EE L4478 300pl @ PBS-Tween T 3 [EI¥E
LT 3 DMESIEIIHT 5,
3. MyE K OEYEdh#R AR # 2 "¥EtE CD26
DEM

PBS-Tween20 T 20 {HIZAR L7 k&M
Ex 100ul 970 2 UICHET 5, EREdiR
FERLT D72, BFERIR (500, 250, 125,
62.5, 31.3, 15.6, 7.8, 8.9, 1.95, 0.98, 0.49, 0
ng/ml) U7-##: 2 FTEEME CD26 #EYEREE

(R&D systems, Inc.) % 100ul 32 2 7TUT
NET D, TL— FEREH L, 4 CT—E
B D,
4. AEEME CD26 OHIE

tFE 3 o7 — k& LI 300ul @
PBS-Tween T 3 [ElI&¥##4, 0.5ng/ml Ofk
ik (B4 F 4 CD26 BH 7 v —Hifk
9C11 H AW \E 1FT) %458 100pl 372431
L, Z2RT 2 FFHAFET S, 300u D
PBS-Tween T 3 [EI¥EiE#, 1 HfEHR LI
ExtrAvidin-Alkaline Phosphatase & %
100ul $oNET S, FL— MEEXL T,
SR T 1FRFHERE 7 5, 300ul @ PBS-Tween
T 3 [EFeE% . PNPP % 100pl 2407 L,
EHXLT=EERT 10 oEHE LR,
2N-NaOH &% 100ul §© 2453 LT, %
TS EEESES, 7 L— ) —F—TK
KEZBIEST S (KHE 405nm, V7 7 L
> A 655nm),

[DPPIV BESRIEMEDHRIE]
1. AT L— FOERR E Ty X7
2D 1 RN 2 & EERICHETIET L
—hEfERL, TRy X TS,
2. MIBEBRORIT 0 72 ba— LA
Z FVAME CD26 DM
PBS-Tween T 10 fFIZAR L 7= k&2 MIE

39

Z 100pl 90 2 I ET D, ROT 47
2 hr—be LT 500ng/ml ([ZFHEE L 7-
FHHE % FTIE M CD26 HE ¥R I (R&D
systems, Inc.) % 100ul 32 2 JRIZHET
5, 7V— hEEER L, 4CTBHET D,
3. DPPIV B TEMEDBIE

kR 2 oF v — k&% 300pl @
PBS-Tween T 3 B, 1mg/ml [ZFHE
L 7= Gly-PropNA 2 MiE R VKR VT 4 7 =
VR m— AR LT Y = 150u] 350
SET D, BEMBEVERT 2720 BB
R (1000, 500, 250, 125, 62.5, 31.3, 15.6,
7.8,3.9,0 M) L7z pNA B % 150ul 372
PDETHEBIZT V— ) —F—TRNE
ZHIET S (KHEE 405nm, V77 LR
655nm), €D 76 HEET (15 &)
WY 2 RE L, DPPIV {&# (uM/min)
ZEHA 2,

[LLse kAR & L2 BEF O TIRBIE* » ]
a) R & D Systems, Inc.
¥ v b A
CD26/DPPIV Immunoassay
HIRHUAR  Hie b CD26 B v— Uik
HHUE - HRP 28k - it b CD26 RV 7
o —J Lk
A bRt (ROLE 450nm)

Quantikine Human

b) Bender MedSystems GmbH (
eBioscience)

% v M4 : Human sCD26 Platinum
ELISA

FERPUA - Hie b CD26 B u— 1 Hifk
MHTUE « 2 F Akl b CD26 H7 o
— VB, Streptavidin-HRP
bR (KJLE 450nm)

3) EEAME, KMBERERNT T R
D 1 FEERRBROBEMIFIZONT



s A5 X FIE = OB < WFEE D O A
V4 —ARarky M EEBEBICERL
7o

PR P IR A T . KIS 1998 4R D
2011 4 F IR 57 SR e KON L A 5581
%?y&~rﬁwfﬁ%¢&@&LT%

Wi - VB A LT TIERICA 7 — A K
Yo MEELNZERNEHNTNS

7T ATOHE 1 FERRERIT IR 21
1AMPBALZ—RFLT H6aR— bk
D, 81 =25k— b 0.1lmgkg, %2 2F—Fh
0.4mg/kg, % 3 = — b 1mglkg, & 4 =27k
— b 2mg/kg, % 5 =— b 4mg/kg, % 6
27— b 6mglkg THK A — ME3EFNS
2o TCnD, B 4 aR— NOBEFETIE 2
BEZ LD 1 - AMA 8 ERETH T,
ZFOHRE 4 2k— FO®RFNS 1 4 ARE
B#EETH 5 E#EE L ha—LVOEH
EIT-> T\ 5, Fak 26 45 9 AIZE 1 FRERR
RERIIKET Ui, & 34 BIOIESETRIEIZIK
U D FEME R R IE AR (23 B1)) B (10 41) |
FEDERAT LR (1) Th o7,

(f B~ DB E)

GO | FRITERIRIFZEIC IV T, 30

WLV BRBERANORE LS L TITH
%@kﬁzwﬁﬁ%_iobéﬁkﬁﬁiﬁ
BREROL LTFHRE 2 ETT D, £/
et R E AR T DERIC i@kﬁ@ﬁx
WESIEZRIE L, 7T A Sy —OR#EIC
%o éE;ﬁA R T 2R EEAL ﬁb
BNFHEITIE FDOEARAD S OO H s
ETDHE ’C“&)Z")o

BB, TI7UVATERBINLTNSE ME
CD26 Hifk#&5 0% 1 HEERRERICK T 5
St GiE 1 3% R O TP CD26 K O DPPIV
EEORER N2 > b a— WG ORI

40

CD26 f O DPPIV B TEPEDRIEIZ DT
R B R OMEEEERSOFERICT
KRENTHWD (HEXEMSE 2012076 LT
2012087), WAEOMHEMITEZT ORENES
LT D 03D 2 W L 57 SERE. 1L B 5T
PR v 2 — DGR EE A ZE B S TERR
A TTWFIRNBIZ DWW TN R & THE

&K -7,
REZELLTDZETHEADT T A
—INRIA T E DR E D ITELE LT,

C. IRHER
1D 77 v AOHE 1 AHERRRER O B Mg
DFEME CD26 KO DPPIV BEsR{EEE
7?VX®%IW%F%%$%ﬁWi%
4R — Mg ETO 1y AlREER 56T
tchmmmﬁ&ﬁmJ%%§£25&\
15 B 5AT, ®EEROME, & 4 2R
— h&EFLZ T Me CD26 Hiikid 1 » A
AR5 L 7r o 72728, b MME CD26 Hiif
LR, BEER, 2 Bk, 156 BE&R 5.
BEE%, 29 HER&EER, REEROLE
720 #H LW ELISA I CRE M
CD26 k. (*DPPIVEZRIE LT, B 1zt
M CD26 FiAD Mg FiRE. K 2 IZHE
P CD26 DMEFREZ R Lz, & ML
CD26 Hifkix = AR — "B ER Y &S REN
W 2o, MARES BA LTk,
FIUCKTIS U CRIEEME CD26 IREE IR T L
TWN5AZ ERBE SN, DPPIV BERIEME
WZDWT  A[EtE CD26 B T L CE
EETLTN ZERHLNE R (K
3,
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El1 EMMECD265iH o) i o R BE 15 {E D #R

~tngiy

gl st
—+Angly e ved =l
gl vl )

——01ma/ke
—o—04ma/ky
—— I mg/ kg
1600
——2mg kg
1o{ 4 e 2/ K. once 4 wesk
e week
1200 Amg/ kg, once a
83 < 6 g/ K, once a wesk
§¢ 1000
4% 500
600
400
200
o+
Ser D1 pre D} _post 0z DI5Pre  DI5)0min  D29Pre D29 Post
Doss 8o D1_pre. D1_post 02 DI5_Pe  D15_10min  D29_Pre 029_Post
0.1mgig
13440 11828 3747 8046 10840 3257 8820 2655
0amgig
12273 11164 83 4168 w026 3387 48 160.
1 meg
7584 262 3827 4707 273 605.1 3181
2mong
80 9050 4821 4512 w79 2831 817 1809
2 mghy, once aweek
7790 7668 3153 302 2507 2757 273 2348
4 mghg, once aweek
biiae 8 7899 sr4s 4001 2778 2703 2158
© mg/ig, once aweek
007 8182 3966 4101 2211 2079 2001 1897

