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BEA SR EMEBGNE (RETLVAX—% - KETHHESEE)
REMERES (1)
HERER - BERBICL DT LAX—HIH
SHEBIREE  IEHEICR T O MERZE LB T o —F L O IZ OV TORFE !
TUALX—HBRETAVAOERL, BREEREN LZRET LAY —IHREE O

RS

SHEBEE IR Fz BRRFEEFHEAWEEAEF Hix

MEES : LRERBIT AT LAX— IOV T, 2F%EB L OHIEREOHEH & fEH
LTWRHTED, /7., M, BELSVTHEBICRET 2720, ToREL2FEMEL
RIERBFTCORIGHEIZFT T, TUAF—HBRET AV RAZAVTHENT 2T,
T UAF—HERIIBTAIANRERFOBEIZOWVWT, HREEZERICBW TEEREE
%18 5 Toll-like receptor Z 41 L 7= S In 2 %2 F.OICHRET LT,

A BFEEH
IEMEZRIILDET BT LA — Ak
DIFEDORRN E TITiX, BEMNRERE2Y
RELARRS, £BOFEL OIRERT
~DBRFICLVBIES ., BECEDER
BHD, T LNX—HRBRDOENE - FEIEHE
FrOfERRFBG - IGRERRBE O RBIZIZ, £
FHICBTRBEBEOL 2 LT, KB/
DREGEEEHAL ML TN Z e
BERAARTH D, BAEZBNTTLLX
—DIRMERILICIE, T VAT VR T
BT VUNF—RIEHEREIND =D DFHFHE
8 (T B, induction phase) &, X
EHBERFTICBWTT LAY U ~DREIC
IV IBRTUAX—BRBIARIGHE (T4
PHIIE, effector/eliciting phase) D DD
HBH D, Bxl37 LAXF—MBRADOIRE

20

EHHEM L RIERFT CORIGH &7,
AORERTFOBEIZONT, BRHEER
WBWTEERER %S Toll-like receptor
2O LIS E 2, 7 L —i
BRETN I RAERNTRI L,

B. #f%H

1. UESHEREHRNAL LTHLNRD
OK-432 i3t MHIR A B MM ESERE
Streptococcus pyogenes 535 Su BRI RO EH &K
K53 TdH Y. Toll-like receptor (TLR) 2 D Y
HY RTHBHRXTF NI Y B R, TLR4
DYHy FTHD VRIS 2BREZT AT
%, 0K-432 DT b B —HEEFRICHT 58
FRRICOVWTIRHEERESNTHDER
(Horiuchi Y. Arch. Dermatol. Res. 2006;
298:163) . [BERHE TCOT LAF—IZE




FABEEICOVWTOREITIZILALEET
»H5, SEbIAbIIZ~ DY AD Ovalbumin
(OVANZXT 3 Th2 RIGHEET V& /ER
L. OK432 O RIEFTHBIZ OV TR Z1T
7,
ERTuoba— LT, FE0BEET
HIZOVA & Alum < U A DEERNIZRS
LCEHBEFRIEE, B 21 ALD 28
H¥TOVA DHEZIT>TOVA LTS
TUNX—MBRETNVEER L, FE
HIZRIT D 0K-432 DIERIZ YW TR
T, OK432 £7iFav be—n¢& LT
PBS #% 0 A L5 7 HIZOVA L & bICkERE
S L, %14 BiClfE, BgsERL T
RN BT o7z, Elo, RIGHTO OK432
DERIZ OV T ORI TIZ, OVA TR
EZ21To 7%, 821 BH5H 28 HIZOVA &
EHIT OK432 2 REARE L T Z1T
ST, v U AXHAR <y R ICMZ. TLR4
BEFER~VATHD C3HHel vV AR
SWUTLR2 / v 77U = RERW,
2 . Lipopolysaccharide (LPS)iZ TLR4 @ U 4
YRETHY. inviro DERIZE Y, TL
F—tE AR ORSHEIZB W THLE 2 & E
5 IR S0 Th B A ML
EERZFETIZLPREIR TS, &
EH4 iR 7 VAX—HRARET LV E
BV, invivo TLPS 87 LV ¥F—HEEARIC
KETEBZOWTHRHLE,
EBRTaba— e LT, F0BEET
HiZ OVA & Alum &< 7 ZDEERNIC &S
LTEHERBEELRILIE, F21 BMb 28
HETOVA BIITRE, HLITLPS %

21

OVA L HITHB L TR LTz, &R RBEZ
WABERE LT LrZOEEEBIET S
& & HICBMBEERE. AR L TR
B{Tolc, < U RIEAR~ T X C3N/Hel
v ABLIVIEHHRXBE~ Y XA THD
WBB6F-W/Wv = 7 A% v,

