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55 SRR MRIR T FE 2 Ee At )
FEREAIT 7E PR T T
MM B D © Mb CD26 HUAKRIERENL D720 D
T - IBFRNR TR ASA A~ — T — DB%E

WEEE R R ERERZFR R E SR
IR« DS A JCRIB IR L R AR

WREE

M R BRI T AR MEL BIC X o TR Z 2 HHEEEMER CH Y . BLE A Tl
TEDIREEIT L, BT RIRRIEORNSINEEN D, HIEREFIIPIEE S R oM e K
b CD26 HifAk YS110 DFHIFICEREh L, 7 T > A CTHEMH R ff 2 Hhus & L7- CD26 BtEEE I
%9 % First-in-Human 55 T fHEGIRERER & Hi1T L 72, 2017 45 7 A 25 EN T b i E2 IE 1 %F
T 5% /11 MEERRBRZ T Ch D,

b Mb CD26 HUANH N2 BE % TR TE DT, A~ — I —%RET D720, BN
% O1/11 MEERRBREE OMEFRY A bAoA v - DA OLEA M 24T, SDF-1,
MIP-1d, MCP2, Gro-b, GCP-2 %73 CD26 HUAD A A FHIT 28Tk A A~ — I — il 72
LAREMEA WL UTc, F7o, BN 1I/11 MERRERBREE ORMIM Y o "BRD 7 = ) & A Tfig
Friz kv, YS110 (& Rk CD26 Hiik) A 2hfCIERFIC CD8 T Ml CHifla G EMET 7 = 7 # —1T
HHRE (CD26 Ptk « CD28 2% « KLRGL Bttt 7 » b)) 0BG N EL ., BT = v 7R A v by
F-OHTPDL & TIGIT OFEHGMERI @ vl REME 2 WL L7z,

FEINEE 1/11 FHESRERBRIC I\ T, B RO RBRIA L LT, 28 T AL 9 il 6 B, 28
IT AT, 31 BIEBIOF 37 iER] GRARANX, FRA 29 1, A% 5 1], PIBERYL 3 1)) 723X
£ XF, 36 Bil1d CD26 FBLOFHE A FIEE TH o 72, T Z TR AR Y 7 v —F AHiRIC L 5%
Yt (77 ATORBREFR—, AR BIXOFHBRSNIZa v =4 2% v Mok
LHAEYe s, (BiE) O ODYAFIEIC LD (D26 FHIZHOWTHAE Lz, ZORE, A LT
D CD26 Bt DN 20% LA EOFEFIIE. 37 il 30 4, 20% AT OIEFIAN 6 BT - 7= DITwt L
T, BIETIE 20%LL ESERFNIE, 37 il 32 5], 20% A0 DIEFIS 4 Bl T -7z, F/oAEX
D BIET CD26 BEMEEA B U72SERIZ 36 Bl 23 il TH Y | ZDOH THHEEN 20%LL E E
F-UTIERIDS 11 FlERD BTz, 1EH b MK TO CD26 Yttt Dlm L2 BIETRO bz Z
EBERDHE. ZOFH U N=F W Y MC X DY EEN RIS S CD26 %
Bla LD IEMICHMET 2DICE L TWb B2 b,

t MEHT CD26 &/ 7 v —F VPR (YS110) 12 & DM rh i s B o5t % s L7 7
Y ANZRIT D TAHERARGBRIC X V15 54072 YS110 512 £ 5 1iF ¥4 CD26/DPP4 (sCD26/
DPP4) titer DZBES, YS110 HE5-D T4 « 0K % THIT 5 A~ — =122 0 15570
DRFEATV, N A~—H—E LTHERATH D AREMER R O, ZOH T, BRRERT




BlERSNT-, YS110 #6502 K » T+ sCD26/DPP4 titer ME T4 25 A B =X LA S
T H7DIT, CD26 Bt/ D o ONE Ml Z - T, in vitro TOMGEZIT -7,
Jale b > CD26 DFEELAN @\ I T AU - IEH AL & & 128548 BB HIC sCD26 Z pEA: L,
YS110 DR ERAEH], K OWRIFIIIC sCD26 DREAENIREE NS Z & W LT LT,

MFHEE

FA BB MSATBIE N T2 R 4
Bt 7 AR M REHIE -
et v 2 — Fik

W A B RERRT: LY Hd%

R 1E
A i — o Rl L7 ST SRR R
HIL B WAFMER % — E5
WE WESRZIRE R
KB FERERFPRFEGE R
FIEI - DS A SRR R
EHT=
B ER SRR R R P JE R
FIEIF - DS A SRR R
Rr(T-Bh#k
SFHKRES : UA X« 20—« —att
CEO, @Ry FEHIR GO

25

A. HEEEB

SR i B B2 R 1 BRI AR C 80 B 72 TR R
FEE7e < L PRI TR R TR S5EIRTTE
ETHRERBETH Y HRBHIGHRE
DHESLITTHE T D,

WFFEAREFE 13 CD26 B 7 1 — U HUR DB %S .