El2 wTEECD26 O Ml ch T EME DHER

01 maig
Mean DPP4 activity-time profiles =
%
i
E
g
P - D1Lpost me | DIStomn | DN_me | DN_Pox
Tose EZ Dipre | Dlpok 2| Di5 Pre D15 iomin] D29 Pre | 525 Post
0.1 ma/kg (n=3) 182 16.1 73 122 s 3 126 54
0.4 mg/kg (n=3) 17.3 15.6 6.8 7.7 13.4 6.5 8.5 3.8
1 mg/kg (n=6) 14.0 12.2 52 6.1 83 a9 938 6.0
2 mg/kg (n=10) 16.0 15.4 8.9 8.1 9.7 6.3 8.1 4.7
2 mg/kg, once a week (n=5) 11.5 11.1 5.5 49 6.5 5.0 5.4 37
¥ ma/kg, once a week (n=3) | 104 51 51 51 36 33 25 76
6 ma/kg, once a week (n=d) | 117 108 28 26

E3 DPPVEERE O AT EHRORD

2) WM CD26 ELISA 7 v &1 OMEEER
B L I E R O {E b

4 EEOREOFERERE (5, 50, 150,
400ng/ml) % [FIEFC 8 BIHEIET S Z & TH
RPESMRRE L, & 1 ITRLIEE S
TENMREL (CV: Coefficient of variation) 1%
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10%LA T & REFRfER &R LT, IRIC 4 TR
DORE OZEREREL (5, 50, 150, 400ng/ml)
Z 5 [E#VIRL THIEYT S Z &L THIEME
DR L Lz, R 2 IR LEL I ICEH
3 (CV) 23 10% LT & REFRERERL
77. BNEERER (Recovery) & ERRMER
B (Linearity) 2 -\ T &0 [E IR B
(Recovery) i3 R&D system #1:® Spike and
Recovery Test protocol (ZHiE~> TEH L 7=
(X 4-1), T30EH 3EERALEZ 20 5
FRLULEBOZER., TBMHY | X
recombinant CD26 (R&D#1180-SE) % &
WBE (50ng/ml) 12725 K oI iz
U7, )’ 4-2 IZRE R & 7= L7275 Recovery
IZELER 80~120%HFHA & RAF LR %
R L7, BT Linearity ([ZBIL THK 4-2
VR R L TC DS EAR M 80~120%#EEHM &
BIFafER%Z R LT, EH A D MER D
2 BHE £ TO 4CREFRVILIERAEZ 10 [
ECHBEMMAEZ < VE LA EICRERED
ZRIIBD b o T2 (T —FIXRER),
FI¥ME CD26 FE & ELISA 7 » & A OMERER
BROE LOTHDPHERRABROBRIZIBL
Thole, TROOLRER. MIEHRE, FHiE
pifk, iUk, FRBREVTNALEY TH
5 EEAD, BRBRICFENE CD26 RERAIE
ELISA 7 v & A O DOBRFT 21T > 7=,
BRSOV THERIE T —Be - #E - 4C
THIAT L7z S8ETHR & LT 2 FFERRRMIC
& - =R TITV, BERAMLE 11 #lico
WTHRET L7z, 5 1T K O ICH M
CD26 BIEIXZER 2 R ORISR T
PERE L RFORIERRIEONI U EX
D RIEEME CD26 HIEIZRE L TR R
IE—BeD 6 2 FFfE S CHEMRIRETH 5,



%1 ElEEBRERR(ntra-assay) : SEHECD26ER7 v 21

WOHE | Fort [Pt (Ford | Sl FoAs Fob6 1227 5] pesn | S0 lovi
5 refmi 532 A6 462 425 506 554 453 506 431 0W1i 408
mwi 4350 Sose| 430! $120] S147) SE0) Mea) SiSR) O SIGAD 185% 3O
150ng/mi] 14247 | 155101 15340] 152039 15313 ] 15674 ) YESEE | 1E2E5) 1E467 [ K881 351
aDrgfml| 3843 | 39907 | 8880 | HYAT| 5053 Es6 | 23] M| A0} 185 ] 188

4D REQIREEIEG, 50,150 400/ m) &
ER3ceERIET Ao L TREF BRI,

= TEREGECVY 0% LI TE BIFEBRETLI,

2 BEEEBE SRR (nter-assay) : SETECD26E BT w2

BEEE [ TL—pt [ FL~p2 7L —b3 [ FL-ba [T L =P5) Mesn S0 OV N
§ nedmi 459 sm 533 506 498 54 a18 355
S0ne/ml| 5047 4362 | 4850 | 4350 | 4T3 ) 4386 055 131
150ng/md | 15054 | 15453 | 14247 | 14357 | 14806 ] 14508 445 300
Argimd | H600 33406 | 28843 | IHS0B | A8 | INNE 564 218

ATEEOIR FOHRELA (5, 50, 150, 400ng/mi) Z5EIMLELT
HEY AL CHEMBERERELL.

= TEHRMCVHT 0% LT & BEFURERERL .

1) ZytADRE
SybHROTOrDUSH, TV - CHELERBERAVTT v EH0ET
TL—tOYT L ERE

1 12 3 [ 4 5 1 )
A | ZBH—F] HHGENHY) k0L (FENHY)
B | RAUH—F2 1:2 BROBEGENHY) | 1:2 BROBHGEHHY) |
c | A H—K3]| 1:4 BROBEGENSHY) | 1:4 BMOBMH(EMBHY) |
D | ABH—F4 1:8 %! Y 1:8 BIROBH GHEMHY)
£ | R kS — BEGEREL)
F | RELH—FE 1:2 RROBEEGENHY)
Q.| AZH—FT 1:4 BROBHE (EMSHY)
H| I3y 1:8 FHROBH GRIHY)

2) MEEOHEM- B
LUTFOMERERALT, MEMERBL. RFETOES
1. EMERRE

TR (GENSHY) JOMEBHE - THE GENEL) IOMER
FERLERAHROR

BRI (%6 Recovery) = X100

2. ERIEEB
TREGEMBY IOEREERNT RS, [BH BN ) OMEREPHELT D)
TEE GEIRL IOBBRIEERET 588, [HH (EREL I ORERET TRELTS)

1:2 BREHORMEN

l 1:2 BROBE(%) =

P2 100
14 BREHOMER
l 14 BROBICEGO= o X100 l
1:8 BREHOMEME
1:8 HROEIRE (%)= mﬂ_%ams X100 !
E4-1 EMERERER(Recovery) S E& BB (Linearity) D
®EHE
EmERGER (Recovery)
e ) BURE(%
IRz 219 3760 617
V/2BIR 5213 00 B4
1/4%3R 2149 .10 W%
1/8%IR 172 483 10010
S ERES0~120%HBEALRIFHERERLU.
BB (Linearity)
_ERE0)
S GEmbHY)| /28R 103.69
17481 102.37
17885 11271
B GEmGL)| 1288 107.63
174K 117.18
17853 101.98

D ERM O~ 120%HENERFLERERLE.

®4-2 FEmEELE (Recovery) & BB S8 (Linearity)

FEMEREER (recovery) IXR&D Systems#t 0 Spike and Recovery Test ProtocollT
FoTES L, TREIRERADE (Z20BHBRLELOEER.
NEm&Y tidrecombinant CD26ER R B E SingmL ITBBESITH LI LICERLE,
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tug? mi) 207
1.54
2 § 104 y=1075%
Ek . 72=0918
0.5
0.0 U T T J
00 05 10 15 20
Usual (aszy 00

B5 TEHCO26MEH DL (L v.s. BGTER)

= EBHCD26RER, BRNMOBKREMMT
SRELBFOHEETRANENT,
TR CDEREICMLT,
BRARDHBIE~BAL2RMETCHETRTSS.