(B ~DELRE)

ARFATIE, FCERABYR OIS
B L 7-MRfa, MERRBKE R L TEREIT-
Te. EBREMMERIZH T > THE, MIITE
BEAESLRFERDYHERBHEEEHCE
D&, BRREEFRVERBEROEH
TTEREIToT,

C. FFEHER

1. 1 ZU oIz, BERRMIZIIT S 0K432
DEBFUZ DOV T in vitro DEBRTHRIT L=,
HER v ANDERv I/ 0T 7y —V
L. OK-432 {2 & Y 3 5 & B RS
2 IL-12 EEAMSER I, C3H/MHel v
AHKDwI 07 7—Th, OK-432 i
IC X D BERENIC IL-12 EARHEEIH
72D L TLR2 / v 77U b~ U A%
DO<y a7y —YTik OK432 HilE%1T>
TH IL-12 EAPHER IR o T, £,
invivo DEBFZRZ AV, 0K432 A —7
< U ACRERENE S U, 12 BRI R
su7y—UERERLT 48 RS L
%, HELEEDD IL-12 BEZRAIE L,
OK432 #EIZIVHAR <Y ZABLT
C3HMHe] vV ATIIERE~I/ 77— 0
B BP0 IL-12 REDEAN L T2,



TLR2 / v 277U =~V RATIIIL-12 RED
EmMEBDRDPoTe, TNHDRERNPL,
v/ u7y7—IIZBiT% 0K432 OFEFHIC
DVWTHE, EIZ TLR2 S LTn5Z &
DR ENT,

RiZ, T TRT VLA E—HEBREFNVE
AWCEHEMIZRIT S 0K432 DIERIC
WTRH L, BURTORERBAIEREIC
MEFOHEMERELLL 25, TR
~ A& C3HMHel < 7U A TiX, OK432 ¥
ERCHEESH LB L THE OVA R
B IgE. IgGl BAHEITKMEEZRL, 1gG2a
FAEEICEEER LI, —H.TLR2 / v 7
7 U b= A TiX 0K-432 58 £ OK-432
FREHL OB TMETOTUKMICHEEZE
RO b hole , MIE T MiCkiT
A BIA VEARICOWVWTRFZITo 72
LT AH, BAERIwY R C3HHe] vV A&
HiZ OK-432 B 58T L4 PEEIEMEE
KLU, IFN-yy BEEICBEZ R LE, —F.
TLR2 / v 777U b~ U ATILO0KA432 &5
HLHEBRERLOBTYA M A VEAL
AREETRD N o7

DBNT, FKIGHIZEIT S OK-432 DIE
AW THRF L, OVA BMiaaiEe
OVA/OK-432 R &HEL TIX, 7T L¥—
JERTH B < Lo HOEIZKLRIEEH DT
BMEKBECAEZIRD ORI o1,
OVA/OK-432 S EFZH VT, OVA BEiA
BELER L TEEERICRIT S IL-5 %
BOHEBREROT,

LR LY, OK-432 FEMIZHB W
T TLR2 %4 L CHERFRMED DO IL-12

22

EARFETILILED., REBRED
Th2 KISEZEIEH L TW5 Z & BREENT-,
2. BAERI RER W OVA KT BT
VX —HBRET VORIGHEIZBWT,
LPS % OVA (a8 ELI-E T A <
LoAOEEA OVA BMS R &L
THIM L7z, OVA/LPS 3R RBHTIBV T,
SHREERIC T D BEIREN OVA B
MBEL LB L O 2 EMER L, &
FIRIZIIT D Th2 Y1 A FBIL.
OVA Bl S BEEZ BV T IL-5, IL-10, IL-13
DOREFEEFRH, OVA/LPS HAKTIX OVA
BMEE & LB L C IL-S OFRBEOBRE D
o

WIZ C3HMHe] vV A EFAVWTRE LIz &
A, K LeBhDEE, AbET O FERER
RiE,. Th2 YA b A CRBIZOWVWTIL,
OVA B &S B L OVA/LPS RAHL TH
BEREZXFD NI o7,

