS HETIS - 72f2 2004

Immunol 15, 279-88 (2003)

b EDREERICHT S NKTHEOBORD, HEERIC
SLT, CD4™NKT#ERZE CD4ATNKT #Hi2IC5 0 THR L
rRADHTTH L. ME10-12) TREINABREEDRE
HiksBR & Wb T 5 S ERR.

18) Wilson SB, Kent SC, Patton KT, et al. Extreme Tht bias

19)

20)

21)

22)

23)

24)

25)

of invariant Va24JeQ T cells in type1 diabetes. Nature
391, 177-81 (1999)

Takahashi T, Nakamura K, Chiba S, et al. Va24™ natural
killer T cells are markedly decreased in atopic dermatitis
patients. Hum Immunol 64, 586-92 (2003)

Pal E, Tabira T, Kawano T, et al. Costimulation-dependent
modulation of experimental autoimmune encephalomyelitis
by ligand stimulation of Va14 NK T cells. J Immunol 166,
662-8 (2001)

Hong 8, Wilson MT, Serizawa {, et al. The natural kller T-
cell ligand «-galactosylceramide prevents autoimmune
diabetes in non-obese diabetic mice. Nat Med 7, 1052-6
(2001)

Sharif S, Arreaza GA, Zucker P, et al. Activation of natur-
al killer T cells by «-galactosylceramide treatment pre-
vents the onset and recurrence of autoimmune. type 1
diabetes. Nat Med 7, 1057-62 (2001)

Jahng AW, Maricic 1, Pedersen B, et al. Activation of nat-
ural killer T cells potentiates or prevents experimental
autoimmune encephalomyelitis. J Exp Med 194, 1789-99
(2001)

Singh AK, Wilson MT, Hong S, et al. Natural killer T cell
activation protects mice against experimental autoimmune
encephalomyelitis. J Exp Med 194, 1801-11 (2001)
Furlan R, Bergami A, Cantarella D, et al. Activation of
invariant NKT celis by «GalCer administration protects
mice from MOGas-ss-induced EAE : Critical roles for
administration route and IFN-y . Eur J Immunol 33, 1830~
8 (2003) '

3



(X, BRBEMARS

2. HonEEMEiiREOREIEEEE

EIZAEH - it v ¥ —WEET T R R =EET

key words NKT cell,

glycolipid ligand, OCH, EAE, Th1/Th2

B

NKT#ifaid, THREZER (TCR) «8HITT

BHO R vinvariant 8 (v 7 A Tid Ve ld] 2281,

b T Va24]aQ) ZHBL, ZEEO RN
CDIdFIC & iR s REZz Y 7> &
THLZ— ) YRIRTHH 8. TCREAL
7RIS & 0 IL-4, IFN-y 2R TREICES
THZ LD, TORERTHEEIEE ZN T
b, BORERBIIBWTIX, «T77 b0
BT IFNREOFEERTH S OCH L LOMEIRY
DAY REAGWT, EBNE CREERN ML
experimental autoimmune encephalomyeliti
(EAE) #Hifflc& s Z e fEshs?, BA
BEREOFH L VHELME LTHFI ATy
5.

A. NKT #liia & & 5 L iE

NKT ML, Z3EmbE (MS)8Y, TEpER
7% (IDDM)I0ID 47 4 By PETRLAE 120, 18 1R B
wmyw~F, &MLy 5v =72, Sjogren
FEEE D L2 EOHCRBERBOEMIMP TO
WAL T b ZePHEINTwASE, $22h

EHMEHOREEREETIE, NKTHlaor
%E‘J&*ﬁjﬁa VA Y FThbe-HTI7 b LE

73IF (a-GC) (HD) WX THRISHET LT
WA I EMNIRE SN, Wilson H1E T MR
O L NKT#Il 2 10— i3, IFN-y Bk

WKW T WA T e EREH 2R 2 RE L,
NKT g2 E R BRI S0 TH
5522 ehHHU SN THDE (FEDIO, 27201,
IDDM Tid, NKTHRBHEOWPIEBRHTE 20
LWV EREMND H WIS F I EE A CD4ACDS
B NKT Al (DN-NKTHIRR) (d8% IL4 % 5
AL 7%\WI10 128 b %3“‘ Wilson & O T
BILAPBBENT B LR ERD, &J?

FERABEMHA SN G % S L L RRICE - T
Wh,

MS T,

) 10)

A L S AR H 5 MS &
BT, BEANEHRBRLTBRASLTWEDY, BE
MU NKT a0t L ABRETHL L
AHELTWSY, TOB, BALTVwB0R
DN-NKT #ifflaT® b, CD4+ NKT HIfgiZEiRL,
BREEE LIEAL LT oz, AL bh A
BEAELZBE LTI, DN NKCT S8 T 3 W02 T
4, TEN-y & LIZEEDET A SN0, CD4Y
NKTHIRRCTIZERRICL LA IL40-EATTED
A7z, EREIZ, HORERBEIIBOWTNKT
MRS ED X ) G R L TWANZonT
BABTH B, MSERIIZIEIEN-y % Lo+



Annual Review #i& 2004

{ * wiman THRE
0.0 2
°p- O -—manal
o 6
a1GIcN4 ~— atman OCH
OH
E—LAOH alman -
0..,07 HO OH HOH,C OH HOH, ¢ OH
o 0 el
1 .
—~ MONOH HO OH
00 O o] gk
<
o4 [O S—NH HO-=NH :
& KOH 0 “OoH%O
RS < g
g Y <y 5
J K MIERRIMNE

>

glycosyl phosphatidylinositols

(GPI) (a-GC)

=1
NKTHiksoy > K& LT,
W5,
KEDRY v PITABZ & D
THA.

BEshb,

£ NHh A v EREATSDNNKT /I L

MHWTM%#b%ééhéﬁfbﬁfy%ﬁ

PL, BIFLTWACDATNKT MO IL-4 A
ERDHWoTWBE I LaeEZLE, MSEMYIC

BWTNKT ISR AZ T 5 L9 I2@wT
WHZEPHEEEINS.
F1 b FBECRERR S NKTHRE
STk
BoRe
2 SRR LE 8, 9)
1 B4 R 10, 11, 14, 15)
2 B MR )
ety T3 P —FA  13)
BIEN ) < 13)
Sjogren i EHE 13)
teRe AL
2 SRR AL 9)
T 04 PRI 10)
& BV R e 13)
ey s =524  13)
B YT 13)
Sjegren JiE BEHE 13)

o ~galactosylceramide

NKT 20U H > B (CER2 20 5 D)

a-GCAHI 5N TV 575,
NS OWEREE, BAKEOWM L BAEOIRERT LY,
OCH i,

S GPI b ZoEm e L THESINT
Bk EDERG A CD1 DB
a-GCDHAT 4 v I %ML &K

HOGRBEROBYEFVICBVTY, &5
DEREIEE TV THAHMRL
Ipr/lpr % NZB/WF1, I RO BRGIE
VTHBNOD Y AR ETNKT MgsEA L
TWDIERHEIN TSI (F2), FFIZ
NOD <=7 ATk, NKTHIlEOB AR, Vald-
Ja 281 T MM % A MEEFIC X ) NKT e 2 1
MERL EMWERFRFEECHLETAIEPRENT
By, HODRERRBIZES L TwL I LWL,
[ o TWAH 20 252, MSOEFNVTHAS
EAE+®) % NOD IZBIT 5 RFEHEE, NKTHE
JOOFERRE ) 77 FOREIZ Lo THHI SN A Z
EA g B N B ORI B O TR R
PEHEIL TS, £2 FPINETHRES
NTWwa NKTHIBOMEZ Y &> FIZow Tl
INE R

INTREI=TAD

fEET

T,
u
HR

B. NKT{#ila & ERE HE

/
H,

NKT Mg, $ZEo TMigz a6kt B8R



XI. BigstbmEE—2 HOREUMEHMRBEOMEERE 239
F2 HORBEAERTTILENKTHlE
SCHk

EEH EH CREEMER

OCH IZ X % JRREHNH] 4)

«-GC 1 & B SR BEHH 5~7)
NOD = ™7 A2 BT 5 HERIE

NKT g o o4 17, 29)

DN-NKT HAa# ALz & 5 5 RE ] 18)

Veld]a28l NT Y AT 22y 7y AT BIT B HERFRIIH] 19)

CD1/ v 7 7% hew A8 A HRFEE 21, 30)

a-GC 12 & 2 8 FRFw ] 21~ 23)
V—=TAET W

MRL Ipr/pr, C57BL/6 Ipr/lpr, (NZBxNZW) F1, C3Hgld gldiZ 8175 NKTHlanBowmd  18)

(NZBxNZW) F1IZB1T 23 CDIHLEKIC & 2 iRREcE 31)
FAEVER 2%

a-GC 12 & B R BEHN S 32)