3) DPPIV BERIEMT v &1 OMERERR

& PIERE R O i {E( L
AEPE CD26 [FfkIC 4 FEE ORE OfEER
% (10, 100, 300, 800ng/ml) % [FIEFIZ 6
EIRIES S Z & CRIRBERERRE Lz, R
31ZR L7z & 912 100ng/m1~800ng/ml TiE
EENREL CV 2% 10% LT & BIFRERZT
L7z, Loy URRERE (10ng/ml) Tid, &
bOENRKRENoT, KRICATBEORED
E¥ERE (10, 100, 300, 800ng/ml) % 5
BRI L CHIET S Z & CRIEH B
B L L7z, 417X 51 100ng/ml ~
800ng/ml TIXZEEREEL CV R 10%LL T & B
s R %2R Lz, L) LEBRIKE (10ng/ml)
TIIE L D& R KE Do Tz, EINEIER

(Recovery) & EL#ME3RBR (Linearity) (2
DWTHIMENERER (Recovery) 1% R&D
system f£® Spike and Recovery Test
protocol {27t > CTHEME L7z (X 4-1 ZHR),

BB IXRERALELZ 10EHFRLLED
OEHER, THMH Y 11X recombinant CD26
(R&D#1180-SE) % & # B E 500ng/ml 1272
XTI CEIM LT, Recovery i
6 LB &K 9 BN ER 80~120% 5
NE BREgRERER L, L LIFRRZ L)
IR RR Th o7, Linearity 22V TiL
B 6 FERIZART & 5 ISz LOREOE



MPEIT BT R 2R L B S » Ok
DEREIZLRRE Th o I, BFA DM
ERIK%E 4°CTHRF L C DPPIV BEEiEE %
REfLiz & 2 A 2 A E CIIREEOE
TR D D2 H o T WITEEFE LA D MIERKR
£% 10 [E1E THAERMAE < VIR LA, 3l
EEOEITFRD e o7z, HKHEIC
DPPIV BERIEHERIE T » & A ORIERER] O
ML OB ZAT o 7o, W ORI RS
BB E - 4°CTHEIT LT 208 2 BERY -
FEOMNICIRE, RIRICEE U TR R A ME
11 Fllz->W\T DPPIV BEsRiEEE 2 IE L
2o B 7T1RT & 91 DPPIV BERTEME L=
IR 2 FEE OSBRSS CIHR JIE S h
5T EBALMNIR ST,

#3 AEHERYBHEE(ntra-assay) :
DPPIVEBIRZEMT o OHEERR

RERE | FAM [FRR2 | FRS | FAM | FRAS | FAE] Mean | SD OV (Y)
Wre/ml| 041 019] 026] 024] 03] 05| 0278| 0077§ 2780

100 re/mi 177 184 149 159 15 16| 1632 | 0143; 87W
300 re/mi 387 354 35 363| 366] 37| 3663 0141 385
200 rg/mi 557) 604 5.74 588 671 S.?ZI 5243| 0408} 685

ATEO RFEOFEFE (10, 100, 300, 800ng/mBEBBHISEITTHIET
ERERNERLL . DPPVEBRBE BN/ minTER L.

= 100ng/mi~ 800ng mI TIXE BIBRHCVII OB T LRFUEBE R LY.
BEBE(100g/ml} TIX A3 DEAREM 2=,
4 FEMERGESE B (nterassay):
DPPIVEEEZR YT v O RERE

R DL TP T k3| Tl b4 [T 5] Mean so Y
10 ng/ml 0.28 0.33 0.24 823 8.30 4.27 0.04 14,69
100 ng/ml 1.63 198 1.86 1.7 182 181 0.13 [AL
300 ng/ml 366 2.68 337 3.35 333 358 0.23 6.31
300 ng/ml 5.94 5.53 5.76 5.25 §.82 5.88 0.26 4506

AR OEE OFEFH {10, 100, 300, 800ng/ m ESERYRLTHET HI LT
REMBREREL L - OPPVEERZE B EuM/ min TR RL -,

= 00ng/ml~800ng mITILE BIARCVI 0% FLRERERE R,
BEBEE (10ng/mh} TIEATDEN KR E o f=,

HNE IS (Recovery)
BECREY  BRECEEU SRR
L 538 126 BR
1/2WIR 235 034 8357
SRR 73 3% 3039
e 125 24 30.12

=EUREBO~ 120BERRNERFLBRREFLE.
[RRELILPOFRCH .

HEE# 558 (Linearity)

3 195

SBIROBY) [ 12HR 11938
VAERR 12855,

VEER 12406

B IROARL) 128R 10861
VARE 11784

VOER 11832

SRECLOFSQEREIRFLERERL:.
FEHYOEBOEREFZPLTRTH .

26 HNEIRSIE (Recovery) KE & % {Linearity)
FRIBEREIR (recovery) [IR&D Systemsdt DS gike and Recovery Test Protocoll
Lo TEBLE, BRI EEZA DT EEERL-LOEEE.
TERBHY ilErecombinant CDI6E B BE Stngm LITR 3L T s Fiole,

(st 7 i 3
= (e
25~
29-
vy=0397 x
2 é 157 #2=0.888
= .
= O
=g 10+ . %
.
54
": L] + 1 ¥ 1
5 10 15 20 5

bt £ i
Usual  [#5:=] et /i)

H7 DPPIVEMEEED L& (kL v.s. BETR)
= DPPIVEMNER 2HEOREISHETH. EGixEhd

DPPIVEMR TR CIL. BIEERIZES |
I ANEORELEETINESY |

D. B8

BUE, FESRINTAIESE & LT DPPIV BEEA
FEPBS L RE < BRBAGICAWSONT
W5,

bt Mk CD26 Fitkx 5725 &, MmiEF
WCIFTET 5 sCD26 & KIS L, BE5BE T
sCD26 i}z * DPPIV BEEEN AT 5 =
ERTFRIND T ENDB sCD26 KW
DPPIV EERTEMEEZ VAR EE TE =4 —(C
LTV Z EIFIEERIENE2ICEIT S
HIZDIZTHHLATH D,

A E CIZHENE CD26 HIER L LTRE
L h—=7 LT % CD26 Hifl, 5F8

EOVIFT # B\ R4 v F ELISAER

O DPPIV BERMIEEE U CIEEME L
5F8 I AT £ CD26 % i 2 & & .
Gly-Pro-pNA %/ 2 T, DPPIV j&M: % HIE
THHERHESL LT, LaLe ME CD26
ks 1F7 ER—= ¢ b —7F 2 RT3
CD26 HiiATH 272 (BF8 TR A= |k
—7) k Mt CD26 HiiRiEEESE I3k
D sCD26 It MEFLENFER T 2 7= 0%
Sk CD26 # i ELISA % ® 1F7 TidsCD26
~DOFEEVHET D7D sCD26 1ZHIE T
EpoT,



W HIIR O A[EEE CD26 Ml 7E ELISA % »
MzBWTH e ME CD26 HLABNFEET S
EPERGE T > 70, 4 F THx ORI LTz
CD26 Fi{k o ¢ 9C11 HLik B9tk D
ELISA 2Tz 1F7, 5F8 Ok Mb
CD26 Ptk & 3 h—7"L ST
DPURTH D Z & & FRE LM CD26 1k
Hi ELISA &8\ T 1F7 biotin O 0 iz
9C11 biotin {Z{E X #ix T, EH AMIFIZE
Mb CD26 JikEMATT vA %1To7
EZABAET A LA A CD26 O
ENAFETH -7, Loxd 9C11 & v 7287
. ELISA IR R&D #:0 ELISA v
FEDBRENRE N EBALNE RS T,
7T ATOE ML CD26 HiikD % 1 A8l
RRBRIT TR 26 42 9 AICHT LT, et
DHERL ORI N DR ERET HT —
2 L\ bz, FDETOHER S BEFICE
WT ISR OFEEME CD26 (LHIEFEETH
0. BICHRRSESENT Ao T, A
Wi CD26 IREE IR T L, "IEM: CD26 i
& DPPIV BEsRIEMEME IZMEBI L TE < Z &
© DPPIV E3R{E &K T L T DPPIV fREH
NFEEINTHDHREEFET D EEN S
D, b Mk CD26 FLEEHIZ R CHER
BRI EIZ OV TR IR e s 17 &
WHEBETOILEERN SR I, FENE
CD26 & ELISA 7 v &1 v AT ADMEEE
RBROBERITE THRAFTH o7, BIZHNE
P CD26 JBI7E (345 (4 UG P ] b TSk D — Wt
b RN EME T & 7=, —F T DPPIV B
RIEWT v A VAT ATIEIMEF OTE
P CD26/DPPIV 43F D 3% 7 F v —PEREIT
REFChH - Te D ERE T oRIEICIE
HOENRH ST MDY OB OERRE
TR RETHAL I LN EEINT, $2
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DPPIV BEEsRIEMEME B D W T RTE M
CD26 JI7E ELISA & (1572 0 (RS e
wBET 5 & DPPIVEESRIG MR < g &
ATz, 2k DPPIV BESRTEMEHIE O BRI M
TEHUC TR T FEE UL OB CRERE R
R BAE TR REE S R S v, E 7
DPPIV BERIEMET v B A ¥ AT AOFJER
HAb D 72 DITITE F R F % M T 2
FHREI PN NEIR T E N NI R o T S
B E 2 AV TR O R RE R &t
HLUTHRFPETH S,