CD26 cDNA o Hiffff 2t FUZ el T17v (J
Immunol. 1989, 1992) . HUIEEZhE DI E
~Mb CD26 HURDBHFSIZ AR LTe, MR
fEIZ 331 5 CD26 FEBLOMRHT, HUR DB
TERIRERE OfEIIZEL Y FLA . Z OFURITHUA
= 3R 0D ADCC (TN A CD26 BE RIS i

BT 5 2 & THEEOHIEMHICHE Z &
SIS TG REOREIC @ E 5 2
ZE RGN L TE 7 (Clin Cancer Res.
2007, 2012, PLoS One. 2013, Br J Cancer.
2014, Nat Immunol. 2015), X 5H(Z, PUiA#E
TEORENLICA AR 7095 BRAR AR D CD26 B2
Wr B, AT CD26/DPPIVAEHIE % % B
F L7 T ARG b Bl 4
Hils & U7- First—in-Human 25 T FHEG R ER
AT Lz, RBEF = v 7 RA v FEEXK
DX >R CHRFERBROFELITREFE
BELHL R, AOEETFRRTET—F b5
B2 (Br J Cancer. 2017), EDBEHEMN
CD26 HPiAFIEDOWEA &L 2202 TFHRITE S
NA F~=—H—DRBPFEEL S,
ZZTT7 T v ATOBKRBREHR M %
fi#Hr L. CD26/DPPIVIE DA EENTAS Stable
Disease (SD) /Progressive Disease (PD) DF
PSS F~—T1— & 70 B AREMED RIR S
72 (p <0.016), 2017 47 H M SEA4 LT-H
WEE T AHERIRAER I, 2018 4F 3 HITH &R
FHAOEGPETLE 1~3 ak:— M 3
B, A9 fl), HCOMERERROEERZRRAIE
ML Z &< FUEERLE L TH T T
YATOR 1 MERARRER & [FERICA 2%
g < TRIBT 5 5 A3 E S 472 (Lung Cancer.
2019), 2018 4= 6 H /B3 T FHEGHRRER A
Z A — K Lz, 2019 4F 4 A#IOICENE 11
FHERAR B4 31 i~ CD26 HLilBe 523
T U7, WEEEICI &k, EWNE 11 FHER
PRBBR AR IR 2 F T (1) BB BRALA < o



CD26 FEBURMT & (3) A Y > /X RO AT
EAToT-, £, EWNE /11 KRR E
HOQ)MEFYA NIA L TEAA LD
2 H AT . 72 6 OV I T oA IR
CD26/DPPIV EEFRIGMAB OMIE 21TV, D26
PUROHUES SR & FHBI T 2 FTHL S A A~
— A —ER DIV IAFZAT S T2,

A2 R, EWNE T/1T AHE AR R R
KDEEE 40 HlOH T, Partial Response
(PR) E721% SDA4HA 7 L6 » A) LAk
Fift LRI A2/ . (D) SR
DNA « RNA profile Offtra1T5, 7=, =
VE CTOMHT TR LT (2) MG AA A~ —
J1—. KONE) KIYI Y > 8BRS A~ —F
— ZBIL T, JEEE % aic BT 5
FEHL e SRR e T ko TIRIT T %, 24
(2 &0, Mg CD26/DPPIV D 28 BhfifdT <o
B ANA F~— I —Ailc K-> T, (D26 i
RFIENF N2 BB 2 HR LG22 5
N L, BREOHEHNR CD26 HikHIED
M L FIARERERBRE OB BN %
AIREIC T 5,
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(ZIX PRI R T 2 ANHIHEE EORLE
S OWFZEIZ L0 WFFERE G D332 1T B AFIAE,
FERFEOHAZITWV  FEIHTOA 7+ — A