Fio, EWHRXE~ YR E AW
WBWTH, < LADEE., BMEFD
FEAERRIE Th %4 F A UFBIL OVA
B AL OVA/LPS SRBE THER
EIFBD ool

ULEDHER? G, RICHEIZE T LPS A3
JERGHIRED TLR4 24T L. IL-5 BHEZFHE
FTARZLILED T LAR—MREOHER
FLELUTERTAZ BRI NT,

D. B%

TYRAT UAX—HERBRRET VE MW
BRENC LY., OK432 BFEMIZEB VT
TLR2 %4t L THECRMAIH 6 D IL-12 EA



EFHRETHZLICLD, HURAFREM Th X
JEEHEL WS Z ERREENE, —F
T, BUSHIZBWTIEIHICER T 54
BEARDONhroT, BERENT LT,
OVA/OK-432 3£ 5 &8 Tid OVA Bl S AR
& B U T AR T oD IL-5 BB 54
SNTEY, FOFEMIOVWTITSHEBR

LTWRLERH D & Bbid, BERIZ
. ERBENST LS U ~DBREIZ L
DRVENRRSN T 5 TOBRBIZHBWT,
OK-432 2% 54 5HZ LIk Th2 KL%
T ERMBEIN, E b TOT L
F—HERBICKT 5 FRHHITRIE LTOF
REMEDS R STz,

LPS ZRAWHRFIC LY, RISz
T LPS AEHAEMD TLR4 24 LT, IL-5
HEEFETHILICLY T LAX—HA
FEDHERTE LTERTZZ LARKE X
Niz, 5%.TLR4 / v 7 T U M~ A% H
WTERETTHDHELEHIT. TLRA EZTL
ey T F VBRI O EFEMERE LT
FETH D, BIE in vitro TOBREFHZ LD,
p38 BL N GATA3 5T R EETE
D, SERNETTHD, o, LPS A&
WICED L LA+ sZ &b, invive
ICBWTLPS B3k R4 I OFREIZ & D &
) BB RIETON LS BORMBEET
»H5,

E. &5

EOEBEBA OK432 A7 LAX—HaR
DOFEMITI T, TLR2 24t L THRE
EHEALUVIL-12 BEA %@ L T Th2 RS &
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HTdZ BRI NT,

LPS A7 L F—HEROISHIZEB
T, IEFMED TLR4 241 LT IL-5 BB %
FESTHILIZEID, TUALX—DHEER
T LTERT A Z &R ENT,
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BAGBRENAERMNE (RET VX% - KETHHEFE)
BREMAREE (8)
HIERER BEARICL BT LAX—HEA
SHERFRTER - oy 1gh ORBIC K B/M5 ERARRER T MR o B84 2B %

SYRBTE - B
JSRBIEIER itz BIEZFMAR

(BK) ¥ 27 v b AR RBTFERT

B

PREE : BEROBIR L ONFWMRPITHFET 2 0WE IgA OEBHEAFLZBRT S
TeHIZ, IgA O bR ABRIMEmXI B 5 L BIKHUAEZ A& (plgR) 2 RBTHI=2—F b
RTURADEEERIT L, TORKE. plgR REB~ VXA TIE/B EEMBEIZ
Thy-1"CD8ap ' TCRaf HIMAML TRV, Th oDV Ty MIBEAPOBITT B TS

AIREMEAS R S Tz,

A. BFZEEHY

FEEITE A Sk REBHUE & 87 5
KATBRTHY . HIRGEREIIZNODOR
BRI R T 2 W80 E (AR,
GEERRE) OBRERIET 5 EER
HEETHD, —7. BEITIT 400~500 &
DEEHMERFEL, RVi#E(kOBRT
fEELEFLEDEBREBEL TELLD
LHERIEN D, BERBRICIZILHKD IgA BE
AHIIRYS-T MR ASTETE LAEIEE A O fofs
B O— B A S TS, £, BE
BB ORI BRSNS E I
555 LBALNTRY OD0H D, A
AT, BEASZWRPICERIZEEND
IgA 12 B L. IgA 73 WBE LR IZ £ 5 S fZRh1H
BROELEBITTHZ LICL Y, DA
IgA OABPBE|ZBI LT,
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IgA DRI NED T Th DL ERIKH
=R E (pIlgR) DBREFEXETIvY
2 (plgR™) . TCRPHBEF & RBT D~V
Zx (B FIR)IEEL LY 25 Shi),
BIUFEHEEXRATE~T 2 (plgR7B")
EERL LTz, &~ U ADNGDLEBIIRE
o> THBE ERMRR Y > 738k (IEL) % 3RS
L. 7ua—%A b A MY —CHIFER % A2
HrLle, BRI E— XIECHAR < 7 X (WT)
DREES» S T MIEZFBL, plgR7 B~
2 DEIRPICBA LT (1x 10 cells/head) ,
BA% 2B L O 4B M ORE A T/MEIEL
FRBL, 7u—%A A MY — T
R E FRAT L7z, plgR B FREDOEELHE
BT H7HIT, ELISA IETHED IgA L
NERIE LTz,
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RBFIRE, BRRSAET 2 4 b A D S
RFOHNERGHEERS OEREETH
b,