L, CDIAFIlL o TRRENZWIREVR %
ﬁﬁ#% CDV“? pe~A4ruryus) vk
ﬁL,MHC7ﬁxIn%:ﬁMLTw N.an
X, e bTREZV—71-CDI
& 7N —72-CD1 (CD1d) #%
ENTWABD, v AT CDId ST DARDVHERE
$5. CDI4Fi3, MHCHT &8 7% LR
iz, F—fEANTEILETH S, CDId T
D RN TE, MHC 7 5 A 15T 128D
T5H, PLEHEAEEELOTHKETHS. T
FERARENBRETH B L, NKTHIROF A
PHERIE b5 > AR— % — (TAP) IREREME:
THhhHrI &, OCDI 77 30— F2HBH
DRI E CHAIa—-VEBERLLTIHD
Mg ECTHALVRTSE ) v v F v
(LAM) 2¥BHRRTAHZERER S, CDIdIZ
PURIR TR 2 ZT 2 NKTHRL, EETE%
EZ) A FELTRBETLLEZ LN,
BRI E LT, NKTHOEE LT,
HOLPWMORDTHE -T2 PN ET
3N («-GC) NKTH#lEOREE 25 Lo
FERLZZETHAHNY, o-GCIIMHIAIHOARK

7.7 ) —1Z

(CDla, b, ¢)

UK R 037\‘)*?_“)75)\0;

A iﬁTthi\zW) ., FTFaTNY I NILD
WTIRERARH 2T Z v, v b OEFI RO
NKT#=e, germ free =7 AONKTHIE L ¥
TIZAE) == —=DEETHLZ Db, i
SOOHCHELEERL TWADOTIE v E
ZHoNTw5. Joyece bIECD1IFilg
phosphatidylinesitol (GPI) #%& L TwAZ &
THREL TS (K1) 2%, GPIMHEMKHNTO
DWTIE, FRER

2l

lycosyl-

%
S I TV . .
BENKT MROEEIRS L CHwHNRT
WBDIWE «-GCTH BAY, «-GCIE NKT ML % 1l
BLT, IL4, IFN-y ZEASEL. MSEWIEL
D ET AR ECRIERREIL, Z{DHKE
IL-47% &D Th2H 4 b A A4 ¥ 285BI 1
HFL, IFN-y & ThlH 4 bH 4 VidER%
WMESELEEZLNTWE., FIT, 4l
NKT HIH 2 s U CB PRI 7 Th2+ 4 b7
£ Vv EBIRICELSEL 2 ENTE LHIRE %
BHEL, «-GCOFEERND—D (OCH) NI D&
ALRMEEL DI Lo/ (K2)Y, OCH
X a-GCOAT 4 v IV VEiEREL LFENRT
H5 (A1), C57BL/6 (B6) ¥ Al «-GC%



240  Annual Review fi#% 2004

BE55E, IL4723 TR IFN-y b LR T 5
A, OCH %#&5-¢5 &, MiEH O IL-4 258Ny
WWERT A, NKT /v 2772 b ATH,
OCH® «-GC H&EicLpMFYA b M4 DL
RizAabnznwI ens, NKTHRENTS D
DTHBHIEWbrolz., o-GCEHI{KRFET
LIFN-y L IL4AOWAFEZEASEL I LD D,
OCHE a-GCHEZBY T I NED LD pEW
Wd D OPEFRE. HENICEZLSE, OCH
2 a-GCHOAT 4 I VEPFEHINTSED,
CD1d & D#EAREWEMD «-GC I L THHW I
EAHEE &N B OT, NKT MR R R 2358
S BEV)TAREED L. bH—2O Rk

CD1d & OCHm#ADY, «-GCEETRZY THM
Bl R S N A BEER 78 3 RITHINC B 7 o TR
ENTVWBEEW) T ETHAHD, FEMIZOVTIE
BT & E SR OISR,

C. EBRIVACTREMHHMERERICHT S
Ep=pe

EAE X, MSOEHE 7NV, Thlflas i1
FTHLHORBEBREFVTH S, A IINKTH
e EEb T A2 LIk o CEAEDHIHIE NS
TERMHLT, TENKTHBEOMRENRHER
BYH Y NThbo-GCHOEAEIKTHRR%E

mepy A ~hA o EE

IFN-y -4
pg/ml T ar 14 pg/ml -
B = B[N a-GC OCH
30,000 4 4 3,000
-~ IFN-vy
20,000 =0 |L.-4 i 4 2,000
10,000 1,000
0 [ e » D 0
0 12 24 36 0 12 36 0 12 24 36 (R

35?,%%10= - OCH HRRIE 1%%[22
30,000F > «~GC 5 14,000
25,000 - 12,000
20,000 - 10,000
15,000 8,000

’ 6,000
10,000 4000

5,000 2,000

L S SR S
0 14 33 10 30 90 0 11 33 10 30 90 0 1.1 33 10 30 90

ng/mi

ng/ml ng/mi

2 OCH, «-GC®invivo, invitro TOHA b CEBEEREDEL (THE3 55 DTE)

BB o-GCH LI, OCH#%B6~ Y AIILKGE,

L7

B8 % 38 - TMH @ IFN-» , IL-4 % ELISA TllE

TE: «GCb L IEOCH% B6vw AMIEMALICIZ 48R L, HEMFDIFN-y, IL-4% ELISA

THISEE L7z, «-GCiEH
FTLHI EWhror.

THEIFN-y, IL-42%& IZEFT 525, OCH#ERS T, IL42%EIRIC LR



X1

B6
EAE

score
=@ control
—@— o—-GC
= QCH

15 20 25 30
days

i

YRR —2. B ORI F B B ORI E Rk

241

SJL

7 10 13 16 19 22 25 28 31 34 87 40

E3 ¥ERREICL 2 EAEIEIHR

C57BL/6 (£), SIL®v A (H)

BE L7, LaL, BEAEIR o-GClX Lo TMS
M2 S o722, IL4, IFN-y R ED ) v
T N AL E R o o —E DT ORE S,
a-GCSEAE B TdH A HANE, NKTHIC
Thl ¥ 2 IL-4 7203 T 7 Thl B8R 7 IFN-
DELEZ)BRVET/OTHHEEEZON. F2
T, NKTHIRBIZILAZT 2 EASEH T ENT
&, EAER#HITE 5 L E 2, NKT M
BRI ILAEAR LY ) AL TEAE 283 5
I BHEERE L. B7.27% EORIREE B
RCHEIF] L 72 IREE T o -GC 27OV A L7 RIRTR
ME A AT S L, NKT MBI IL-A % E 0010
AL (Th2fRf). BAEOREL FHTEL 2L
Bhhor®, L LahblRIsHEE %25
LHIABAL V) FHEEPRERTH L0
NKT#iflaz Th2 @ S ¢ 2888 ) 7~ Fo#B®
KA,
i%&ﬁ%%%O’&ﬁb#ot<@2&.%®
BRI 2 IL4FHEREIC—F LT, OCH % EAES
%%hﬁmkéﬁ%&EAEiﬁ<ﬁﬁéﬂt.
¥/, OCH¥% 5B TIERERTH 5 MOG T
F RN s 0T HHEDOT A V¥ 4 TREET S
&, PiMOGssss IgGl ANEIRMIZ R L TED,

WZBDOBDOMOGsss b L < iPLPlsc)lsM‘%TL EAE % 558
OCHG LS oa-GCEPRBEMER () L, BIF48E () &

E Vart LTHETHRS, FE1H

a-GC DFEEKD—D> (OCH) H D -

L7,
%5 L CRBIMHIRD R 2 e L7z

MOGs5-55 12389 2 HOREIGEAAOCHIZ LD
Th2 IR LTz, 512, OCHOEEHIL-
4N T H0ED PBET A7z, PLIL4 Huik
WEBHRMEREIL4 ) v 2Ty by A%
ST EBREITo /2. FORE, OCH LHILA4M
KEFBEREST 5 L EAEOIHNIEA SN A 2%
IL4/ v 779 h<9 ATIEOCHD EAE
PIEIRI R A 53, OCH @ EAE #1123 IL-4
WEELREREZRLTIEPHL NG 7.
FOH o-GCOHE TEAEDIH S B &
I ENMEINLS, TS0 T IV— T,
EAE M | MRS, FREICHE s Ak
GBI
5T 55 EDOHET, B~ 7 ACHFE SN/ EAE
KRR DD L RWE L. BAE, «-GCO
BE T, WIThOBFETH EAEZIHIT 452
EWTELPoT Flt, S5OV —F
LEAEFERICHEE Mo Lya v e L
THE TG TIEERZDS, EENES IR T
Hole W IHMENLEINTD. «-GCIlZOWT
BRRD &9 IZhE A SR H 5205, L0
ROENIIDOWTOHEBIIAHTHL, INFET
bB6Y T A o-GCEEGTAHIELIZE T

-7z,

’



242  Annual Review ## 2004

Th2 IS ERFETEL L WIRE LD, LA
IgEETHA SN, ThINEIEL L) HED
MHBHRREFELL T\wA, NKTHIAIEIL4 &
TFN-y &\ ) BERERICIZHR T 29 4 b 4 v %
R CEET DM H L L6, Thl/Th2
AN FEEBING Z DWW 2 NT Y ANBELZD
}T%%ﬁ.mﬁﬂ’Lf%ME&ﬁﬁ_vav
5y ELTHTHRST 20, BRICAEEZ 5
EHRENTIE W,

OCHI, EAEEH» ) Th<, a5 -4 M

%K%, NOD v 2B BPERFFAE b Efl 3
HZENHLNELRSTEY (T, =€, £%
), OCHIZIA L Th1mICHRLEH H. NOD <
T2 BWTIE, EROBEDOLHIIZ, «-GCD
P55 T, BERRIE OS] X 7z, BT

T «-GCORRIXA BN T WAV, o-GC I,
NOD TIERIENE o E D ALNED, BOHD
EEEFLTIRIENT b EH T, ACRERHR
ELTIZOCH D HFHEAIE N & ) 72,

D. MS A QEREIEAOFBEM

IIFET, OCHA Thl ¥ 1 7OEBERENE
CHRERBEFVIIENTH LI LB LL
A, OCH®D & 9 AR BB ERICHERISHTE
BTHAIMN?