Keartery hEHTN5,

77 ATOH 1 FHERRRICK T e
MBI FHRORE Z x5 & L5
SRR IC K o TYERR S A7z AR SEER
(R85 —E O M ELAY R RN 0E > T FE i S
iz, MIEMREORMEE 1 5 BRI2IE, BFsE
KGN KRET D NHIHEHE OB RE M U8
(2 X0 AFFER G D3 T B AR RIS D
FHAZITO, EHTOA T —LR-ay
b EETWD,

C. BrAMER

1) EANSE 1/ THEERREBREE OMFEH
A NAaA v« rEHA v DEIE B RN

S E O TIIRIM D 7 A % 4
A 724 BWE) U EICRELZ, DFY
1%.CD26 Hifk 5.4 B4h LT 24 L. E PR
F 7213 SD 23Fke L7-JEBI% long SD - PR,
SD DFFFEIIE] A 6 W [E]LL L 24 38 R A O %iE
#ilZ short SD, ik 5-ZBAsA L T 6 MHH
B OPUESEEHIE T PD 725 7JEFNE PD
JEG & U CRNT 21T o7, EE8 11 fBERR
BEBEORERIIARIN TV ARWVWESD, long
SD « PR, short SD, PD i d EiKK)7e
JEBIERIZBI L CE oI e e, £9°




MIFICBI L Cid, 55 1A 9 - 45 11 /R4
SLBIDEL 40 Bl 5 B /A F~— T —fifhT
DRIBZEHFEONTZOMN 29 T, ZOHH 4
B TZHUIE IS 2D e O FFAM S AR W] T > 72,
Bio-Plex AT AKX OV A NI A v 5
EHA A9 FHOLHAWPE 21TV, HiE
B oh RiAM v RE 25 SEB 2 b L7-fb R, 7
EH A SDF-1, B/ CXCL12 KON MIP-1d/
CCL15 D If i H EE A3, M rp jg il g3 o
THEIZ PD JERI CTEELZ L, — T long
SD « PR JER] CIARAF A = 3 [ 23 W, & 47z,
F7-. long SD * PR JiEffl & short SD JEHI &
D TREREITRLONIRVR TFEDA
MCP2/CCL8, Gro—b/CXCL2, GCP-2/CXCL6 o ifi.
TEHREEAS, M B R O H TR PD
SEF CEMEZ R LT7=DlZxf L. short SD JiE
il & long SD « PR JE 5 C I3 LA AR AR & 7R
FTEADN A ONTZ, ZOZENL, ZNHD
K13 CD26 HR DA %h TId7a v PD JERF] & |
CD26 PRI L D PSRN D7 &b —
EWIRILL 38 & 4L 2 ] (short SD & & Te
SD JEFI K O PR GER]) & OHRNZITAHTH
% AIREMEDS IR S T,
2) EINE I/ NARKAREEORMMLY
VRERDT = ) B A TIEMT

WA, R Y > SERIZBI LT, Bl A
H 8 B R ONENE 1/11 MG BB DK
Wiz HWC, 7e—h A4 b A M) —2LD
Tz ) BA T ORI EITS o, KA Y 23
BRICBIL TiE, s TAHA 9 31 - 56 11 AH4x 31
BG40 BlD 5 B A A~ — T —fifthT D
FEERLNTON 28 HIT, ZTDHH 44l

PUESE R ORI AR R Td o 7o, R
Y L2 BRDFRATIR CD26 HiiAH[E#¢ 551 1 &
DIFENTHAT > 7o MIF ORFEMT & RIFRIZ PD
short SD, long SD « PR (Z/y¥8 L CTHEMT 21T

ST AR MRFE & ik U CEME T R R
DOARAHIM CD8 T ML, MG EN T = 7
A —THIfE D~ —H—Td 5 CD26 &k -CD28
Rk D EIE DSBS DAY, FFIZ Tong SD -
PR JERFI TIEZE DOEIE D U MEAI N B ST,
F 2 PR E~ — 1 —TdH 5 KLRG1 D5k
TITEWTH, FFIZ long SD « PR FER] Tlx#
DEIE D @V MEAA R S du, M E e
=7 X —T fiffd~—H—Tdh s CD5T DGHPE
RIZBWTH FRIEEOMEM N L BT,

WA SIS R > 7 T VB ARET DT
Ty I RA LV Nyt ETuy 7 $5H5ZET
fEIE S0 Z ML S DT = v 7 KA
v REIE N RN ATRIRIE & L CHER
WCHEH SN TWD RENRGE T = v 7R
A2 N ORBLE T LIRS R. .