C. WIEkR

plgR” = 7 21 IgA DOHWHHEIEENT
BY, P IgA LURBRELLEE->TW
2o £72, plgR"= 7 AT WT = 7 R THA
T/MB IEL 3L, 7 v MERERR
7o %5 % Thy-1"CD8af*ap-IEL D L\ 41
RO BN, —F. EE plgR ~ v Rk
BED plgR” <= 7 R~ TH S IgA L~
104550 1 BEIIET L, /MBICBITS
Thy-1"CD8ap*aB-IEL DM R 5z
ZEFBRICHLNIIL TN S,

wIZ, pIgR K82 Thy-1"CD8af ap-IEL
ZRINMNCHEM I E S NEPERETT D
I, plgR"B"<= 7 ZAD IEL &R L7z,
FORER. plgRp= U 2D [EL ¥i3 WT
T Y RRP Ty R L ERRL, plgRTB
TR LB AD IEL HRK (~85%H3y8-T
FRR) ICIERH LRI 5T,

Thy-1"CD8af aB-IEL IIMIIRE K & & 2
b TW3B, £IZ T, plgR KEIZ KLY M
4% Thy-1'CD8af ap-IEL BBFENLH
TLI-FIREE R RET T 27202, WT =
R DA & TR U7 T KA (>95%1XaB-T
HIf) % plgR" B~ RITBALIZE Z 5,
2 A%, 4 BEBICITIEL E238mL ., /s
B ERMBRMICapT M (~70% 28
Thy-1"CD8aff*af-T #ild) S3RRH S iz, &
7=, BAMBGHE R OaB-IEL XM T M2z

27

T CD69 R CD103 DFEENFHE > T
775

D. B&
plgR” = 7 2 Tid. IgA DAFWHSFEIE X 41,
IEL O % 8 o ¥ 7 & v b

(Thy-1"CD8af af-T #ifE) 233 L < M3
B EBBELMNI R, —F, i plgR”
< 7 AD/NFTiX Thy-1"CD8ap ap-IEL D
MR R SRR WZ b, BRSO
#2% Thy-1"CD8af*af-IEL D&M FHE S
BEEZLNZ, E6IT, BB T Mo
AEBROKERIT., plgR"~ 7 X T
Thy-1"CD8af ap-T LM IHE I 5> b /NG
R MBI BT L TN A REE 2 X
FLTW3,

INETI, BE LMK (EC) XX
SEhMlarEESEIEF (FENIA V)
EEATHZEBMON TS, £/, IEC
& IEL B BIIB L TR Y, MfameEs
N LEHEER L TRIND SHITWT
<AL plgR= T 2R D/INBREDMERE &
BT A ENEETH S,

IgA OXE & REHBREBLEY 7 7
R & OBEMERENTE Y plgRT < 7 R
IR 515 Thy-1"CDS8ap'ap-IEL DiRREY
HWIMMABEREDORE L BET 208 5 »
ERRETT 2 Z L ITEKEY, ZhHDHMA
X, BERRD A OBRRICER TS L
RSN ABEYT L X—DOFRERFENA
LEDTFBHERRIC RN B Z L BRHIRFS
nd,
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plgR”< 7 X G} Thy-1'CD8af aB-IEL #%
BIRAOICEMT 22 L0 b, WA IgA X
N ER B RE OB R R
Thy-1"CD8ap*aB-T MKOEEEME ., B
BRI 31T B RIEMHIROIE H HEHERR I S
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Sphingosine 1-Phosphate-Mediated Trafficking of Pathogenic
Th2 and Mast Cells for the Control of Food Allergy"

Yosuke Kurashima, Jun Kunisawa, Morio Higuchi, Masashi Gohda, Izumi Ishikawa,
Naoko Takayama, Miki Shimizu, and Hiroshi Kiyono?