E. #%

eSO EME CD26/DPPIV #lE ELISA
RICHWTWEZ 2 fi CD26 HiikR ' b
{t. CD26 HifE L TR b —T7D
CD26 Hifk 9C11 2 V2 Z &1 X v i
izt Mk CD26 HUEFET T AIEMH
CD26/DPPIV % {7 C& 5%r ELISA R %
WSt Uiz, 7R ELISA %iXftskd ELISA %
CRIFDORKELZR L, HilRD ELISA ¥ > |k
I HBEICEREIE N, 7TV ADE
~ME CD26 FrLiki5 0% 1 FEEER R B
MFIEWNWTH7ay 7 sLd 2 ER<H
% CD26/DPPIV EIZEENICRHET 2 Z &
WT&E T, AN CD26 ELISA 7 v &1 ¥
2T LOMERRIL E TH BAF CTHRAR SRR
HEMTEDLZLBHALN LT, L L
DPPIV BRIEHRIET v A TiXMmiFFIC
BFET L THRT R EOBETHRRE
CTHEMEICHEEY 5 X D AlREENRIE X
W, ETERERSRROBELIZEL L OF
WETFOFERETEHEATIIELNZ &
DR E LT,
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CD26-Mediated Induction of EGR2 and IL-10 as Potential
Regulatory Mechanism for CD26 Costimulatory Pathway

Ryo Hatano,*" Kei Ohnuma,* Haruna Otsuka,* Eriko Komiya,* Izumi Taki,*
Satoshi Iwata,* Nam H. Dang,* Ko Okumura,’ and Chikao Morimoto*

CD26 is associated with T cell signal transduction processes as a costimulatory molecule, and CD26* T cells have been suggested to
be involved in the pathophysiology of diverse autoimmune diseases. Although the cellular and molecular mechanisms involved in
CD26-mediated T cell activation have been extensively evaluated by our group and others, potential negative feedback mecha-
nisms to regulate CD26-mediated activation still remain to be elucidated. In the present study, we examine the expression of
inhibitory molecules induced via CD26-mediated costimulation. We show that coengagement of CD3 and CD26 induces prefer-
ential production of IL-10 in human CD4" T cells, mediated through NFAT and Raf-MEK-ERK pathways. A high level of early
growth response 2 (EGR2) is also induced following CD26 costimulation, possibly via NFAT and AP-1-mediated signaling, and
knockdown of EGR2 leads to decreased IL-10 production. Furthermore, CD3/CD26-stimulated CD4" T cells clearly suppress
proliferative activity and effector cytokine production of bystander T cells in an IL-10-dependent manner. Taken together, our
data suggest that robust CD26 costimulatory signaling induces preferential expression of EGR2 and IL-10 as a potential mech-

anism for regulating CD26-mediated activation.

with dipeptidyl peptidase IV (DPPIV) activity in its ex-

tracellular domain (1-3). CD26 is associated with T cell
signal transduction processes as a costimulatory molecule, as well
as being a marker of T cell activation (4, 5). Whereas CD26 ex-
pression is increased following activation of resting T cells, CD4*
CD26M2" T cells respond maximally to recall Ags such as tetanus
toxoid (6). Moreover, crosslinking of CD26 and CD3 with solid-
phase immobilized mAbs can induce T cell costimulation and IL-2
production by CD26" T cells. Furthermore, high CD26 cell surface
expression in CD4" T cells is correlated with the production of Thl
and Th17-type cytokines and high migratory activity (4, 7). In fact,
patients with autoimmune diseases, such as multiple sclerosis (MS),

C D26 is a 110-kDa type II membrane-bound glycoprotein
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Grave’s disease, and rheumatoid arthritis, have been found to have
increased numbers of CD4*CD26" T cells in inflamed tissues as
well as in their peripheral blood, with enhancement of CD26 ex-
pression correlating with the autoimmune disease severity (8-10).
We have recently found that cytotoxic activity of CD8" T cells is
also regulated via CD26-mediated costimulation, and that CD26"
T cells are deeply involved in the pathophysiology of acute graft-
versus-host disease (11, 12). These findings imply that CD26"
T cells play an important role in the inflammatory process and
subsequent tissue damage in such diseases.

Activation of T cells through costimulatory signals is essential
for an effective Ag-specific immune response, whereas the sup-
pressive control of excessive immune responses is also critical for
maintaining self tolerance and preventing autoimmunity. CD28 is
arepresentative T cell costimulatory molecule, required for optimal
production of cytokines and proliferation, and CD28-deficient mice
have markedly reduced responses to exogenous Ags (13, 14).
Alternatively, CTLA-4 functions as a potent negative regulator of
the T cell response, and CTLA-4—deficient mice develop massive
lymphadenopathy, autoimmunity, and early death (15, 16). Both
CD28 and CTLA-4 are members of the Ig supergene family and
are able to bind CD80 and CD86 expressed on APCs. CTLA-4 is
not expressed on naive T cells, but it is induced after activation.
CTLA-4 interacts with CD80 and CD86 with a 50- to 100-fold
higher binding avidity than CD28, leading to interference of CD28
signaling (17). In addition to the ligand competition, the cyto-
plasmic domain of CTLA-4 associates with phosphatases SHP2
and PP2A to negatively regulate T cell activation, and it also
inhibits the formation of lipid rafts (18). We have identified
caveolin-1 on APCs as a functional ligand for CD26, and the li-
gation of CD26 with caveolin-1 recruits a complex consisting of
CD26, CARMAL, Bcll10, MALT1, and IkB kinase to lipid rafts,
leading to NF-«kB activation (19, 20). CD26 possesses DPPIV
enzyme activity, able to cleave dipeptides from polypeptides with
N-terminal penultimate proline or alanine. Molecules displaying
DPPIV-like enzymatic activity and/or structural similarity to the
DPPIV/CD26 have been grouped to a family of “dipeptidyl pep-
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tidase IV activity and/or structure homologs (DASH),” including
enzymatically active members such as fibroblast activation pro-
tein-o., quiescent cell proline dipeptidase/DPP-1II/DPP7, DPPS,
DPP9, and enzymatically inactive members such as DPP6 and
DPP10 (21). However, a DASH family member that functions as
a negative regulator of CD26-caveolin-1-mediated T cell activa-
tion has not yet been reported.

Active suppression by regulatory T cells (Tregs) is essential for
the control of autoreactive cells. Tregs suppress immune responses
through either direct cell-cell interactions or the release of in-
hibitory cytokines. CD4"CD25"&" Tregs expressing FOXP3, a
master regulatory gene for the suppressive activity, suppress im-
mune cells mainly through soluble or membrane-bound TGF-$
(22). Recently, IL-35 has been reported as a new inhibitory cy-
tokine preferentially expressed by mouse Foxp3* Tregs, and it is
required for their maximal suppressive activity (23). IL-35 is
a member of the IL-12 heterodimeric cytokine family, composed
of EBV-induced 3 and p35 (also known as IL-12«). Type 1 Tregs
(Trls) are characterized by high-level production of IL-10 with
regulatory activity (24). Lymphocyte-activation gene 3 (LAG3)
and early growth response 2 (EGR2) have been recently reported
as markers of Trl-like cells (25). LAG3 binds to MHC class II
molecules with higher affinity than CD4, leading to transduction
of inhibitory signals for both T cells and APCs (26, 27). EGR2 is
an essential transcription factor that regulates the T cell anergy
program by directly upregulating diacylglycerol kinase «, and it
also plays an important role in the induction of LAG3 and IL-10
expression (28).

Although the signaling events involved in CD26-mediated T cell
activation or the cellular functions of CD26-expressing T cells have
been studied extensively by our group and others, the potential
negative feedback mechanism of CD26-mediated costimulation
still remains to be elucidated. The present study focuses on the
expression of inhibitory molecules induced in CD4™ T cells fol-
lowing CD26 costimulation and the signaling pathways involved
in this biological process.