HME R R AR & b (TR I CD4 T #Efd - CD8
T MIFIC CTLA4, LAG3, CD160 |XIF& A L%
L TBLT (M 0-3%) ., TIM3 & BTLA
DOFBUGIER %A & FEF 1Ko T2,
—J57. PD1, TIGIT, 2B4, CD39, CD73 |%BAME

TRFEEANERD BT,
A8l CD26 HLiR D EIPNEE 1/11 A R R

IZiXBte R PDLHUR=R L~ 7 285 1L C
BN STBELEEN TS (EEF 11
HERRBRRERIIAREINTORWED,

BARR RE GBI EREAT]) . RIEIML CD4 T
HERE « CDS T M OD PD1 B =R - fihir L 7=k
B LRI =R~ T 2 &5 LERBROH 5
=R~ T HHBFITIL CD4 T AHE - CD8 T #H
fa & 12 PD1 DEMER D RH AR o T2, Z
DOz X AROTa—YA A Y —DfF
HPZ AV 7= PDTHLIR (clone EH12. 2HT) D= &
=7 N=RL~vT O h—7FLEE L
TWAH7EDIZ, PDL ICHEA TE R o720,
H L IE =R~ T DEEIZL->T PD1 B




PEAIR D LTt k2 b & 2
b, & T, PDI OfENTIZ =RV~ 7 i
N 2 RN =RV~ TR ERE O B
(A > TIT o 724 S, long SD « PR JER| TlE
KA CD4 T #HfE « CD8 T #lfi & 12 PD1 B
PR EMERI A L S 7z, TIGIT IZBAL T
I%. CD4 T Alf ClEpd & & Bk rp RiE R
EDORITRERBVITIR LR o728,
CD8 T #Hfe o> TIGIT Btk =RI% 1 Bl D J7
DMEEEFE L0 b <. FEIZ long SD + PR AEH]
TEVMER2 L Sz,

3) EINE I/ IHERRAR TOREMENTIC
DT

EPNE I/1T ARG (55 T AHIZ 9 fil 6
B, 55 11 AL 31 Bl (2381T DT
B 3T SEBINZ DT R EAEAG 3 L OVR&D
HARY 7 v —F NHURIZ L D 0EG e (7 F
Y ATOIRBR EF—DJE, AE) BLOH
Har=Frghxy b B I0LD
CD26 FEHLUZ DWW THRFET L7z, 37 M DOfEGK
BX, ERAL 29 I, AR5 B, PAIRERY 3
BT o7z, 723 37 FIH 1 FlLIEE A
BAHD I Tod o 7o DiHilixt R4t & L, 36 4
DL T D26 FELDOFAM AT/ > 72, AL
TORERTIE, CD26 FEBLUT, LT 5% LA
T 141,5%~50% 3 151,50%~70% 11 #il,
70%~100% 13 BT v | R TIE, 2%,
12%., 20%, 70%23F4L €4 1 fl, WIERT
1%2%.5%.50% N ZFNZEh 1l ThH-ol,
S DEERF O HT (D26 FEHL & YS110 1A%
R DR E A5 &, Stable disease(SD)
LI BB RS 7 b B R o JE 11X B
FH 30% ThHo7en, AR & IER Tl
B3 1%, 2% DFEFIZ B SD 2338 H i
7o JEFIE DN T2 o LR & OY CD26
FEHLE YS110 W3R & DORtEHFR A B