3, [T R TI NKT Mg 55 A L
TWAEREENTWED, TOLH)RIRET
NTK MifaoRlBs Az 725 9 A TZonT
i, NKTHIBEOBES D2 W SJL o AZBWT
b, OCHIZEAEZHIfIL, 2 HICHELIHL
TWwaZE, $/SILYYALHFER L-a5 -7
VESALIMLTWAZE, NTKMaEoL

WO R TH B NOD < 7 A THERIAFE
PIHE L TWwa I 2R e, NKT MR
LTWARETHRIRIMETE L LB 5.

Kz, PEREE MRS T 52 LoREWT

HHD, o-GCEPUER L L TRBVRBINT
BV, Phase ITEEEEIHR I LTV
OCHIZ DWW T FEARANOHEGIME SN T
VBRWH, ITARTy MIBWT, «-GCEY
BWEMEL SIEA BN T VRN,

t h NKTHIAS, OCHIZRUST A ) hE
WA ZELEELMETH A, KO L
2NKT 70— & BwWiEERETIE, OCHIZE
CD4 * NKT MBS BRI BIS L, «-GC HlH
LT AL, Th2H A b4 v e ARICEE
(352 k#%w”g <7 A NKT Mg & 5P

Lz TE S iR, KRIEE).

LITv

NKT M, #x % BORERESHORE
EFNTHERLEROBREEHINTEY, B
B HRREICHS L TWwWA EEZ NS, PUR
FFREREN HCREREBERROBEETH 57,
WIE O S, SUEIRT 5 MHC W0 % #HiH,
RIF FIZHTE7 LVF =G EEFITETR
RIREMELS VI Db TE, HER
BEBROL O, BRLEELRYEL, REHR
BiOMIL 5135 v ADOECEN L > TnhA LD %
WREETIZ, NKTHIBD & 9 % Gigdieiiiie % &
FEGETEIE L —0OH AN THS L
BEbh s,

WIRE Y WY K, BEE LTRSS, <7
F REEOBICHBEL 2L, ERRSTOSE
WMEEETILBEDORNI LR EDPD, JEL Thl
MO 5 2 O REREE IS A C%%h%%
B EPHFRETE S,

SZik

1) Bendelac A, Rivera MN, Park S, et al. Mouse CD1-

specific NK1 T cells. Annu Rev Immunol 1997: 15:
535-62.

2) Porcelli SA, Segelke BW, Sugita M, et al. The CD1

family o lipid antigen-presenting molecules.




@

S

10)

11)

X1 BifetsE—

Immunol Today 1998; 19; 362-8.

Taniguchi M, Harada M, Kojo S, et al. The
regulatory role of ValdNKT cells in innate and
acquired immune response. Annu Rev Immunol
2003; 21: 483-513.

Miyamoto K, Miyake S, Yamamura T. A synthetic
glycolipid prevents autoimmune encephalomyelitis
by inducing Th2 bias of natural killer T cells.
Nature 2001; 413:531-4.

Singh AK, Wilson MT, Hong S. Natural killer T cell
activation protects mice against experimental
autoimmue encephalomyelitis. ] Exp Med 2001; 194:
1801-11.

Jahng AW, Maricic I, Pedersen B. Activation of
natural killer T cells potentiates or prevents
experimental autoimmune encephalomyelitis. J Exp
Med 1998; 194: 1789-99.

Furlan R, Bergami A, Cantarella D, et al. Activation
of invariant NKT cells by aGalCer administration
protects mice from MOGssss-induced EAE: critical
roles for administration route and IFN-y. Eur J
Immunol 2003; 33: 1830-8.

Illes Z. Kondo T. Newcombe ], et al. Differential
expression of NK T cell Ve24]«Q invariant TCR
chain in the lesions of multiple sclerosis an dchronic
inflammatory demyelinating polyneuropathy.
J Immunol 2000; 164: 4375-81.

Araki M, Kondo T, Gumperz JE, et al. Th2 bias of
CD4* T cells derived from multiple sclerosisvin
remission. Int Immunol 2003; 15: 279-88.

Wilson SB, Kent SC, Patton KT, et al. Extreme Thl
bias of invariant V.«24JaQ T cells in type 1
diabetes Nature 1998; 391: 177-81.

KukrejaA, Cost G, Marker J. et al. Multiple
immuno-regulatory defeqts in type-l diabetes. ] Clin

Tnvest 2002: 109; 131-40,

12

~

13

=

14)

Sumida T, Sakamoto A, Murata H, et al. Selective
reduction of T Cells bearing invariant Ve 24« Q
antigen receptor in patients with systemic sclerosis
J Exp Med 1995; 182: 1163-8.

Kojo S, Adachi Y, Keino H, et al. Dysfunction of T
cell receptor « V24« J18 +, 3V11 + double-negative
regulatory natural killer T cells in autoimmue
diseases. Arthritis Rheum 2001; 44: 1127-38. v
Oikawa Y, Shimada A, Yamada S. et al. High
frequency of Ve24 + V311 + T-cells observed in
type I diabetes. Diabetes Care 2002: 25: 1818-23.

15)

16)

17

~

18)

19)

&)
=

21

~—

23

o

26

=

2. BOSREREMRBOEIRERE 243
Lee PT, Putnam A, Benlagha K, et al. Testing the
NEKT cell hypothesis of human IDDM pathogensis. ]
Clin Invest 2002; 110: 793-800.

Gumperz JE, Miyake S, Yamamura T, et al
Functionally distinct subsets of CDl1d-restricted
natural killer T cells revealed by CD1d tetramer
staining. ] Exp Med 2002; 195: 1-13.

Gombert JM, Herbelin A, Tancrede-Bohin E, et al.
Early quantitative and functional deficiency of
NK1 +-like-thymocytes in the NOD mouse. Eur ]
TImmunol 1996; 26 2989-98.

Mieza MA, Itoh T, Cui JQ. Selective reduction of
Vald + NK T cells associated with disease
development in autoimmune-prone mice. ] Immunol
1996; 156: 4035-40.

Hammond KJL, Poulton LD, Palnﬂisano Ll etal af
3-T cell receptor (TCR)+ CD4-CD8-(NKT)
tymocytes prevent insulin-dependent diabetes
mellitus in nonobese diabetic (NOD) / Lt mice by
the influence of interleukin (IL)4 and /or IL-10. ]
Exp Med 1998; 187: 1047-56.

A, Lantz O. Beaudoin L,
Overexpression of natural killer T cells protects V

Lehuen et al.
a14] « 281 transgenic nonobese diabetic mice
against diabetes. ] Exp Med 1998; 188: 1831-9.

Wang B, Geng YB. Wan CR. CDl-restricted NK T
cells protect nonobese diabetic mice from
developing diabetes. ] Exp Med 1998; 187: 1047-56.
Hong S, Wilson MT, Serizawa I, et al. The natural
killer T-cell ligand «-galactosylceramide prevents
autoimmune diabetes in non-obese diabetic mice.
Nat Med 2001: 7: 1052-6.

Sharif S, Arreaza GA., Zucker P, et al. Activation of
natura'l killer T cells by «-galactosylceramide
treatment prevents the onset and recurrence of
autoimmue type I daibetes. Nat Med 2001: 7: 1057-
62.

Kawano T, Cui ], Koezuka Y, et al. CD1d-restricted
and TCR-mediated activation of veld NKT cells by
glycosylceramides. Science 1997; 278: 1626-9.

Joyce S, Woods AS, Tewdell JW, et al. Natural
ligand of mouse CD1d1: cellular glycosylphos-
phatidylinositol. Science 1998 279, 1541-4.

Pal E, Tabira T. Kawano T. et al. Costimulation -
dependent modulation of experimental autoimmune
encephalomyelitis by ligand stiulation of V « 14 NK
T cells. J Immunoi 2001: 166: 662-8.



244

Annual Review fi## 2004

27) Singh N, Hong S, Schere DC, et al. Activation of NK

~

T cells by CD1d and «-galactosylceramide directs
conventional T cells to the acquisiton of a Th2
phenotype. ] Immunol 1999; 163: 2373-7.

Cul J, Watanabe N, Kawano T, et al. Inhibiton of T

helper cell type 2 cell differentiation and im-

munoglobulin E response by ligand-activated V « 14
natural killer T cells. ] Exp Med 1999; 190: 783-92.

Falcone M, Yeung B, Tucker L, et al. A defect in
interleukin 12-induced activation and interferon y
secretion of peripheral natural killer T cells in
nonobese diabetic mice suggests new pathogenic

mechanisms for insulin-dependent diabetes mellitus.

J Exp Med 1999; 190: 963-72.

30) Shi F, Flodstrom M, Balasa B, et al. Germ line

31

)

-~

deletin of the CD1 locus exacerbates diabetes in the
NOD mouse. Proc Natl Acad Sci USA 2001; 98:
6777-82.

Zeng D, Lee MK, Tung ], et al. A role for CD1 in
the pathogenesis of lupus in NZB/NZW mice. J
Immunol 2000; 164: 5000-4.

Saubermann LJ. Beck P, DeJong Y. Activation of
natural killer T cells by «-galactosylceramide in the
presence of CD1d provides protection against colitis
in mice. Gastroenterlogy 2000; 119: 119-28.