Materials and Methods

Preparation of human T cells

Human PBMCs were collected from healthy adult volunteers after the
documented informed consent and Institutional Review Board approval
were obtained. This study has been performed according to the principles set
out in the Declaration of Helsinki. For purification, the MACS cell sepa-
ration system (Miltenyi Biotec, Bergisch Gladbach, Germany) and MACS
human CD4* T cell isolation kit (Miltenyi Biotec) were used. Purity of
CD4" T cells was =97% as confirmed by FACSCalibur (BD Biosciences,
San Jose, CA).

Abs and reagents

For T cell stimulation, anti-CD3 mAb (OKT3), anti-CD28 mAb (4B10),
anti-CD26 mAb (1F7), and the fusion protein of the N-terminal domain of
human caveolin-1 and human IgG1 Fc (Cav-Ig) developed in our laboratory
were used (20). The following human-specific Abs were used for flow
cytometry: FITC-labeled anti-LAG3 mAb (clone 17B4) and FITC-labeled
mouse IgGl, k isotype control (clone MOPC-21) were purchased from
Enzo Life Sciences (Farmingdale, NY). PE-labeled anti-CTLA-4 mAb
(clone L3D10) and PE-labeled mouse IgG;, k isotype control (clone
MOPC-21) were purchased from BioLegend (San Diego, CA). PE-labeled
anti-IL-10 mAb (clone JES3-9D7) and PE-labeled rat IgGl, « isotype
control (clone eBRG1) were purchased from eBioscience (San Diego,
CA). PerCP-labeled anti-latency-associated protein (LAP) mAb (clone
27232) and PerCP-labeled mouse IgG1 isotype control (clone 11711) were
purchased from R&D Systems (Minneapolis, MN). Alexa Fluor 647-la-
beled anti-IFN-y mAb (clone B27), Alexa Fluor 647-labeled anti-FOXP3
mAb (clone 259D/C7), and Alexa Fluor 647-labeled mouse IgG1, k iso-
type control (clone MOPC-21) were purchased from BD Biosciences.
Alexa Fluor 647-labeled anti-CD26 mAb (clone 19) recently developed in
our laboratory was used for the detection of CD26 even in the presence of
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another anti-CD26 mAb, 1F7 (29). For Western blot analysis, mouse anti-
NFATT mAbD (clone 639402), goat anti-NFAT?2 polyclonal Ab, and rabbit
anti-p-ERK1 (pT202/pY204)/ERK2 (pT185/pY187) polyclonal Ab were
purchased from R&D Systems. Mouse anti-TATA-binding protein mAb
(clone mAbcam 51841) and rabbit anti-EGR2 mAb (clone EPR4004)
were purchased from Abcam (Cambridge, U.K.). Mouse anti—-actin mAb
(clone AC-15) was purchased from Sigma-Aldrich (St. Louis, MO).
HRP-conjugated sheep anti-mouse IgG and donkey anti-rabbit IgG were
purchased from GE Healthcare (Buckinghamshire, U.K.), and HRP-
conjugated donkey anti-goat IgG was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). For neutralizing IL-10, anti~-human IL-10
mAb (clone JES3-9D7), anti~human IL-10R mAb (clone 3F9), rat IgG1,
isotype control (clone RTK2071), and rat IgG2a, k isotype control (clone
RTK2758) were purchased from BioLegend. Recombinant human IL-10
and the NFAT inhibitor cyclosporin A (CyA) were purchased from Sigma-
Aldrich. The MEK1/2 inhibitor U0126 and the NF-«B activation inhibitor
quinazoline were purchased from Merck Millipore (Billerica, MA).

Preparation of culture supernatant and measurement of
cytokines

Purified CD4" T cells (1 X 10°) were cultured in serum-free AIM-V
medium (Invitrogen, Carlsbad, CA) in 96-well flat-bottom plates (Costar;
Corning, Corning, NY), with stimulatory mAbs or Cav-Ig being bound in the
wells beforehand at the following concentrations: 0.5 pg/ml OKT3 and/or 2,
5, 10, 20, or 50 pg/ml 4B10 or 1F7 or Cav-Ig. Cells were cultured in 5%
CO, and 100% humidified incubator at 37°C for 48, 72, 96, or 120 h. After
incubation, supernatants were collected and cytokine concentrations were
examined using ELISA. BD OptEIA kits for human IL-2, IL-4, IL-5, IL-10,
TNF-o, IFN-vy, or TGF-B1 were purchased from BD Biosciences, and the
Ready-SET-Go! kits for human IL-17A or IL-21 were purchased from
eBioscience. The absorbance at 450/570 nm was measured in a microplate
reader (Bio-Rad, Hercules, CA), and data were analyzed with Microplate
Manager 6 software (Bio-Rad).

Flow cytometry

Purified CD4* T cells (1 X 10°) were incubated with plate-bound OKT3
(0.5 pg/ml) and/or 2, 5, 10, 20, or 50 wg/ml of 4B10 or 1F7 in 96-well flat
bottom plates for 96 h, and cells were then collected and prepared for the
analysis of cell surface expression of CTLA-4, LAG3, and LAP. Acqui-
sition was performed using FACSCalibur, and data were analyzed with
FlowJo software (Tree Star, Ashland, OR). For the analysis of intracellular
FOXP3 and LAG3, a human FOXP3 buffer set (BD Biosciences) was used.
For the staining of intracellular cytokines, cells were treated with Golgi-
Stop (monensin) (BD Biosciences) for the last 5 h of culture in the pres-
ence or absence of 50 ng/ml PMA (Sigma-Aldrich) plus 1 pg/ml
ionomycin (Merck Millipore) and then stained using BD Cytofix/
Cytoperm Plus fixation/permeabilization kit (BD Biosciences) according
to the manufacturer’s instructions.

Preparation of lysates and Western blotting

To analyze nuclear expression of ERK or NFAT, purified CD4" T cells (1.5 X
10° celis/well, three wells per sample) were incubated with plate-bound
OKT3 (0.5 pg/ml) and/or 4B10 (50 pg/ml) or 1F7 (50 wg/ml) in 24-well
flat-bottom plates (Costar) for 0.5, 1, or 2 h. After incubation, cells were
collected and nuclear extracts were prepared using EpiQuik nuclear ex-
traction kit (Epigentek, Farmingdale, NY) supplemented with 2% protease
inhibitor mixture (Sigma-Aldrich) and 1X PhosSTOP (Roche Diagnostics,
Tokyo, Japan). For the analysis of EGR2 expression, purified CD4™ T cells
(1.5 x 10° cells/well) were stimulated in the above conditions for 24 or
48 h. After incubation, cells were collected and whole-cell lysates were
prepared using RIPA buffer. Each sample was resolved by SDS-PAGE in
reducing condition. SDS-PAGE and Western blot analysis were conducted
as described previously (30). The images were taken using luminescent
image analyzer LAS 4000 (GE Healthcare), and data were analyzed with
image reader LAS 4000 and Multi Gauge software (GE Healthcare).

T cell proliferation assay

Purified CD4* T cells (1 X 10%) were incubated with plate-bound OKT3
(0.5 wg/ml) and/or 4B10 or 1F7 in 96-well flat-bottom plates for 96 h in
the presence or absence of signal inhibitor or culture supernatant. To
evaluate T cell proliferation, a cell proliferation ELISA, BrdU Kit (Roche
Diagnostics) was used. BrdU was added to each well for the last 2 h of
incubation, and proliferation was assessed by measuring BrdU incorpo-
ration by ELISA. The absorbance at 450/655 nm was measured in a
microplate reader, and data were analyzed with Microplate Manager 6
software. T cell proliferation was also assessed by using Cell Counting
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Kit-8 (Dojindo, Kumamoto, Japan). 2-(2-Methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium monosodium salt (WST-
8) was added to each well at a concentration of 1/10 volume for the last
3 h, and the absorbance at 450/595 nm was measured. For the analysis of
the number of cell divisions, a Vybrant CFDA SE cell tracer kit (Mo-
lecular Probes, Carlsbad, CA) was used. Purified CD4" T cells labeled
with 2 pmol/l CFSE were incubated for 96 h with plate-bound stimulatory
mAbs as described above, and cells were then harvested and analyzed by
FACSCalibur.