Sphingosine 1-phosphate (S1P) has been proposed as a regulator of lymphocyte trafficking, but its role in mucosa-associated
diseases, such as in food allergies, remains to be elucidated. To examine the role of S1P in allergic diseases in the intestine, we used
a Th2 cell-mediated Ag-specific allergic diarrhea model and demonstrated that type 1 S1P receptor (S1P,) expression was pref-
erentially associated with pathogenic CD4* T cells for the development of allergic reactions. Consistent with this demonstration,
treatment with FTY720, a modulator of the S1P,, prevented allergic diarrhea by inhibiting the migration of systemically primed
pathogenic CD4" T cells induced by oral challenge with allergen into the large intestine. In addition, FTY720 hampered mast cell
infiltration into the large intestine, whereas eosinophil infiltration into the large intestine and total and allergen-specific serum IgE
production were comparable between mock- and FTY720-treated groups. These results suggest that modulation of the S1P-
mediated pathway to inhibit the migration of pathogenic CD4* T cells and mast cells into the large intestine could be a novel
strategy for preventing allergic diarrhea. The Journal of Immunology, 2007, 179: 1577-1585.

ituated in the gastrointestinal tract, one of the harshest en- OVA via the oral route on several occasions. After oral challenge,
vironments in our body, both the small and large intestinal mice developed severe diarrhea in an allergen-specific manner.
compartments are equipped with a highly orchestrated mu- The allergic diarrhea required aberrant Th2-type responses, such as

cosal immune system to create and maintain an immunologically an elevated production of IL-4, IL-5, and IL-13 by the spleen and
dynamic homeostasis between the host and the outside (1, 2). The large intestine and high levels of OV A-specific serum IgE (7). In

gut mucosal immune system consists of numerous T cells, B cells, a separate study, we showed that a pathologic Th2-type environ-
and APCs (e.g., dendritic cells and macrophages), which play im- ment was induced by the predominant expression of homodimer of
portant roles in the induction of protective immunity against patho- IL-12 pd40, which acted as an antagonist to heterodimeric IL-12
genic microorganisms invading the host via ingestion (3). Simul- (p40 and p35) to trigger the shift from a Thl to Th2 environment

taneously, the intestinal mucosal immune system is capable of (8). Therefore, if the pathogenic Th2-dominant environment could
immunologic ignorance (i.e., oral tolerance) against nutritional be shifted to a Thl-dominant one by intranasal administration of

Ags and commensal bacteria (4). These active and quiescent im- plasmid DNA encoding the heterodimer of IL-12, allergic diarrhea
mune responses orchestrated by the intestinal immune system play could be prevented or effectively treated (9). Our previous studies
a central role in the creation and maintenance of immunologic also revealed that systemically primed CD4™ T cells preferentially
homeostasis in the intestine. Any disruption of that immunologic migrated from the spleen into the large intestine after repeated oral
balance can lead to mucosa-associated immune diseases (e.g., in- challenge, accounting for the development of an allergic reaction
flammatory bowel diseases and food allergies) (5, 6). and clinical symptoms (7, 10). On the basis of these findings,

Although an increasing number of patients suffer from food al- we speculated that, in addition to the alteration of the Th1/Th2

lergies, appropriate prevention and treatment methods for allergic balance, the migration of pathogenic CD4" T cells from the
diseases have not been fully developed because the underlying spleen into the large intestine might be a crucial step in the

molecular and cellular pathological mechanisms are not well un- initiation of intestinal allergic responses that could be targeted
derstood. To clarify the mechanisms whereby food allergies are to prevent disease development. In addition, several studies by
induced, we previously established a murine food allergy model other research groups using the murine allergic model revealed

using OVA as a model allergen (7). In this model, mice were that infiltration of pathogenic cells such as mast cells, eosino-
systemically primed with OVA and subsequently challenged with phils, and CD4™ T cells caused gastroenteropathy or gastroin-
testinal hypersensitivity (11, 12).

Sphingosine 1-phosphate (S1P),® a sphingolipid metabolite se-
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receptors couple to G;, G, and G, 5 proteins; and S1P; couples to
G,,, and G, proteins (15). By activating small GTPases, such as
Rho and Rac, S1P mediates cell migration via S1P; (15). These
observations suggest that S1P is multivalent, interacting with each
receptor. Much is known about the role played by S1P in the reg-
ulation of lymphocyte trafficking, especially its roles in mediating
lymphocyte emigration from the secondary lymphoid organs and
thymus (13, 14). FTY720, a modulator for SIP receptors except
the type 2 receptor, blocks S1P-mediated signaling by inducing
internalization of the receptors from the cell surface (16-18).
Thus, FTY720 prevents lymphocyte egress from the thymus and
secondary lymphoid organs and thereby inhibits their infiltration
into the inflammatory area (19). Because of these attractive im-
munologic features, FTY720 has been studied as potentially useful
for the treatment of autoimmune diseases and the complications
arising from transplantation (20-22). For instance, FTY720 treat-
ment effectively inhibited aberrant T cell migration for the pre-
vention of colitis, airway inflammation, and graft-versus-host dis-
ease (21-24).