The Journal of Immunology

Neuropeptide Y (NPY) Suppresses Experimental Autoimmune
Encephalomyelitis: NPY, Receptor-Specific Inhibition of
Autoreactive Thl Responses In Vivo'

Sammy Bedoui,* Sachiko Miyake,* Youwei Lin,* Katsuichi Miyamoto,* Shinji Oki,*
Noriyuki Kawamura,* Annette Beck-Sickinger,T Stephan von Horsten,* and
Takashi Yamamura®¥

Prior studies have revealed that the sympathetic nervous system regulates the clinical and pathological manifestations of exper-
imental autoimmune encephalomyelitis (EAE), an autoimmune disease model mediated by Thi T cells. Although the regulatory
role of catecholamines has been indicated in the previous works, it remained possible that other sympathetic neurotransmitters
like neuropeptide Y (NPY) may also be involved in the regulation of EAE. Here we examined the effect of NPY and NPY receptor
subtype-specific compounds on EAE, actively induced with myelin oligodendrocyte glycoprotein 35-55 in C57BL/6 mice. Our
results revealed that exogenous NPY as well as NPY Y, receptor agonists significantly inhibited the induction of EAE, whereas
a Y receptor agonist or a combined treatment of NPY with a Y, receptor antagonist did not inhibit signs of EAE. These results
indicate that the suppression of EAE by NPY is mediated via Y, receptors. Furthermore, treatment with the Y, receptor antag-
onist induced a significantly earlier onset of EAE, indicating a protective role of endogenous NPY in the induction phase of EAE.
We also revealed a significant inhibition of myelin oligedendrocyte glycoprotein 35-55-specific Th1 response as well as a Th2 bias
of the autoimmune T cells in mice treated with the Y, receptor agonist. Ex vivo analysis further demonstrated that autoinunune
T cells are directly affected by NPY via Y, receptors. Taken together, we conclude that NPY is a potent immunomodulator
involved in the regulation of the Thl-mediated autoimmune disease EAE. The Journal of Immunology, 2003, 171: 3451-3458.

xperimental autoimmune encephalomyelitis (EAE) is an

animal autoimmune disease that can be induced with sen-

sitization against CNS components such as myelin oligo-
dendrocyte glycoprotein (MOG) (1. 2). Because the neurological
signs of paralysis can be monitored continuously and because the
pathological findings characterized by focal mononuclear cell in-
filtrates and demyelinating lesions resemble those found in multi-
ple sclerosis (MS). this representative autoimmune disease model
is widely used. It is established that EAE is mediated by CD47
Th1 T cells producing IFN-y and TNF-« in response to the peptide
of the CNS components. In support of this consensus. a number of
studies have proven that polarizing astoimmune Thl cells toward
Th2 directions (3-7) leads to suppression of the clinical and patho-
logical manifestations of EAE. These findings indicate that human
Thl-mediated diseases such as MS could also be treated or pre-
vented with the Th2-inducing protocols effective in suppression of
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EAE. Thus, molecular mechanisms controlling the Th1/Th2 bal-
ance needs to be further elucidated in terms of the regulation of
autoimmunity.

It is now well established that the immune system and the ner-
vous system are connected bidirectionally (8~10). Although much
remains 1o be investigated. severa lines of evidence suggest that
the sympathetic nervous system (SNS) provides a major pathway
for neuroimmune interactions. Indeed. a role for catecholamines
such as norepinephrine and epinephrine in SNS-mediated immu-
noregulation has been implicated in various conditions (11-15).
Regarding the modulation of awtoimmunity. it was previously
demonstrated that depletion of SNS transmitters by chemical sym-
pathectomy enhances the severity of EAE (11, 12). Because B-ad-
renoceplor agonists protect against EAE (13) and catecholamines
modulate several immunological functions critical to the patho-
genesis of EAE (14). the enhancement of EAE by chemical sym-
pathectomy has largely been attributed- to the depletion of cat-
echolamines. However, although neuropeptide Y (NPY) is also
released from SNS tenninals inpervating lymphatic tissues (16,
17). no previous studies have explored the possibility that deple-
tion of other SNS transmitters such as NPY may contribute to
these findings.

NPY is a 36-aa peptide. This amidated peplide is abundant in
neurons and can be detected in all parts of the body. NPY regulates
a variety of physiological activities, including energy balance and
feeding, anxiely, neuroendocrine secretion. neuronal excitability.
and vasoconstriction (18, 19). NPY exerts its pleiotropic functions
through the activation of several G-protein coupled NPY receptor
subtypes (18). Accumulating evidence indicates that NPY receptor
subtypes mediate the differential actions of NPY (18) and that they
are differentjally expressed in the mammalian tissues. Whereas
expression of Y. and Y receplor is highly restricted to the CNS,

QU22-1767H03/502.00
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Y, receptors are selectively expressed in the periphery. In contrast.
Y, receplors are rather ubiquitously expressed; their presence has
been reported in brain, heart, kidney, gastrointestinal tract. endo-
thelial cells, and leukocytes (18, 19).

Of note, NPY can be found in the storage vesicles of the sym-
pathetic nerve terminals innervating lymph nodes, spleens, and the
bone marrow of various species (19). Furthermore. Y receptors
were demonstrated on rat PBMC (20, 21). These results suggested
a role for NPY in nesroimmune interactions. In support of this
hypothesis. two independent studies previously showed that NPY
significantly modifies the cytokine profile of T helper clone cellsin
vitro (22, 23). Namely, Levite (23) reported NPY converts the
cytokine profile of Thl clones to a ThO type in vitro. whereas
Kawamura et al. (22) showed that NPY inhibits the IFN-vy pro-
duction by Th1 clones as well as that of freshly isolated spleen T
cells. However, despite the potential of NPY to induce a Th2 shift
in vitro. il remains unclear whether NPY may alter the cytokine
profile of Thl cells in vivo. This prompied us (o investigate a
possible role of NPY in the regulation of EAE mediated by Thi
cells.

To explore the role of NPY in vivo, we immunized female
CS7BL/6 (B6) mice with MOGas_ss and treated them with NPY
and/or NPY receptor subtype-selective compounds every other
day. Here we report that exogenous NPY significantly suppresses
the clinical course of EAE and that this eflect is mediated through
the activation of Y, receplors expressed by T cells. Our experi-
ments have revealed that suppression of IFN-y production by
MOGas_ss-specific Thl cells and the concomitant Th2 bias ac-
count for the suppression of EAE.

Materials and Methods

Mice and reagents

Female BG mice were purchased from CLEA Laboratory Animals (Tokyo.
Japan), and female SIL/J mice were purchased from Charles River Japan
(Tokyo, Japan), The animals were kept under specific pathogen-free con-
ditions and were subjected to experiments at 6-10 wk of age. Rat
MOG;s.55 (amino acid sequence, MEVGWYRSPFSRVV HLYRNGK)
was synthesized at Chiron Technologies (Clayton. Victoria, Australia), and
proteolipid protein (PLP) 139151 (amino acid sequence, HCLGKWL
GHPDKF) at Toray Research Center (Tokyo, Japan). IFA and heat-killed
Mycobacteritum tuberculosis H37Ra were obtained from Difco (Detroit.
MI), and pertussis toxin was obtained from List Biological Laboratories
(Campbell, CA). NPY was purchased from Sigma-Aldrich (St. Louis.
MO). A Y, receplor agonist. [F,PYINPY, and a Y5 receplor agonist.
[Ala" Aib*INPY, were generated as previously described (24, 25). An-
other Y, receptor agonist. [p-His>INPY (26). was a gift from Schering
(Kenilworth, NJ). Receptor specificity of these compounds was achieved
by replacing certain amino acids at specific positions that are critical for the
structural interaction of native NPY with different NPY receptor subtypes
(for details see Table I). The Y, receptor antagonist BIBO3304. a small
nonpeptide compound (27), was kindly provided by Boehringer Ingelheim
{Biberach, Germany).

NPY SUPPRESSES EAE VIA Y, RECEPTOR ACTIVATION

Immunization

Active EAE was induced in B6 mice as described previously (6. 7). Briefly.
the mice were challenged in the tail base with an emulsion containing 100
e of MOGs_g5 and 500 g of M. tuberculosis in TFA. Directly after the
immunization and 48 h later, the mice were injected i.p. with 500 ng of
pertussis toxin. STL/J mice were immunized s.c. with an emulsion con-
taining 100 pug of PLP 55,5, and 1000 pg of M. tuberculosis in IFA. They
were injected with 200 ng of pertussis toxin shortly after immunization.

Clinical assessment

Mice were observed daily for clinical signs of EAE. Disease severily was
scored and evaluated as follows: 0 = normal: 1 = weakness of the il
and/or paralysis of the distal half of the tail: 2 = Joss of tail tonicity: 3 =
partial hind limb paralysis: 4 = complete hind limb paralysis; 5 = forelimb

_ paralysis or moribund; 6 = death. Cumulative scores were calculated for an

individual mouse by summing up the daily scores.

Application of NPY and NPY receptor subtype-specific
compounds

NPY and the receptor subtype-specific compounds were diluted in PBS.
The animals were injected every second day with NPY and/or these com-
pounds throughout the experiment, unless otherwise stated. Control mice
were injected with 200 ¢ of PBS on allernate days. To treat mice with a
combination of NPY and the Y, receptor antagonist BIBO3304 on alter-
nate days, we injected NPY and the antagonist on the same day (NPY
njection followed by BIB03304) and gave two injections of PBS to
control mice.