BABILRIZHN & Tl a3, CD26 [tk &
TR RAITHBRRIZ R S 2 9 Tho T,
4) 77V ATOE I HERRROREKT —
& % T R EHEAT

YS110 #& 5 gij #& @ L iF # sCD26,/DPP4
titer OEH (V) & HUIESEZHF (RECIST) LY
PFS & DOEEMEDIRITIZ I T D484 L LT,
(a) YS110 DFe GARRE (2 W E 7213 1 I 1 [A]
Beh0Q2W 721X QW) (b) BeH R REY
720 OF 55 (mg/kg) . (c) D CD26 FEE
BEPER (%) | (d) fE (MPM, &A% A (RCC)) . (e)
PEZE, SERH Y FTOHTLEE (b) FEE K
O (e) JEZF D CD26 FEELRG M (%) 13 RECIST
HIE KON PES & OBIEMEA 720 2 & D3I
LTW5, —20ffrfle LT, £%#(a)lc
FUNT Q2W SEBIEL 18 B (S fifdT x5 26 Bi)
(22N, JEE RIS ARBETS o 72 MPM 1 E 5]
Z BN 17 61 (MPM ¢ 11 JE45I, RCC : 6 JEH)
% RECIST 5 SD, PD JEMIZ 2741 8 (FRHL)
FeOv 9 (E L) FEFITRERI L, g sCD26
titer D2 (%) (Y #ih) & i RECIST HE
O Day43 1Z3517 5258 (%) (X i) DRI,
YS110 ¥¢ 5-5ii#& Bl Daylpost, Dayl5Pre/Post,
Day29Pre/Post |Z plotting UfENT L7=, #
OFER, BeHHEE QW D4, Day29Pre (3
[l B #5- 08N 2BV T, B S AT Day4s (12
FU1F % RECIST Ffffiz T4 2% 2 & A3kt
IR EZE (p=0.012) Zffo> RSNz, Z
DOFERIL, MIET sCD26 titer DZEH) V A
YS110 OFEEZ R A TRIT 2131 4~ —
N—ToHHZ ETHELTND,
5) Invitro T sCD26 FEAMI, TR YS110
3 sCD26 PEAEIZ 52 5 BB DfRMT

YS110 OEFRFER .5, MPM B3 O ifiE
sCD26 titer | & YS110 D52 k- THAEIC
KTF4 52 E0RENTBr J Cancer. 2017,



Lung Cancer. 2019), % Z T, YS110 2N
H1sCD26 titer ZAR T S H AN =X L% W]
BT D201, YS110 23 sCD26 FEAEIZ 5
Z 5B E in vitro TN L7z, EERAIC
VX T ARSI N R, B AR RRAE2E
AL, AENAAERGZ: &2 4R 72 CD26 [l iw s
FAE L., MlafE o> CD26 4y 12 Ul L T
sCD26 Zfitth S LR b HMEICIZ DD -
TEHT, sCD26 D EARPEARIZHOWNT &
e TIX7R\ ), & Z T CD26 BhtE - CD26 a4 MPM
HEREER & Y, CD26 BEitE + CD26 ik & Hi A
GEREEAMAL) 2 VT, in vitro TH#E L
TEHIT sCD26 MSFEAE S D mE iRt LTz,
MPM Ak oo CHRIAaE 12 CD26 238 L
TV MSTO parent & JMN CD26-shRNA
Begf BT TIE sCD26 1T S o T
23, HEREEE F1Z CD26 % 8 EL3 5 MSTO-CD26,
JMN ctrl-shRNA, H226 D83 Ei&Hh Tl
sCD26 25 S 7z, IERHIRIZ IV T b A
e F1z CD26 Z 8L L T 72 W FLAR Rz
Jiel ik MCF10A & AR # IR N B2 Miel HUVEC, SIfZ
N MR 0> CD26 FEELAS 55 M1 Kz
Ak MeT-5A DEF#E iFH Tld sCD26 (L i
SN o Ty, BRI 12 CD26 % FBL4
% Ml RRAE SRR TIG-1, Rz 8%/ s
FZHifiE HDMVEC D553 E3EH Cid sCD26 23k
i, HEERZ LT, YS110 23N L T
72 WREE AR U 78548 BIE Ol MPM AlERE D
5 YHIEF M S B sCD26 FEAEMN RIS
{39 N R AN/ AV < g Wy el

% 2T YS110 OF BARAFH) R 72 /E
% RRE U 7=, AR AEE _E oD CD26 & B A3 i\ > MPM
HIEAK & L C MSTO-CD26 %, IER Al L LT
TIG-1 2R L, YS110 fF(E F T L7z &
Z %, MSTO-CD26, TIG-1 D E¥H 5 YS110
DEBARIFINCEHE FIEHR O sCD26 B AN

D U7, E72. MSTO-CD26 % YS110 f74E F T
1, 3, 7T HIEIEGR L7 R, B 1 HThEs
e BIETIC sCD26 3R &4, YS110 12X %
FEAE RO S R b1,

ZRHDOFERNS . sCD26 |E CD26 & FEEH
T OGN D & IEEMIN D b EE I L,
YS110 (MR & EF Mo m 5 IZ/EH LT,
sCD26 PEA: & X B KA, RRRFRZ I St
5D EMNIRENTZ, 20 YS110 OYER I MPM
BEOMIFT sCD26 titer 7 YS110 #5112 &
STHFEIKRTTD2AN=ALD—DLE
bbb,