In addition to the regulation of lymphocyte trafficking, the in-
teraction of S1P with its receptors is involved in the regulation of
the cellular functions causing the allergic reactions (e.g., mast
cells, eosinophils, and macrophages) (14). For instance, cross-link-
ing FceRI with IgE enhances S1P production by mast cells, and
S1P reciprocally regulates the activation and trafficking of mast
cells (25-28). In addition, i.p. administration of S1P induces the
infiltration of eosinophils into the peritoneal cavity by enhancing
CCR3-RANTES-dependent chemotaxis (29). Together with the re-
sult of an additional report indicating increased S1P secretion after
allergen challenge in asthma (30), these findings have led us to
propose the targeting of S1P-mediated trafficking of pathogenic
cells (e.g., Th2 cells, mast cells, and eosinophils) as a potential
strategy for preventing and treating food allergy.

In the current study, we used FTY720 to disrupt the trafficking
of pathogenic cells between the systemic and mucosal compart-
ments and thereby prevent and treat allergic diarrhea. Among the
candidate effector cells purported to be involved in the develop-
ment of intestinal allergies, allergen-sensitized CD4™ T cells ex-
pressed high levels of S1P,. We demonstrated that FTY720 crit-
ically inhibited the infiltration of systemically primed CD4™ T
cells into the large intestine after repeated oral challenge with the
same allergen. The inhibition of CD4" T cell migration was as-
sociated with impaired mast cell but not eosinophil infiltration into
the large intestine. This study therefore offers a novel approach to
the control of intestinal allergic disease by targeting the S1P-me-
diated pathogenic trafficking pathway of effector cells between the
systemic and mucosal compartments.

Materials and Methods
Allergic diarrhea induction, FTY720 treatment, and splenectomy
in a murine model

Female BALB/c mice and BALB/c nude mice, age 68 wk, were pur-
chased from Japan CLEA or Japan SLC. GFP transgenic mice were pro-
vided by Dr. M. Okabe (Osaka University, Osaka, Japan) (31). All mice
were provided with sterile food and water ad libitum. OV A-specific aller-
gic diarrhea was induced as previously described (7-9, 32). Briefly, mice
were primed by s.c. injection of 1 mg of OVA (Sigma-Aldrich) in CFA
(Difco). One week after systemic priming, the mice were challenged orally
with 50 mg of OVA and continued to be challenged three times each week.

For the treatment with FTY720, we used a previously established pro-
tocol (17, 23, 33), injecting mice i.p. with FTY720 (1 mg/kg per injection;
Novartis Pharma) daily starting 1 day before systemic priming and con-
tinuing through oral allergen inoculation until the tenth postinoculation.
For the splenectomy experiment, spleens were removed before systemic
priming or the first, third, or eight oral challenge as previously described
(34). All animals were maintained in the experimental animal facility at the
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University of Tokyo (Tokyo, Japan) and experiments were conducted in
accordance with the guidelines provided by the Animal Care and Use Com-
mittee of the University of Tokyo.

Lymphocyte isolation

Lymphocytes were isolated from the spleen, mesenteric lymph nodes
(MLNSs), Peyer’s patches (PPs), and large intestine as previously described
(7-10, 33, 35, 36). Briefly, single-cell suspensions were prepared from the
spleen and MLNs by passing them through a 70-um mesh filter. To isolate
lymphocytes from PP, the tissues were stirred in 1 mg/ml collagenase S-1
(Nitta Gelatin). Similarly, after removing epithelium by stirring in RPMI
1640 containing | mM EDTA and 2% FCS, large intestinal lymphocytes
were isolated by collagenase treatment. Lymphocytes were further purified
by discontinuous Percoll gradient centrifugation (40% and 75% layers).

Mast cell culture, in vitro migration assay, and cytokine
production assay

To obtain bone marrow-derived mast cells, cells isolated from the femur
are cultured for 5-8 wk in medium conditioned with WEHI-3 cells from
American Type Culture Collection (ATCC) as previously described (37).
The mast cells were purified by using CD117 magnetic beads (Miltenyi
Biotec) and then used in an in vitro migration assay in accordance with a
previously established method (26). Briefly, the upper chambers of the
Transwell plate (5-um pore) were coated with 20 ug/ml fibronectin (In-
vitrogen Life Technologies) for 12 h and blocked for 1 h with PBS con-
taining 3% BSA at 37°C. Mast cells were pretreated with 2 pg/ml anti-
DNP IgE (clone SPE-7; Sigma-Aldrich) in the presence of 0, 20, or 200 nM
FTY720 for 12 h. After washing, pretreated 10° mast cells were added to
the upper chamber together with 0, 20, or 200 nM FTY720. The 20 ng/ml
DNP-human serum albumin (HSA) was placed in the lower wells. After a
6-h incubation, the surviving mast cells in the lower wells were counted by
using trypan blue staining in a hemocytometer. For the cytokine assay,
MC/9 cells (ATCC) were stimulated for 4 h with 1 pg/ml anti-DNP IgE
and 30 ng/ml DNP-HSA and 0, 20, or 200 nM FTY720. The amount of
TNF-a and IL-5 was measured by a cytometric bead array system in ac-
cordance with the manufacturer’s instructions (BD Pharmingen).