Measurement of MOG ;5_ss-specific 1gG1 and IgG2a titers

ELISA plates were coated with 10 pg/ml MOGs_s5 in PBS overnight at
4°C, After blocking with 3% BSA in PBS. seial dilutions of the serum
from animals at day 40 after immunization, or normal mice or PBS were
added to (he plates. MOGsx;_ss-specific Abs were delected, using biotin-
labeled anti-IgG1 and anti-IgG2a Abs. Afier adding steptavidin-peroxi-
dase and a substrale. Ab concentrations were ¢stimated on the basis of
dilutions/OD curves.

MOG ;5_ss-specific T cell proliferation assay

After immunization with MOG 5_ss. the animals were treated every second
day with the indicated compounds from day 0 to day 10 after immuniza-
tion. The mice were sacrificed at day 10 and inguinal and popliteal lymph
nodes (L.N) were removed. Total LN cells were suspended in RPMI 1640
supplemented with 5 X 107 M 2-ME, 2 mM L-glutamine, 100 U/100
mg/ml penicillin/stieptomycin, and 1% syngeneic mouse serum (standard
medium). We incubated the cells in 96-well round-bottom plates at 1 X
10%/well for 72 1 (37°C, 5% CO, atmosphere) in the presence of MOGas_ss
(1. 10, or 100 pg/mh). Incorporation of [*H}thymidine (1 Cirwell) for the
final 16 h of the culture was determined with a $-1205 counter (Pharmacia,
Uppsala, Sweden).

To determine whether the suppressive effects of a Y, receptor agonist,
[p-His™INPY, are due 1o its interaction with T cells or with APC. T cells
were isolated from the LN using a standard nylon wool column procedure.
The LN cells were obtained from MOG;s_ss-primed mice treated with
[p-His™NPY or PBS. They were applied to the nylon wool column and
incubated for 1 h at 37°C (5% CO, aumosphere), and the T cells were
harvested from the column by gently vinsing with RPMI 1640 containing
56 FCS. The LN cells that had been x-irradiated with 4000 rad were used

Table 1. Amino acid sequence of NPY and receptor subtvpe-specific NPY analogs

Peptide Preference Amino Acid Sequence Alteration Reference
NPY Y, ,receptor  YPSKPDNPGEDAPAEDLARYYSALRHYINLITRQRY
[F7 PHINPY Y, receptor YPSKPDFPGEDAPAEDLARYYSALRHYINLITRRRY*  Amino acids in positions 7 24
and 34 are replaced
[p-His™INPY Y, receptor YPSKPDNPGEDAPAEDLARYYSALRHYINLITRQRY L-His in position 26 is 26
replaced by p-His
|Al2* ADTINPY Y receplor YPSKPDNPGEDAPAEDLARYYSALRHY INLABRQRY Amino acids in positions 31 25

and 34 are replaced by a
synthetic dipeptide

“ Replaced amino acid residues are bold and underlined as shown.
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as APC. T cells (5 X 10%well} and APC (5 X 10%well) were than cocul-
tured in 96-well round-bottom plates in the presence or absence of MOGgq es.
Cytokine assay was conducted as described below for the supernatants har-
vested at 48 h. Cell proliferation was determined by measuring the incorpo-
ration of [*H}thymidine (1 uCifwell) in the final 16 h of 72-h cultures.

Cytokine assav

To evaluate the effect of Y receptor stimulation on the cytokine secretion,
LN cells from the MOG;s_sg-immunized, NPY-treated mice were sus-
pended in the standard medium and cultured in 96-well round-bottom
plates at 1 X 10%well for 48 h in the presence of MOG;s_ss. The concen-
trations of IFN-v and IL-4 in the supernatants were determined by using a
sandwich ELISA. The assays were performed according to the protocol
provided by BD PharMingen (San Diego, CA). All the reagents, including
recombinanl mouse cylokines and Abs, were purchased from BD
PharMingen.

Anti-CD3 stimulation of splenocytes derived from naive mice

For the stimulation of the Ag receptor complex of T cells. 96-well round-
bottom plates were coated with 1 gg/ml anti-CD3 mAb (clone 2C11) (BD
PharMingen) ovemnight. After three washings with PBS. splenocytes (1 X
10%well) from untreated. naive animals were added and incubated in the
standard medium for 48 h in the presence of various concentrations of
[p-His®™®]NPY. IFN-y levels in the supernatants were detected with the
sandwich ELISA.

Induction of passive EAE in SJL/J mice

At day 10 after immunization with PLP,;o_,5,. the total spleen and drain-
ing LN cells were prepared from the mice and stimulated with the PLP
peptide (30 11g/ml) in the standard medium. The cells were harvested 96 h
after culture, and 1.6 X 107 of the cells were injected i.p. into each recipient
that had been x-irradiated (300 rad) shortly before cell transfer, The recip-
ient mice were further treated with pertussis toxin on the day of cell trans-
fer and 2 days later (200 ng for each i.p. injection).

In vitro T helper cell differentiation

Spleen T helper cells were polarized for either Thi or Th2 direction ac-
cording to the protocol described by others (28). In brief, CD4* CD44'™
naive T cells were purified from the spleen of young B6 mice by using the
magnetic beads (Dynal, Oslo. Norway), and the cells were stimulated with
anti-CD3 (2 pg/mb and anti-CD28 (1 ug/mb under Thl- or Th2-inducing
conditions. Namely, Thl cells were induced in the presence of mouse
IL-12(5 ng/mb) and anti-IL-4 mAb (HB188: 10 ug/ml). whereas Th2 cells
were induced in the presence of mouse IL-4 (1000 U/ml). anti-IFN-v
(HB170; 5 jig/mly, and anti-1L-12 (3 pg/mi). Three days later, the cells
were fed with the fresh medium supplemented with 100 U/mit TL-2 in
addition to the cytokines and Abs used in the primary stimulation. Eight
days later. the cells were harvested and subjected to RNA preparation.

RT-PCR and real time PCR

RT-PCR was used to determine the transcription level of NPY Y, receptor
in the LN cells from MOGz;_ss-sensitized animals or in the nylon wool-
purified spleen T cells from naive mice. Homogenized brain tissues from
naive mice served as controls. Total RNA was extracted from these sam:
ples using RNABee (Tel-Test. Friendswood, TX). RNA (5 pg) was sub-
jected to reverse transcription with the SuperScript First-Strand Synthesis
System (Invitrogen, Carlsbad. CA ), and 35 cycles of PCR were conducted
using TagDNA polymerase and GeneAmp PCR system 9700 (Perkin-
Elmer. Applied Biosystems, MA). Each cycle of PCR amplification con-
prised denaturation (95°C for 5 min)., annealing (54°C for 30 s). and am-
plification (72°C for 60 s). The products of these reactions were analyzed
by 2% gel electrophoresis. Primers used were as follows: Y, receptor
sense. CTTCGGGGAGACCATGTGCAAACTGAATC; Y, receptor anti-
sense, AGGAGAGTCGTGTAAGACAG: GAPDH sense, AACGACC
CCTTCATTGAC: GAPDH antisense. TTCACGACATACTCAGCAC.
Real time PCR was conducted by using the Light Cycler quantitative PCR
system (Roche Molecular Biochemicals, Mannheim, Germany). We used a
commercial kit (Light Cycler-FastStart DNA Master SYBR Green I; Roche
Molecular Biochemicals) according to the manufacturer's instructions.

Statistical analysis

We used the Mann-Whitney test to analyze the differences in the clinical
scare of treatment vs contro) group. Data for cytokines and proliferative
responses were subjected to overall two-way ANOVA, When there was a
significant difference. a Fisher post hoc test was implemented. The statis-
tcal analysis was performed using SPSS for Windows.
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Results
NPY inhibits actively induced EAE in a dose-dependent manner

To investigate a possible effect of NPY on actively induced FAE,
we immunized female B6 mice with MOG,5_qs to actively induce
EAE. The mice were injected with 0.01-50 ug/kg NPY ip. on
alternate days from the day of immunization (day 0) until the ter-
mination of the experiments. The selection of NPY dosages is
based on previous studies (29). We found that the continuous,
alternate day treatment with NPY inhibits the clinical severity of
EAE in a dose-dependent manner (Fig. 1). The maximum disease
score was significantly inhibited when the mice were treated with
50 ug/kg (but not 0.01 or 1.0 pg/kg) of NPY (Fig. 14 and Table
II). However, the cumulative disease score was effectively sup-
pressed at both 1 and 50 ug/kg (Fig. 1B).