Small interfering RNA against human EGR2

We selected two target sequences from nucleotides +1802 to 1820 (sensel)
and +1890 to 1908 (sense2) downstream of the start codon of human EGR2
mRNA: sensel small interfering RNA (siRNA), 5'-GAGUUGAUCUAA-
GACGUUUATAT-3’, and sense2 siRNA, 5’-CACUUUAUGGCUUGGG-
ACUdTdT-3’. siRNAs against EGR2 were purchased from Sigma-Aldrich,
and negative control siRNA (oligonucleotide sequences are not disclosed)
was purchased from Qiagen (Valencia, CA). Fifty picomoles siRNA
duplexes were transfected into 5 X 10° purified CD4* T cells by using
HVIJ-E vector (GenomONE-Si; Ishihara Sangyo Kaisha, Osaka, Japan)
according to the manufacturer’s instructions (19, 20).

Quantitative real-time RT-PCR assay

Purified CD4* T cells or siRNA transfected CD4* T cells (5 X 10%) were
incubated with plate-bound OKT3 (0.5 wg/ml) and/or 4B10 or 1F7 or
Cav-Ig in 24-well flat-bottom plates for 6, 12, 24, 48, or 72 h in the presence
or absence of signal inhibitor or culture supernatant. After incubation,
cells were collected and total RNA was extracted by the use of an RNeasy
Micro kit according to the manufacturer’s instructions (Qiagen). cDNA
was produced by using a PrimeScript II first strand cDNA synthesis kit
(TaKaRa Bio, Shiga, Japan) with oligo(dT) primers. Quantification of
mRNA was performed using the 7500 real-time PCR System and SYBR
Select Master Mix (Applied Biosystems, Foster City, CA). The obtained data
were analyzed with 7500 System SDS software (Applied Biosystems), being
normalized to hypoxanthine phosphoribosyltransferase expression. Sequen-
ces of primers used in quantitative real-time RT-PCR analysis are shown in
Supplemental Table I.

Statistical analysis

Data were analyzed by the paired Student ¢ test (two-tailed) for two group
comparison, or by the ANOVA test for multiple comparison testing. The
assay was performed in triplicate wells, and data are presented as mean =+
SD of triplicate samples of the representative experiment, or mean = SE of
triplicate samples of independent experiments. Significance was analyzed
using MS Excel (Microsoft) and p values < 0.01 were considered sig-
nificant and are indicated in the corresponding figures and figure legends.

Results

CD26-mediated costimulation induces the development of
CD4* T cells to a Tri-like phenotype with high IL-10
production

To explore the negative feedback mechanism associated with
CD26-mediated costimulation, we first examined the cytokine
production profile of CD4* T cells, focusing particularly on the
production of immunosuppressive cytokines such as TGF-f and
IL-10. To characterize the specific phenotype associated with
CD26 costimulation, we compared the level of cytokine produc-
tion following costimulation with either CD26 or CD28, a repre-
sentative T cell costimulatory pathway. As shown in Fig. 1A, only
a small amount of cytokines was produced following stimulation
with anti-CD3 mAb alone (gray lines), whereas both anti-CD3
plus anti-CD26 and anti-CD3 plus anti-CD28 costimulation
greatly enhanced cytokine production (red or blue lines). Pro-
duction of IL-10 by CD4™ T cells was preferentially increased
following CD26-mediated costimulation compared with CD28-
mediated costimulation over the tested time intervals (Fig. 1Aa).
IL-21 production was also greatly enhanced in the late phase of
CD26 costimulation (Fig. 1Ab). Alternatively, production of IL-2,
IL-5, or TNF-a was much lower following CD26 costimulation
than CD28 costimulation (Fig. 1 Af-h). In contrast, no difference in
the production of IL-17A, IFN-v, or IL-4 was observed following

CD26- or CD28-mediated costimulation (Fig. 1Ac—e). Real-time
RT-PCR analysis was then conducted to confirm the above results.
As shown in Fig. 1B, IL-10 and IL-21 mRNA expression levels
were higher after 24 h of CD26 costimulation than CD28 co-
stimulation. Meanwhile, the amount of TGF-B1 was below the
detection limit (0.125 ng/ml), and mRNA expression level of IL.-35
subunits (EBV-induced 3 and p35) was not elevated following
CD26- or CD28-mediated costimulation (data not shown). These
data indicate that CD26 and CD28 costimulation of CD4* T cells
results in different profiles of cytokine production, with IL-10
production being preferentially enhanced following CD26 co-
stimulation.

To further characterize the biological process involved in IL-10
production following CD26 costimulation, we evaluated the effect
of a wide range of concentrations of anti-CD26 and anti-CD28
mAbs. Additionally, to assess whether caveolin-1, a physiologi-
cal ligand of CD26, can induce IL-10, we activated CD4" T cells
with anti-CD3 mAb and Cav-Ig as described in Materials and
Methods. As shown in Fig. 2Aa, CD26-mediated costimulation by
both anti-CD3 plus anti-CD26 and anti-CD3 plus Cav-Ig greatly
enhanced IL-10 production compared with CD28-mediated co-
stimulation. It is noteworthy that the enhancement in CD26-
mediated JL-10 production via either anti-CD26 mAb or Cav-Ig
was dose-dependent, whereas IL-10 production decreased with
increasing doses of anti-CD28 mAb (Fig. 2Aa). IL-17A produc-
tion following CD26-mediated costimulation was similar to that
observed following CD28-mediated costimulation (Fig. 2Ab).
Although the amount of IL-2 produced by CD4™ T cells following
CD26 costimulation was 1-10 ng/ml and significantly higher than
anti-CD3 mAb alone, it was consistently lower than that induced
by CD28 costimulation (Fig. 2Ac, Supplemental Fig. 1A). T cell
proliferation in response to CD26 costimulation was significantly
decreased in the presence of neutralizing anti-IL-2 mAb, indi-
cating that a relatively small amount of IL-2 induced by CD26
costimulation was sufficiently functional for enhancing T cell
proliferation (Supplemental Fig. 1B). For further confirmation,
we analyzed the intracellular expression of IL-10 in CD4* T cells
through flow cytometry. Because inhibition of protein transport by
monensin or brefeldin A is essential for intracellular cytokine
staining, we analyzed IL-10 expression in T cells stimulated by
anti-CD3 plus a high dose (50 pg/ml) of anti-CD26 or anti-CD28
with monensin for the last 5 h of culture. As shown in Fig. 2B, IL-
10 and IFN-y were equally induced in CD4* T cells following
CD26 costimulation (Fig. 2Bb), whereas CD28 costimulation in-
duced only IFN-y but hardly induced IL-10 (Fig. 2Ba). Note that
only ~2% of CD4* T cells expressed IL-10 following CD26 co-
stimulation, but this induction was significant and was consistently
seen in all the repeated experiments. In contrast with IFN-vy level,
which was clearly detected by restimulation with PMA plus ion-
omycin, detection of the IL-10 level was relatively difficult be-
cause restimulation with PMA plus ionomycin hardly affected the
percentage of IL-10-expressing cells following either CD26- or
CD28-mediated costimulation (the results with similar stimulatory
condition are shown in Fig. 6B). Previous work by Jonuleit et al.
(31) investigating IL-10 expression also demonstrated a relatively
low level of IL-10 expression when human peripheral blood CD4*
T cells from healthy volunteers were primed and restimulated with
allogeneic dendritic cells. We also noted that another anti-human
IL-10 mAb from BD Biosciences gave similar results (data not
shown). To define whether IL-10-expressing CD4" T cells fol-
lowing CD26-mediated costimulation expressed CD26, we stained
cell surface CD26 and intracellular IL-10. For this purpose, as
described in Materials and Methods, we used an anti-human CD26
mAb recognizing a different epitope from the one recognized by
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the immobilized anti-CD26 mAb, 1F7, used for CD26 costimula-
tion. As shown in Fig. 2Bc, all of the IL-10-expressing CD4*
T cells were shown to express CD26. Taken together, these results
indicate that CD26-mediated costimulation in CD4*CD26" T cells
preferentially induces IL-10, and this effect increases with en-
hancing intensity of CD26-mediated signaling.