Flow cytometric analysis and cell sorting

A standard protocol was used for cell staining and subsequent flow cytom-
etry (33, 35). Briefly, cells were incubated with 5 pg/ml anti-CD16/32 Ab
(Fc block; BD Pharmingen) for 5 min and stained with fluorescently la-
beled Abs specific for B220, c-kit, IgE, CD4, CD69, «,f3, integrin (BD
Pharmingen), CCR3 (R&D Systems), and FceRla (eBioscience) for 30
min at 4°C. A Viaprobe (BD Pharmingen) was used to discriminate be-
tween dead and live cells. Flow cytometric analysis and cell sorting were
performed using FACSCalibur and FACSAria (BD Biosciences),
respectively.

Adoptive transfer experiment

Splenic CD4™ T cells were isolated from systemically primed GFP trans-
genic BALB/c mice by cell sorting before being i.v. transferred to SCID
mice according to a previously described protocol (7). The reconstituted
SCID mice were orally administrated with 50 mg of OVA three times per
week (7). One week after the adoptive transfer, lymphocytes were isolated
from the large intestine and analyzed by flow cytometry as described in the
preceding paragraph.

Quantitative RT-PCR

To elucidate mRNA expression for S1P receptors, quantitative RT-PCR
using a LightCycler (Roche Diagnostics) was performed as previously de-
scribed (33). TRIzol (Invitrogen Life Technologies) and Powerscript Re-
verse Transcriptase (BD Biosciences) were used for total RNA isolation
and complementary DNA synthesis, respectively. The oligonucleotide
primers and probes for S1P, (forward) TACACTCTGACCAACAAGGA,
(reverse) ATAATGGTCTCTGGGTTGTC, (FITC probe) TGCTGGCAA
TTCAATTCAAGAGGCCCATCATC, (LCRed 640 probe) CAGGCATG
GAATTTAGCCGCAGCAAATC; and for GAPDH (forward) TGAACG
GGAAGCTCACTGG, (reverse) TCCACCACCCTGTTGCTGTA, (FITC
probe) CTGAGGACCAGGTTGTCTCCTGCGA, (LCRed 640 probe) TT
CAACAGCAACTCCCACTCTTCCACC) were designed and produced by
Nihon Gene Research Laboratory (Sendai, Japan) (33).

Analysis of total and OVA-specific Ab production by ELISA

To measure OV A-specific IgE, microtiter plates were coated with purified
anti-mouse IgE Ab (BD Pharmingen) and blocked with PBS containing 3%
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BSA. Diluted serum samples were added to the plates, which were then
incubated for 4 h at room temperature before being washed four times with
PBS containing 0.05% Tween 20. Biotin-labeled OV A was added and the
plates were then incubated with HRP-conjugated anti-biotin Ab (Vector
Laboratories). The reaction was developed by 3,3’,5,5'-tetramethylbenzi-
dine (Moss), and color development was terminated by the addition of 0.5
N HCL. Endpoint titers were expressed as the reciprocal log, of the last
dilution, which gave an OD at 450 nm of 0.1 greater than in nonimmunized
mice. The total IgE was measured with a mouse IgE ELISA kit in accor-
dance with the manufacturer’s instructions (Yamasa).

T cell proliferation assay and measurement of cytokine
production

CD4* T cells purified from the spleen, MLNs, and PP using CD4-coupled
magnetic beads (Miltenyi Biotec) and mononuclear cells from large intes-
tinal lamina propria were used for the proliferation assay and for the mea-
surement of cytokine production as previously reported (7, 35). Briefly,
cells were incubated for 72 h with 1 mg/ml OVA in the presence of irra-
diated (3000 rad) splenocytes. To measure cell proliferation, 1 uCi of
(H]thymidine was added to each well 8 h before termination, and the
uptake of [*H]thymidine was determined by scintillation counting. To mea-
sure cytokine production, the amounts of cytokines (e.g., [L-4, IL-5, and
IFN-+) in the culture supernatant were measured by the cytometric bead
array system in accordance with the manufacturer’s instructions (BD
Pharmingen).