The inhibitory action of NPY is due to Y, receptor activation in
vivo

Given that differential actions of NPY are mediated through dis-
tinctreceptor subtypes (18. 19), we sought 1o elucidate which NPY
receptor subtypes are involved in the EAE-inhibitory action of
NPY. To this aim. we used various NPY receptor subtype-specific
compounds. Lvmphoid cell expression of Y, receptor has been
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FIGURE 1. Effect of NPY on actively induced EAE. EAE was induced
in female B6 mice by an immunization with MOG; 5 in CFA as de-
scribed in Materials and Methods. A. Repetitive treatment with NPY (50
Hg/kg) suppresses the clinical course of EAR as compared with sham-
treated animals (PBS). B. Treatment with varjous NPY dosages induced a
dose-dependent inhibition of EAE as assessed by cumulative discase
scores. Statistical analysis reveals a significant inhibition of the cumulative
disease score at 1 pg/ke (p = 0.0196) and 50 pgkg (p = 0.0176) vs
control mice injected with PBS. One representative experiment is shown
(n = 5 for each group) and data are expressed as mean * SEM. +. Sig-
nificant differences between NPY and controls (PBS). Further statistical
analysis is shown in Table 1L



3454

NPY SUPPRESSES EAE VIA Y, RECEPTOR ACTIVATION

Table 11 Effect of NPY/recepior-specific analogs on EAE actively induced in wild-type B6*

Maximum Score Cumulative Score

Treatment Day of Onset
NPY, 50 pgrks 10.7 + 2.67
[p-His®*INPY (YR agonist). 13.0 * 0.58
0.01 ug/ke
[F7.P*INPY (YR agonist), 13.2 + 1.00
1.0 ng/ke
BIBO 3304 (YR antagonist), 8.5 = 0.50*
100 pg/kg (0.032)
[Ala™ Aib*NPY (YsR 10.8 = 0.49
agonist), 50 pghkg
Control (PBS) 11.2 + 0.80

2,67 + 0.34% 31.2 x 7.23%
(0.001)" (0.006)
2.87 = 1.03 30.8 7.7

(0.032)
3.00 = 0.50 35.3 = 7.28%
(0.032) (0.032)
3.88 + 032 52.5 = 7.51
3.90 > 0.10 522 x 1.82
420 % 0.20 54.5 x 1.24

@ Representative experiinents in wild-lype B6 mice treated with NPY and various receptor-specific analogs. Experimental
procedures are described in Materials and Methods. Data represent mean = SEM at day 40 of the total mice in each group (n =
5). Significant differences between NPY/wmalog and controls (PBS) are indicaled by aslerisks (Mann-Whitney test).

» Numbers in parentheses are p values.

recently reported (20, 21). In a first step, we treated MOGg,; 55
immunized mice with a combination of the amount of NPY found
to consistently inhibit EAE (50 ug/kg) and 100 ug/kg of the Y,
receptor antagonist BIBO3304. Interestingly. blocking Y, recep-
tors with BIBO3304 abrogated the suppressive effect of NPY on
EAE (Fig. 2A). This indicates that NPY probably inhibits clinical
signs of EAE via Y; receptors. To further clarify this point. we
treated the mice with a novel Y, receptor agonist, [D-His**]NPY
(Table I). Preliminary experiments showed that this compound is
very polent and that a smaller dose (0.1 ug/kg to 0.01 pug/kg) than
that for NPY effectively suppresses EAE. Due (o a limited amount
of the compound available, we treated the mice with 0.01 ug/kg of
[D-His**INPY on alternate days until the end of the experiment. As
shown in Fig. 2B and Table IL this Y, receptor agonist signifi-
cantly down-regulated the chinical course of EAE. further support-
ing the role of Y, receptor in the NPY-mediated suppression of
EAE. We also examined the effect of another Y, receptor agonist.
[F7P*INPY, on EAE at 0.01, 0.1. and 1 ug/kg Unlike
[D-His*°JNPY. {F", P**INPY was not eflective at 0.01 or 0.1 ug/
kg. However, treatment with 1 ug/kg [F".P*INPY every other day
significantly ameliorated clinical signs of EAE (Table II). In con-
trast. treatment with a selective Y5 receptor agonist,
[Ala*l.Aib*?]NPY. did not show any effect on the clinical course
of EAE (Table 1I). Taken together. these experiments strongly in-
dicate that exogenous NPY suppresses the clinical signs of EAE
through the activation of Y, receptors.

Next we asked whether endogenous NPY plays a role in the
natural course of EAE. To answer this question. we evaluated the
clinical course of EAE in mice treated with the Y, receptor an-
tagonist BIBO3304. Blocking Y, receptors with BIBO3304 led to
a significantly earlier onset of disease (Table II), although severity
of BEAE after onset was not significantly altered. This indicates that
endogenous NPY prevents premature development of EAL by in-
terfering with the induction of MOG,5_s55-specific autoimuune T
cells, but it is ineflicient to modulate the effector phase of EAE.

Y, receptor agomist inhibits induction phase of EAE

We attempted to treat the mice with the Y, receptor agonist
[D-His>*INPY after appearance of the first clinical signs of EAE.
However, the treatment protocols starting after onset of clinical
manifestations did not significantly alter the clinical course of EAE
(data not shown). indicating that Y, receptor stimulation could not
modify the eflector phase of EAE. In contrast. aliernate day ad-

iministration of the p-His® compound during the induction phase
of EAE (from day 0 to 10) alter sensitization significantly inhibited
the development of EAE (Fig. 3). In fact, the induction phase
treatment (days 0-10) was as efficient as the long term treatment
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FIGURYE 2. Receptor specificity of the suppressive effect of NPY. A.
The suppressive effect of NPY is abrogated when NPY is administered in
combination with the Y, receptor antagonist BIBO3304 (100 pg/ke). B
The novel and highly selective Y, receptor agonist [0-His*INPY (0.01
peflgy induced a similar suppression of BAR as seen with NPY (Fig. 14).
Data represent mean = SEM. Additional disease parameters are analyzed
in Table L
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FIGURE 3. [p-His*“INPY treatiment from day O lo day 10 significan(ly

suppresses development of EAE. The B6 mice sensitized with MOGgs_ss
were {reated i.p. with {D-His**)NPY (0.01 pg/kg) every other day either
throughout the experiment (Y 1R day 0-34) or during the induction phase
(YIR day 0-10). Compared with control mice that were given PBS on
alternate days, the mice trealed with [pD-His**]NPY showed milder clinical
course. The effect of the treatment from day 0 to day 10 is comparable with
the continuous treatment from day 0 to 34. Data represent mean = SEM.

Each treatment group consists of five mice.

(days 0-34) covering both induction and eflector phases. This re-
sult implies that Y, receptor stimulation leads to the inhibition of
induction, but not effector phase of EAE.

EAE suppression is associared with an inhibition of
MOG ,;5_ss-specific Thi resporse )

NPY has been demonstrated to alter the cytokine profile of in vitro
established Thl clones toward Th2 directions (22. 23). We there-
fore speculated that the inhibitory action of NPY on EAE might be
due to a modulation of the Th1/Th2 balance resulting from a Th2
bias of MOG,s_ss-reactive T cells. To explore this possibility, we
first measured serum levels of 1gG1 and 1gG2a isotypes of anti-
MOG;;_55 Abs at day 40 after immunization. It is generally ac-
cepted that elevation of Ag-specific IgG2a Ab results {rom the
augmentation of a Thl immune response to the Ag, whereas a
higher level of IgG1 Ab reflects a stronger Th2 response to the Ag.
Fig. 44 demonstrates that the treatinent with NPY and the Y,
receptor agonists remarkably inhibits anti-MOGa,;_s5 [gG2a titers,
but they do not significantly alter IgG1 titers. Consequently, the
1gG1-IgG2a ratio was significantly elevated in mice treated with
ejther NPY or the Y, receptor agonists, indicating that the sup-
pression of EAE after NPY treatment is associated with a Th2 bias
of MOG,;_ss-reactive autoimmune T cells (Fig. 48).

Treatment with the Y, receptor agonist inhibits the ex vivo
production of IFN-y by MOG ;5_ss-specific T cells

To further characterize the immunomodulatory properties of NPY
in vivo, we isolated the draining LN cells at day 10 [rom mice
treated with [D-His**INPY and {rom control mice treated with PBS
and stimulated the Iymphoid cells with MOG,;_55 in vitro. We
compared these two groups with respect to the levels of IFN-yand
[L-4 in the culture supernatant and cell-proliferative responses. We
found that in vivo treatment with the Y, receptor agonist signifi-
cantly inhibited the production of IIFN-y on in vitro stimulation
with MOG,s_ss (Fig. 54). [p-His?]NPY seemed to slightly inhibit
the proliferation of MOG,5_s5-specific T cells as well (Fig. 5B),
but it was not statistically significant. 1L-4 concentrations were
below the detection level. These results indicate that the inhibition
of IFN-vy production by MOGa5_ss-specific T cells may underlie
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FIGURE 4. Analysis of anti-MOG5_s5 Abs of 1gG1 and IgG2a isotype
afler treatment with NPY and Y, receptor agonists. 4, NPY (p = 0.0430)
and the Y, receptor agonists [F.PYINPY (p = 0.0091) and [p-His**]NPY
(p = 0.0147) induced a significant inhibition of IgG2a. B. Assessment of
the TgG1-12G2a ratio revealed that NPY (p = 0.0309) and the Y, receptor
agonists [F"PHINPY (p = 0.0054) and [p-His*INPY (p = 0.0417) would
induce a Th2 bias of T cell response to MOG s_ss. Serum samples (n = 5
per condition) were obtained at day 40 after immunization and were ana-
Ivzed as indicated in Malterial and Methods. Data represent mean = SEM:
+, significant differences between NPY/analogs and controls (PBS).

the Th2 deviation (a higher IgG1-1gG2a ratio) provoked by the Y,
receptor agonist.