We next examined the expression of selected molecules with
well-characterized immunosuppressive functions by flow cytom-
etry, including the cell surface expression of CTLA-4 and LAP
complexed with TGF-B1, and the intracellular expression of
transcription factor FOXP3. Because LAG3 has been reported to
be continuously recycled and rapidly translocated to the plasma
membrane in response to antigenic stimulation (32), we analyzed
both the cell surface and intracellular expression of LAG3. As
shown in Fig. 3, both the cell surface and intracellular expression
of LAG3 was clearly enhanced with increasing doses of anti-CD26
mAb, and CD26-induced enhancement of LAG3 was more pro-
nounced than the effect of CD28-mediated costimulation (Fig. 3Aa).
Alternatively, both CD26- and CD28-mediated costimulation en-
hanced the expression of CTLA-4 and FOXP3, with no significant
difference being detected between these two costimulatory pathways
(Fig. 3Ac, d). In contrast with CD28 costimulation, LAP was hardly
induced following CD26 costimulation (Fig. 3Ab). Although the

Incubation time (hr)

mean fluorescence intensity (MFI) results of LAP, CTLA-4, or
FOXP3 correlated with those of percentage of cells expressing
LAP, CTLA-4, or FOXP3 shown in Fig. 3A, the values of MFI,
especially for LAP and FOXP3, were low and the difference be-
tween CD26- and CD28-mediated costimulation was minimal (data
not shown). Alternatively, as shown in Fig. 3B, all of the CD4"
T cells expressed LAG3 following CD26 or CD28 costimulation,
and no difference was observed in the percentage of LAG3-
expressing cells, whereas the expression intensity of LAG3 after
CD26-mediated costimulation was higher than after CD28-mediated
costimulation. LAG3 also serves as a marker of IL-10—producing
Tregs (25), suggesting that signaling events via CD26 may induce
the development of CD4"* T cells to a Trl-like phenotype.

NFAT and Raf-MEK-ERK signalings are indispensable for
CD26-mediated T cell activation

We next examined the signaling events associated with CD26-
mediated enhancement in IL-10 production in CD4* T cells. Al-
though cytokine receptor signaling through JAK-STAT plays
a crucial role in T cell differentiation into specific effector subsets
or Tregs, the initial signaling events for inducing cytokine pro-
duction in T cells are associated with the TCR signaling pathway.
Therefore, we first examined the effect of signal inhibitors against
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NFAT, AP-1, or NF-«B, essential transcription factors for T cell
activation located at the terminal end of TCR signaling. We first
assessed T cell proliferation by measuring BrdU incorporation
by ELISA, which is generally accepted to be equivalent to the
[*H]thymidine incorporation assay. As shown in Fig. 4A, the
NFAT inhibitor CyA and the MEK1/2 inhibitor U0126 markedly
inhibited the proliferative activity of CD4* T cells following
CD26 or CD28 costimulation. Of note, T cells activated with anti-
CD3 and anti-CD26 were much more sensitive to these inhibitors
as compared with CD28 costimulation, and a high dose of CyA
and U0126 suppressed the proliferation of T cells to the same level
of proliferative activity as anti-CD3 alone (Fig. 4A). Additionally,
we conducted a T cell proliferation assay by using tetrazolium
salt, and results similar to those obtained with the BrdU incor-
poration assay were observed (Fig. 4B). As shown in Fig. 4C, the
effects of NFAT and MEK1/2 inhibitors on IL-10 production were

very similar to those on T cell proliferation. Whereas the NF-«B -

inhibitor quinazoline also suppressed T cell proliferation and IL-
10 production in a dose-dependent manner, its effect on CD4*
T cells following CD26 costimulation was less apparent as com-
pared with NFAT and MEK1/2 inhibitors (Fig. 4A-C). These three
inhibitors had similar effects on IL-17A and IFN-vy production as
they did with IL-10 production (data not shown). These results
indicate that both NFAT- and Raf-MEK-ERK-related signals are
indispensable for CD26-mediated T cell activation, and they
suggest that the intensity or persistence of these two signal

IFN-y

pathways in CD4* T cells are different between CD26 and CD28
costimulation.

To further define the difference between CD26- and CD28-
mediated costimulatory signaling pathways, we next examined
the amount of NFAT and p-ERK1/2 translocated to the nucleus of
CD4* T cells following CD26 or CD28 costimulation. The NFAT
family consists of five members (NFAT1-5), and only NFATS is
regulated by osmotic stress, not by calcium—calcineurin signaling
(33). Because NFAT3 is reported to be absent in T cells, we an-
alyzed the expression of NFAT1, NFAT2, and NFAT4. As shown
in Fig. 4D, stimulation with both anti-CD3 plus anti-CD28 and
anti-CD3 plus anti-CD26 resulted in increased nuclear levels of
p-ERK1/2 and NFAT2 compared with anti-CD3 alone. Nuclear
levels of p-ERK1/2 peaked at 30 min and then gradually decreased
following CD28-mediated costimulation, whereas accumulation
of NFAT?2 in the nucleus reached a maximum after 2 h of CD28
costimulation. Alternatively, CD26-mediated costimulation re-
sulted in greater enhancement of nuclear level of NFAT2 com-
pared with CD28 costimulation, whereas the maximum level of
p-ERK1/2 following CD26-mediated costimulation was lower
than that seen with CD28 costimulation, but the effect of CD26
costimulation on p-ERK1/2 persisted until 2 h after stimulation. In
contrast, no difference in nuclear level of NFAT1 was observed
following CD26 or CD28 costimulation. As shown in Fig. 4D,
when each sample was immunoblotted with anti-NFAT2, two
bands were detected in molecular mass regions at ~110,000 and
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130,000 Da. The band with the higher molecular mass is thought
to represent the constitutively expressed NFAT?2 isoform, and the
one with the lower molecular mass probably represents the in-
ducible NFAT2 isoform (33). In contrast with NFAT4, which was
only slightly expressed both in the cytoplasm and the nucleus of
peripheral blood CD4" T cells (data not shown), the protein level
of NFAT2 was abundant and clearly increased in response to
CD26 or CD28 costimulation compared with NFAT1, suggesting
that among the NFAT family, NFAT2 plays a crucial role in reg-
ulating human CD4* T cell activation. NFAT protein is known to
synergistically interact with many transcription factors, including
AP-1, which is the main transcriptional partner of NFAT during
T cell activation. Alternatively, in the absence of AP-1, NFAT
directs transcription of a specific program of gene expression that
may be responsible for blocking TCR signaling (33). Taken to-
gether, these results strongly suggest that persistent NFAT-AP-1
cooperation is responsible for CD26-mediated T cell activation,
leading to a specific pattern of gene expression different from
CD28-mediated costimulation.

Increased EGR2 expression following CD26-mediated
costimulation is associated with preferential IL-10 production

The findings above suggest that persistent NFAT-AP-1 activation
following CD26-mediated costimulation is associated with en-
hanced IL-10 production. The molecular mechanisms involved
in the process of IL-10 transcription in T cells have been well
characterized, with the involvement of many transcription factors
having been reported previously. c-Maf and IFN regulatory factor
4 (IRF4) directly transactivate IL-10 gene expression through
binding to the IL-10 promoter (34, 35), whereas Blimp-1 posi-