Histological analysis

Immunohistochemical analysis was performed as previously described (7).
For immunohistochemical analysis, the large intestine was fixed in 4%
paraformaldehyde (Wako) and incubated in 20% sucrose. The tissues were
embedded in OCT compound (Sakura Fine Technical Company). H&E
staining was used to detect eosinophils (7). Similarly, intestinal mast cells
were subjected to naphthol AS-D chloroacetate esterase staining (Sigma-
Aldrich) and counterstained with hematoxylin (38).

Statistical analysis

The results were compared using a Student’s ¢ test or Welch’s ¢ test. Sta-
tistical significance was established at a value for p < 0.05.

Results
Splenic T cells are essential for the induction of Ag-specific
allergic diarrhea

We previously reported that systemically primed splenocytes pref-
erentially migrated into the large intestine after repeated oral chal-
lenge with the same Ag; the splenocytes that migrated into the
large intestine contributed to the development of severe allergic
diarrhea (7). However, it remained unclear whether the spleen was
directly involved in the intestinal allergy development, such as in
the generation of pathogenic T cells. In the current study, our first
experiment examined the induction of allergic diarrhea in splenec-
tomized mice. Consistent with our previous results (7-9, 32), oral
challenge (n = 4-10) with OVA resulted in severe diarrhea in
spleen sham-treated (or intact) mice systemically primed with the
same Ag (Fig. lA). In contrast, the incidence of allergic diarrhea
was reduced in splenectomized mice (Fig. 1A). To investigate the
role of T cells in the induction of allergic diarrhea, we examined
whether allergic responses were induced in nude mice lacking
functional T cells due to their thymus deficiency. We found that
systemically sensitized nude mice did not show any sign of allergic
responses following exposure to oral allergen (Fig. 1A4). These re-
sults further emphasize the importance of the spleen as an essential
site for the induction and establishment of intestinal allergic
responses.

We next investigated whether the spleen was required in the
priming and/or oral challenge phase for the development of aller-
gic diarrhea. To address this issue, we performed splenectomy at
various time points and examined the influence of the timing of
splenectomy on the development of allergic diarrhea. Allergic di-
arrhea was inhibited most effectively in mice that underwent sple-
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FIGURE 1. The critical role of the spleen in the induction of allergic
diarrhea. A, Three weeks after the splenectomy, splenectomized (@) mice
and sham-operated (O) control mice were subjected to the allergic diarrhea
inducing treatment. The incidence of allergic diarrhea was examined 1 h
after each oral OVA challenge (n = 10). Nude mice were also examined
for induction of allergic diarrhea (A). B, Splenectomy was performed at
various time points, including before systemic priming and before the first,
third, or eighth oral OVA challenge, and the incidence of allergic diarrhea
was examined | h after each OV A administration. The incidence of allergic
diarrhea in splenectomized mice (n = 8 per group) after 10 challenges with
oral OVA is depicted.

nectomy before systemic priming or initial oral challenge (Fig.
1B). In contrast, splenectomy just before the third or tenth oral
challenge did not inhibit the development of allergic diarrhea (Fig.
1B). These results indicated that the spleen is involved during the
early period of allergic diarrhea development, especially during the
sensitization phase.

Association of S1P; expression with the development of allergic
diarrhea

S1P regulates the trafficking of lymphocytes, especially in their
egress step from secondary lymphoid organs (13, 14). Because
effector cell trafficking between the spleen and large intestine plays
a crucial role in the induction of allergic diarrhea (7), we sought to
investigate the possible contribution of the S1P, to trafficking by
performing quantitative RT-PCR to measure the level of mRNA
encoding S1P, in splenic CD4™ T cells (Fig. 2). S1P, expression
was low in systemically primed mice without oral challenge that
did not develop intestinal allergic symptoms, compared with ex-
pression levels in naive CD4™" T cells (Fig. 2). In contrast, S1P,
expression was recovered and increased in diseased mice receiving
both systemic priming and repeated oral challenge (Fig. 2). The
difference in S1P, expression in CD4" T cells from mice with
diarrhea (systemic priming plus oral challenge) and mice showing
no symptoms (systemic priming only) may imply the involvement
of the S1P, receptor-mediated pathway in the cell trafficking of
effector CD4™ T cells from the spleen to the large intestine for the
induction of intestinal allergic responses.

FTY720 prevents OVA-specific allergic diarrhea

The findings we report in this study (Figs. 1 and 2) lead us to
speculate that manipulation of the S1P-mediated pathway could