NPY treatment alters autoinmune T cells but not APC

To obtain insights into the altered Th1/Th2 balance through the
activation of Y receptors, we explored whether T cells or APCs
are the major target of NPY. To address (his question. we sepa-
rated T cells from animals treated in vivo with either
{D-His™|NPY (ureated) or PBS (unueated). The T cells were
mixed with imradiated LN cells from treated or untreated mice.
serving as APC, and then stimulated with 100 ug/mt MOGa; s< in
vitre. Despite whether T cells from untreated mice (untreated T
cells) were reconstituted with treated or untreated APC. they re-
sponded equally well to MOGas_55 with regard to the production
of IFN-vy (Fig. 64. Columns 3 and 4). However. when T cells from
reated mice (treated T cells) were used for reconstitution (Fig. GA,
Columns | and 2). IFN-+y production was remarkably reduced re-
gardless of the source of the APC (two ANOVA. p = 0.001).
However. cell proliferation responses were not significantly dif-
ferent among the reconstituted populations (Fig. 6B). These results
demonstrate that the in vivo effect of [p-His**|NPY is mediated by
the selective alteration of the T cell function to secrete IFN-y but
not of APC. »
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FIGURE 5. Comparison of MOGgs_gs-specific T cell responses after in
vivo treatment with [p-His?**INPY and PBS. A. In vivo treatment with the
Y, receptor agonist {p-His™[NPY significantly inhibits the ability of
MOG 45_ss-specific T cells to secrete IFN-y on Ag challenge (treatment vs
control: 100 g MOGss_ss. p < 0.0001). B, Tendency toward inhibition of
the proliferative response of MOGs_ss-specific T cells. Statistical analysis
revealed no significant differences (ANOVA). Popliteal and inguinal LN
cells from treated and control animals were incubated in the presence of
MOG s_ss for 48 b. IFN-~+ was detected by ELISA, and proliferation was
determined by estimating the uptake of [*H]thymidine. Pooled data from
three independent experiments is shown (n = 9). Emor bars, SEM: *.
significant differences.

Mouse T cells express Y, receptor mRNA and respond to the Y,
receptor agonist in vitro

The in vivo results presented above strongly suggest that NPY acts
on EAE via direct activation of Y, receptors expressed on the
MOGa5_ss-specific autoimmune T cells. To verify this further. we
examined whether mouse T cells express the Y, receptor. As
shown in Fig. 7. RT-PCR enabled us to detect the expression of Y,
receptor mRNA in MOG,_ss-sensitized LN cells (Fig. 74) and in
spleen T cells isolated from naive mice (Fig. 7B). We also exam-
ined expression levels of the Y, receptor in T cells polarized in
vitro toward Thl or Th2. according to the described method (28).
We saw no significant difference between Thi and Th2 cells re-
garding the Y, receptor expression.

To further determine the functional significance of these
findings. we stimulated spleen T cells with plate-bound anti-CD3
inAb in the presence of different concentrations of [D-His" INPY
{10712-107% M). and measured I[FN-vy in the supernatant. The
results indicate that the Y, receptor agonist significantly inhibits
the secretion of IFN-y on stimulation with anti-CD3 Ab in a
dose-dependent manner (Fig. 8). These data further support that
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FIGURE 6. Effect of [D-His®]NPY on primed T cells and APC. T cells
and APC were isolated from animals treated with either [p-His**]NPY in
vivo (treated) or PBS (untreated) and then coincubated in the presence of
MOG;s_ss in vitro. A, Significant inhibition of the IFN-v secretion is ob-
served only in T cells from lreated animals (two-way ANOVA: treated T
cells vs untreated T cells, p = 0.001). Coincubation with either treated or
untreated APC revealed no statistically significant differences. B. The pro-
liferative response is not significantly different. although there is a ten-
dency toward a decreased proliferation on treatment. Pooled data from two
independent experiments is shown (n = 6). Error bars represent SEM.

the Th2 bias found in vivo is mediated througlr the activation of
functional Y, receptors expressed on autoiimmune T cells.

Effect of the Y, receptor agonist on EAE induced in SIL/ mice

Furthermore, we asked whether the Y1 receptor agonist might also
modulate acute EAE actively induced with PLP a5, in SILA
mice. We found that the continuous treatmment from day 0 to-day 30
significantly suppressed clinical EAE. regarding the maximum
clinical score: D-His*-treated mice. 1.8 = 0.52 vs PBS-treated
mice, 3.2 = 0.37 (p < 0.02). Administration of p-His>¢ during the
induction phase (from day 0 to day 10) also reduced the clinical
severity of BAE as compared with treatinent with PBS.. It was
interesting 10 know whether the treatinent during the induction
phase may inhibit the generation of encephalitogenic T cells reac-
tive 10 PLPg_;5;- To answer this question, we isolated PLP a5
sensitized lymphoid cells from p-His™*- or PBS-treated mice at day 10
after immunization and stimulated the cells in vitro with PLPag_y5,-
The activated T cells were adoptively transfened to naive SIL/ mice
1o induce passive EAL as described in Marerials und Methods. Our
protocol induced very serious EAT in the recipients (1 = 5 for each
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A LN cells from primed mice

FIGURE 7. Constitutive expression of Y, receptor mRNA in LN cells
from immunized animals and T cells from naive mice. A, LN cells from
animals immunized with MOG;;_ss express Y, receptor RNA (left panels).
LN cells were prepared as described in Material and Methods. RNA from
homogenized mouse brain was used as a positive control (right panels in
both A and B). One representative experiment is shown. B, T cells isolated
from spleens of naive animals also express Y, receptor RNA (Jeff panels).
Five micrograms of total RNA were used for RT-PCR, and amplified prod-
ucts were analyzed by agarose gel electrophoresis. GAPDH was used as a
control for equal loading. The sizes of the PCR products were 334 bp for
the Y, receptor and 190 bp for GAPDH.

group), and all the recipient mice died before day 18 afler cell transfer.
However. there was a clear tendency that mice transfered with T cell
blasts from D-His®*-treated mice would survive for a longer period of
time (the date of death in an individual mouse: day 14, day 17. day 17.
day 17, day 17) compared with those given the T cell blasts from
PBS-treated mice (the date of death: day 8. day 11, day 14. day 15,
day 15). In addition, the mice transferred with the T cells from
[D-His*-treated mice showed a reduced clinical score at day 8 com-
pared with the contro] mice (1.5 & 0.5 vs 4.5 = 0.6). These results
indicate that NPY Y, agonist is effective also for EAE induced in
SIL/J mice and that the mechanisim of action is to interfere with the
process of effector lymphocyte generation.

Discussion

With regard to the bidirectional interaction between the immune
and the nervous system, prior studies have indicated that cat-
echolamines’ released from sympathetic nerve endings regulate
Th1 responses and Thl-mediated disease such as EAE. Our study
demonstrates that NPY also plays an important role in the regu-
lation of EAE. It has previously been indicated that NPY modu-
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FIGURE 8. Splenocytes from naive mice were stimulated by a plate-
bound anti-CD3 mAb in the presence of various concentrations of
[p-His**INPY. The Y, receptor agonist induced a dose-dependent inhibi-
tion of the secretion of IFN-v in vitro (Y, receptor agonist vs control:
1072 M p = 0.023: 10710 M, p = 0.001: 1075 M. p =< 0.0001). Pooled
data from three independent experiments are shown (n = 7). Ervor bars.
SEM: =, significant differences between treated and untreated conditions.
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lates various T cell functions in vitro. including T cell adhesion to
integrins (30) and cytokine secretion of in vitro established T
clones (22. 23). Our study could be regarded as the first work to
provide evidence that NPY modulates T cell function in vivo and
that NPY is involved in the natural regulation of Thl-mediated
autoimmunity.

The action of NPY is mediated via distinct receptor subtypes
such as the Y, Y,. Y,. and Y receptor. Here we conclude that Y,
receptors are the main receptor subtypes engaged in the NPY-
mediated suppression of EAE. This conclusion was obtained from
a series of experiments applying Y, receptor agonists and a Y,
receptor antagonist. Firstly. we showed that the suppressive eflect
of NPY on EAE was abolished when we coinjected the Y, receplor
antagonist BIBO3304. Secondly, we replaced native NPY with
two types of compounds known to selectively stimulate Y recep-
tors ([D-His*INPY, [F7,P*INPY}) and found that these NPY an-
alogs also eflectively suppress the development of EAE. However,
a Y; receptor agonist was not effective. Thirdly, treatinent with
BIBO3304 resulted in a signiticantly earlier onset of disease. All of
these results indicate that Y, receptor engagement leads to the
suppression of EAE.

The Y, receptor agonists appear to be much more potent EAE
inhibitors than native NPY. In terms of the dosage requirement to
gain clinical effects. the hierarchy for the native and altered NPY
compounds was apparent ([D-His**INPY > [F .P*INPY > native
NPY). It seems that the efficacy of these ligands as EAE thera-
peutics correlates with the specificity for the Y, receptors. Namely.
[p-His**INPY is more selective for Y, receptors. campared with
[F7.P*INPY (24). Taking this into consideration. it is possible that
stimulation of non-Y, receplors may compete with Y, receptor
ligation. Alternatively, the Y, receptor agonists may be more ef-
ficacious as ligands than native NPY in inducing intracellular
events leading to the immunoregulation. Alternatively. these dif-
ferences in the potency of Y, receptor compounds and the native
peptide NPY may be explained by parallel activation of stimula-
tory and inhibitory Y receptors by NPY itself rather than by the
specific ligands. Furthermore. it is possible that the different Y,
receptor specific compounds exhibit a differential tissue penetia-
tion or may be differentially degraded by specific enzymes such as
CD26 (31, 32). Further studies are needed 1o verify these postu-
lates and provide us with a new ingight into NPY-Y, receptor
interactions.