tioned downstream of EGR2, GATA-3, and E4BP4 (also known as
NFIL3) enhances IL-10 expression epigenetically by acetylating
or methylating histones to change the chromatin structure at the
IL-10 locus (36-38). We hypothesized that preferential IL-10
production of CD4™ T cells following CD26-mediated costimu-
lation was associated with the induction of such transcription
factors. To validate the above assumption, we conducted a real-
time RT-PCR assay to analyze the expression levels of the tran-
scription factors discussed above following CD26 or CD28
costimulation. As shown in Fig. SAa, CD26 costimulation resulted
in greater enhancement of EGR2 expression in CD4" T cells
during the tested time intervals as compared with CD28 cost-
imulation. Alternatively, both CD26 and CD28 costimulation
markedly increased the expression of IRF4 compared with unsti-
mulated T cells, but no difference was observed between these two
costimulatory pathways (Fig. 5Ab). In contrast, both CD26 and
CD28 costimulation of T cells led to a decrease in c-Maf or
Blimp-1 expression (Fig. SAc, d), as well as a decline in expres-
sion levels of GATA-3 and E4BP4 (data not shown), indicating
that EGR2 expression was preferentially induced following CD26-
mediated costimulation. Western blot analysis was then conducted
to confirm the above results. As shown in Fig. 5B, the protein level
of EGR2 was higher after 24 or 48 h of CD26 costimulation than
CD28 costimulation. Because it has been reported that EGR2
transcription is regulated by NFAT (39), we next examined the
potential involvement of NFAT in the induction of EGR2 ex-
pression following CD26 costimulation. As shown in Fig. 5C,
stimulation with both anti-CD3 plus anti-CD26 and anti-CD3 plus
Cav-Ig clearly enhanced EGR2 expression compared with CD28
costimulation, a process that was partially inhibited by the NFAT
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inhibitor alone and completely abrogated by the combination of
the NFAT and MEKI1/2 inhibitors. Furthermore, to determine
whether EGR2 expression was associated with I1L-10 production,
we conducted knockdown experiments using siRNA against
EGR2 in primary CD4" T cells. Expression level of EGR2 in
T cells following CD26 costimulation was determined by real-
time RT-PCR in the presence of control siRNA or two different
sequences of EGR2-siRNA. As shown in Fig. 5Da, b, EGR2-
siRNA treatment reduced EGR2 expression by ~50% as com-
pared with control siRNA, which was associated with a significant
decrease in IL-10 production by CD4" T cells. Because similar
results were also obtained with a different siRNA sense2 designed
to target a separate EGR2 site, data obtained with EGR2-siRNA
sensel as described in Materials and Methods are shown. Because
it has been shown that EGR2-deficient CD4* T cells in mice
produced high levels of IFN-y and IL-17 following TCR stimu-
lation (40), we therefore examined the effect of EGR2 knockdown
on IL-17A and IFN-y production by human CD4* T cells. As
shown in Fig. 5Dc, d, production of both cytokines was vigorously
enhanced by EGR2-siRNA compared with control siRNA. These
results rule out the possibility that the decrease in IL-10 production
seen with EGR2-siRNA treatment was due to the nonspecific off-
target effects of siRNA. Taken together, these observations strongly
suggest that CD26-mediated costimulation of CD4™ T cells results
in enhanced NFAT/AP-1-dependent EGR2 expression, which is
associated with the preferential production of IL-10.

Supernatants of CD3/CD26-stimulated CD4* T cells suppress
activation of bystander T cells in an IL-10-dependent manner

To address the functional significance of enhanced IL-10 pro-
duction by CD4™ T cells following CD26-mediated costimulation,
we prepared culture supernatant of CD4" T cells stimulated with
anti-CD3 plus a high dose (50 pg/ml) of anti-CD26 or anti-CD28
as a control and then examined whether the supernatant of CD3/
CD26-stimulated T cells (CD26 sup) suppressed activation of
bystander T cells. We confirmed that higher levels of IL-10 and
lower levels of IL-2 were contained in CD26 sup as compared
with the supernatant of CD3/CD28-stimulated T cells (CD28 sup),
as shown in Fig. 2A. As shown in Fig. 6Aa, b, addition of CD26
sup to freshly purified CD4" T cells incubated under stimulatory
condition with anti-CD3 plus anti-CD26 for 24 h resulted in
a significant reduction in expression levels of both IL-2 and IFN-y
as compared with AIM-V medium, and this inhibitory effect was
abrogated by the addition of anti-IL-10 plus anti-IL-10R. In
contrast, IL-10 expression in CD4* T cells was significantly en-
hanced by CD26 sup, and this enhancing effect was almost
completely reversed by anti-IL-10 plus anti-IL-10R (Fig. 6Ac).
These results indicate that IL-10 contained in the CD26 sup
suppresses the expression of effector cytokines such as IL-2 and
IFN-y but upregulated the expression of IL-10. Alternatively,
treatment with CD28 sup markedly upregulated IL-2 expression,
suggesting the presence in CD28 sup of soluble factors such as
IL-2 that enhance the process of T cell activation (Fig. 6Aa). In
contrast, addition of anti—IL-10 plus anti-IL-10R in the presence
of CD28 sup increased the expression of IFN-y but decreased IL-
10 expression, suggesting that the relatively small amount of IL-
10 in the CD28 sup was sufficient to regulate CD4" T cell cytokine
production (Fig. 6Ab, c). To analyze the effect of CD26 sup on the
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proportion of IL-10 or effector cytokine-expressing cells, we next
performed intracellular staining of IL-10 and IFN-y in CD4"
T cells. As shown in Fig. 6Ba, d, stimulation of freshly purified
CD4" T cells with anti-CD3 plus anti-CD26 in the presence of
CD26 sup for 3 d resulted in a decrease in the relative percentage
of IFN-y—expressing cells (from 18.5 to 11.1%) as compared with
AIM-V medium, whereas the proportion of IL-10-expressing cells
was hardly affected by CD26 sup. The effect of CD26 sup on the
proportion of IFN-y—expressing cells was reversed by anti-IL-10
plus anti-IL-10R (Fig. 6Be). Alternatively, addition of CD28 sup
to CD4" T cells did not change the proportion of IFN-y-ex-
pressing cells, but CD28 sup treatment in the presence of anti-IL-
10 and anti-IL-10R led to an increase in the level of IFN-vy* cells
(Fig. 6BbD, c), suggesting that the CD28 sup contained both acti-
vating and inhibitory factors such as IL-10. These findings
strongly suggest that CD26 sup preferentially suppresses the
proliferation of effector cytokine—expressing cells in an IL-10-
dependent manner.

We next analyzed the effect of CD26 sup on T cell proliferation.
As shown in Fig. 7A, CD26 sup clearly inhibited the prolifera-
tive activity of freshly purified CD4* T cells following CD26
costimulation. Although CD28 sup also slightly suppressed the
proliferation of T cells following CD26 costimulation, the sup-
pressive effect of CD26 sup was much more pronounced com-
pared with CD28 sup. Interestingly, the suppressive effect on
T cells following CD26 costimulation was more evident com-
pared with T cells following CD28 costimulation (Fig. 7A). To fur-
ther evaluate this observed difference, we conducted the same
T cell proliferation assay in the presence of rIL-10. As shown in
Supplemental Fig. 2A and 2B, T cells stimulated with anti-CD3
plus anti-CD26 were much more sensitive to the inhibitory effect
of IL-10 as compared with CD28 costimulation, and the difference
between CD26 and CD28 costimulation was markedly evident
in cytokine production compared with proliferative activity. We
further analyzed the expression of IL-10R on CD4™ T cells fol-
lowing CD26- or CD28-mediated costimulation but observed no
difference in the expression intensity of IL-10R between these two
costimulatory approaches (Supplemental Fig. 2C). To characterize
in more detail the effect of CD26 sup on T cell proliferation, we
analyzed the cell division process of CFSE-labeled CD4" T cells
by flow cytometry. As shown in Fig. 7Ba, b, d, e, CD26 sup
exhibited a very potent suppressive effect on the proliferation of
T cells stimulated with anti-CD3 plus anti-CD26 compared with
CD?28 sup, and this effect was partially reversed by addition of
anti~IL-10 plus anti—IL-10R. It is noteworthy that 10 ng/ml rIL-
10, a higher concentration than that found in CD26 sup, clearly
suppressed T cell proliferation, but this effect was not more potent
than CD26 sup (Fig. 7Bd, f). Alternatively, CD26 sup only slightly
inhibited the proliferation of T cells stimulated with anti-CD3 plus
anti-CD28, and these CD3/CD28-stimulated CD4™ T cells were
much less sensitive to the inhibitory effect of IL-10 as compared
with CD3/CD26-stimulated T cells (Fig. 7Cc, d). These results
correlated strongly with the proliferative activity shown in Fig.
7A. Taken together, these data strongly suggest that soluble fac-
tors secreted from CD4" T cells following CD26-mediated co-
stimulation profoundly suppress bystander T cell proliferation,
with IL-10 having a synergistic effect on the suppressive activity
of these soluble factors.

for TATA-binding protein (TBP) as a loading control. Band intensity of p-ERK1/2, NFAT 1, or NFAT2 was normalized to TBP, and relative intensity compared
with resting CD4" T cells (0 h) is indicated in the bottom panel. Data are shown as mean = SE of relative intensity from three independent donors,
comparing values in anti-CD3 plus anti-CD28 or anti-CD3 plus anti-CD26 to those in anti-CD3 alone at the same stimulation period (“p < 0.01), and anti-
CD3 plus anti-CD26 to those in anti-CD3 plus anti-CD28 at the same stimulation period (p < 0.01).