The experiment using the Y, receptor antagonist BIBO3304
showed an earlier onset of EAE. although the disease course was
not altered after onset. This indicates that endogenous NPY plays
a regulatory role in the induction phase, but not in the effector
phase of EAL. Consistent with this. we showed that the treatment
during the induction phase’is as effective as the continuous treat-
ment covering both induction and effector phases, whereas the
treatment starting after onset of EAE doces not change the clinical
course of EAE. A possible explanation for the failure of the Y,
receplor antagonist to alter the effector phase is that endogenous
NPY levels may substantially decrease in the effector phase. owing
lo enzymatic degradation. Whereas it is currently impossible to
measure the NPY levels in mice with EAE. it is well known that
NPY is cleaved by enzymes such as dipeptidyl peptidase TV (CD26).
a membrane-bound enzyme. constitutively expressed on numerous
cells including leukocytes (31, 32). In addition. activated T cells are
reported 1o express a higher level of CD26 on their surface (33). Thus,
it is possible that the contribution of endogenous NPY to the immu-
noregulation might be reduced in the effector phase because of the
rapid degradation by enzymes such as CD26. It is necessary (o pursue
this issue with different methodologies.
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Regarding the mechanism for NPY-mediated suppression of
EAE, we showed a significant inhibition of anti-MOGs5_s5 IgG2a
titers and of IFN-vy production by MOG,;_ss-specific T cells after
treatment with [D-His**INPY. In contrast, IgG1 titers were unaf-
fected, which resulted in a higher IgGl-IgG2a ratio in treated
mice. Also, T cell-proliferative responses were not affected signif-
icantly. On the basis of these results, we conclude that NPY plays
a selective role in inhibiting IFN-vy production by MOGa;_ss-spe-
cific T cells, leading to a Th2 bias. Ex vivo reconstitution exper-
iments also showed that MOG,5_ss-specific T cells are the major
target for NPY. Although the presence of functional Y receptors
on rat leukocytes has been documented (20, 21). we proved here
the presence of mRNA encoding the Y, receptor in T cell popu-
lations. Accompanying in vitro experiments further confirmed that
NPY suppresses T cell production of IFN-y provoked by CD3
cross-linking.

In conclusion, this study demonstrates for the first time to our
knowledge that NPY has an immunomodulatory activity that sup-
presses signs of BAE. Given that the levels of NPY in the CSF are
reduced in patients with MS$ (34, 35). it is templing to speculate
that NPY may also play a critical role in preventing the develop-
ment of MS. With the availability of novel and highly selective
agonists and their ability to mimic the effects of NPY in a highly
specific manner, we propose that targeting NPY receptors may be
a promising new therapeutic approach to autoimmune disorders.
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Suppression of Collagen-Induced Arthritis by
Natural Killer T Cell Activation With OCH, a
Sphingosine-Truncated Analog of a-Galactosylceramide

Asako Chiba,' Shinji Oki,* Katsuichi Miyamoto,? Hiroshi Hashimoto,® Takashi Yamamura,?
and Sachiko Miyake?

Objective. OCH, a synthetic analog of
a-galactosylceramide with a truncated sphingosine
chain, stimulates natural killer T (NKT) cells to pro-
duce predominantly Th2 cytokines. Thus, OCH may be
a potential agent for the treatment of Thi-mediated
autoimmune diseases. This study was designed to eval-
nate the protective effects of OCH on collagen-induced
arthritis (CIA) in mice.

Methods. Mice were immunized with type II col-
lagen (CII) and injected intraperitoneally twice per
week with OCH, before or after the onset of CIA, They
were monitored to assess the effect of OCH treatment on
the severity of disease. Anti-CII antibodies and cytokine
production were measured by enzyme-linked immu-
nosorbent assay. Expression of cytokine genes was de-
termined by quantitative reverse transcriptase-
polymerase chain reaction.

Results, OCH inhibited CIA in wild-type C57BL/6
(B6) mice but not in NKT-deficient mice. OCH sup-
pressed CIA in SJL mice, which are prome to auto-
immune diseases and have a deficiency in the number
and function of NKT cells which is similar to that in
patients with autoimmune diseases, even after disease
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has already developed. Disease protection conferred by
OCH correlated with its ability to selectively induce Th2
cytokine production mediated by NKT cells and to
promote collagen-specific Th2 responses. Neutralization
of interleukin-4 (IL-4) or IL-10 with monoclonal anti-
bodies abolished disease protection by OCH, indicating
a critical role for these cytokines.

Conclusion. Taken together, our findings suggest
that OCH holds possibilities as a therapeutic agent for
autoimmune diseases such as rheumatoid arthritis.

Rheumatoid arthritis (RA) is a common auto-
immune disease characterized by persistent inflamma-
tion of joints resulting in progressive destruction of
cartilage and bone. Although its precise etiology is not
clearly understood, cumulative evidence suggests that
Thl cells secreting interferon-y (IFNy) and tumor ne-
crosis factor o (TNFa) exacerbate disease, whereas Th2
cells producing interleukin-4 (IL-4) and IL-10 suppress
arthritis (1). Studies with animal models have demon-
strated that systemic or locally administered IL-4 and
IL-10 can effectively protect against arthritis in mice
(2-11).

Natural killer T (NKT) cells are a unique subset
of T cells that coexpress T cell receptor /8 (TCRa/B)
and receptors from the NK lineage. NKT cells express
an invariant TCRa chain (encoded by a V,14-J,281
rearrangement in mice and a homologous V,24-J,Q
rearrangement in humans). Unlike conventional T cells
that recognize peptides in association with major histo-
compatibility complex (MHC), NKT cells recognize
glycolipid antigens bound to the nonpolymorphic class I
MHC-like protein, CD1d. NKT cells have been impli-
cated in a variety of immune responses such as infection
and tumor immunity. One striking feature of NKT cells
is their capacity to secrete a large amount of cytokines,
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including IL-4 and IFNv, in response to TCR stimula-
tion (12-14). Recently, a number of reports have indi-
cated that NKT cells play a critical role in the regulation
of autoimmune responses. Abnormalities in the num-
bers and functions of NKT cells have been observed in
patients with autoimmune diseases (15-18) as well as in
a variety of mouse strains that are genetically predis-
posed to the development of autoimmune diseases (19~
23).

While the natural ligand for NKT cells remains to
be determined, a-galactosylceramide (a-GC) (Figure
1A), a derivative of marine sponge, has been shown to
bind to CD1d and strongly stimulate NKT cells to
produce IFNy and IL-4, both in humans and in mice
(24-26). Previously, we have shown that OCH (Figure
1A), an analog of a-GC with a truncated sphingosine
chain, efficiently inhibits induced experimental auto-
immune encephalomyelitis (EAE) in CS7BL/6 (B6)
mice, due to its ability to stimulate NKT cells to
selectively produce Th2 cytokines; in contrast, a-GChad
little effect on EAE (27,28).

In the present study, we found that OCH inhibits
collagen-induced arthritis (CIA), a murine experimental
model for RA, in wild-type B6 but not NKT-deficient
J_281-knockout mice. We also demonstrated that OCH
inhibits CIA in SJL mice even after arthritis has already
developed. Experiments with anti-IL-4 or anti-IL-10
administration revealed that IL-4 and IL-10 are critical
for OCH-mediated suppression of CIA. These results
suggest that stimulation of NKT cells with OCH could
be an attractive means of intervention in autoimmune
diseases such as RA.

MATERIALS AND METHODS

Mice. B6 mice were purchased from Clea Laboratory
Animal Corp. (Tokyo, Japan). SJL mice were obtained from
Charles River Japan (Yokohama, Japan). J,281-knockout
mice were kindly provided by Dr. Masaru Taniguchi (Chiba
University Graduate School of Medicine, Chiba, Japan). The
animals were kept under specific pathogen-free conditions and
studied at 7-10 weeks of age.

Induction of CIA. Mice were immunized intradermally
at the base of the tail with 100 ug of either chicken type II
collagen (CII) (for B6 mice) or bovine CII (for SJL mice)
(Collagen Research Center, Tokyo, Japan) emulsified with an
equal volume of Freund’s complete adjuvant (CFA), contain-
ing 250 wg of H37RA Mycobacterium tuberculosis (Difco,
Detroit, MI). The animals were boosted by intradermal injec-
tion with the same antigen preparation on day 21. Mice were
examined for signs of joint inflammation 3 times per week, and
joint involvement was scored as follows: 0 = no change, 1 =
focal redness of the limb or swelling and redness of 1 digit, 2 =
mild swelling and erythema of the limb or swelling of >2 digits,
3 = marked swelling and erythema of the limb, 4 = maximal
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Figure 1. A, Structure of a-galactosylceramide (o-GC) and OCH, a
sphingosine-truncated analog of o-GC. B and C, Effect of OCH on
collagen-induced arthritis (CIA) in C57BL/6 (B6) and J,281-knockout
mice. B, Clinical score of CIA in B6 mice treated with 500 ug/kg of
a-GC (¢), OCH (O), or vehicle (0) twice per week starting from day
21, C, Clinical score of CIA in J,281-knockout mice treated with 500
pg/kg of OCH (O) or vehicle () twice per week starting from day 21,
Data shown are from a single experiment representative of 2 identical
experiments; values are the mean * SEM (5 mice per group).