D. BE

b Mk CD26 HUAD T4 - 1EH AR TR
A I~ —T— %S DO AFEITE
WS 1/11 FHERRREBRBE OGR4
A2 TENA L OZEB RN & R Y
YRERD T = ) B A TR ET = IR
A ¥ Mo DORBURMT &2 FIAT o T,

AAEFEEDFEHTIZ LV | (D26 HFURD T 1% -
BN R 2 TN D8 A A~ — T — 1
i & LCL g Tik SDF-1a, B /CXCL12 K TN
MIP-1d/CCL15, F£7=. PR+ SDJEMI L PD EH]
BT D~ —F —fEH & LT MCeP2/
CCL8, Gro—b/CXCL2, GCP-2/CXCL6 % R.HL
72 SDF-1a, B /CXCL12 % CXCR4 & CXCR7 O
VA RTHY, U ElEEOMIZ, i
ERTEMELO¥E A, BB eitE, A i E% o
MERE NS ST\ b, MIP-1d/CCL15 (%
CCR1 &£ CCR3 DU H > R TH Y | #FHER - B
Bk U ook ERREN WS STV b, A
6] D AT G Tl CD26 HLiR A A 2h 72 JiE 5
TIEMIEF O NS DT EDA VERENN
THHRMEZRLTEBY, 5%, 2607
ENA L OREDOFEM A~ & Mk CD26



PURDIE AT & OBRIEIC OV TE LT
HENG D, Fox T E ORMIM CD4 T
FM A VT, 58U CD26 Hefilig s 7 L
5T D LRGN EGR2 DOFEE 72 38 15
& OIL-10 OREEADFEIND Z L 2l
LTCW5 (J Immunol. 2015), M i
o B &I d D26 oY Hy RTHD
caveolin—-1 NI L CTWA 7=, T RNEE
PAICIRIE L 7= T AR CD26 Ll M L
T IL-10 OEEAZTHE L TV D ATREMEN
£z bbb, b MECD26 HiiklE CD26 ([ZHE &
L. CD26 & caveolin-1 & OFFAPHEIC S
B < Z &0 SIEMHEIPEY A S A TH
% IL-10 OFEAMENE< 2 EnifFSh
Do

7 F v ATOE MECD26 FLRDE 1 1R
RRBROFER D, (D26 Pk &b+ 2 &
2 EMAFHIC IIE T o FTEAM: CD26 BB L
DPPIV FERIEMEPME N+ 67 — & /5T
% (Br J Cancer. 2017)0 ZDIZ END, (D26
PR E G LI235AICBW T, DPPIVICE
of@%éﬂé&%ﬁ%/@gﬂﬁ9bﬁf
EHA 2 OIEPEHERE, AS AR E P ERET
% MRS DM AN = B ATBEMES B 2
LIV, ZDRIZEAL TH A% DOMRNT S B L
SND, DAMUNREIZIEME L7z T M

ARG E B A3 PE AT 2 S I MR S0
PD1/ PDL1 « PDL2, CTLA4/CD80 « CD86 (Zf%%
ENDIRET =y IV RA Y Nyt 7T
IZR o T =7 =7 Z—Ren sl ST
D EDERA RN AR THRE ST 5, &
P B A CIORA i CD8 T fied oD e
EEMET 7 = 7 #—T Ml (CD26 &t D28
Pt CD57 [t KLRGL B5HE) DFIE A3t &
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day15, day22, day29 £ Tifl 1 [BIOFEET 5
BIFFIRAN G- 21T B 5-Z2BE L ToNs 6



W [ # (day42) OIS CERIZ X 2 Bl
BOHENTHI, PR E/-1LSD LHES
NI-BEIZ, ERRoPuR 5 [BI#E., 6 EE%
WCHUEE N RHEZ 194 7L E LTPDIC
B ETYHA 7 VAR LT,

5% 11 FHERR R IE A 31 fillc CD26 Hifk
Z 6mg/kg Tl 1 [FID[EFE T 5 FIFFIRN G-
AT, BRR & RARICHUA 5 [BI#e 5. 6 B ]
BICPIEE R EE 194 27L& LTPD
2722 B E THA 7 vk LT,

2) Bio-Plex ¥V F 7L v 7 AT v¥A

Pl N 3 L ONEINES DI FRERPRER
B3 7 CD26 HiikHIEE 5-Ai(daylpre) - %
5. (daylpost) « 3 [B] H # 5-Fi(day15pre) -
¢ 5. 1% (daylbpost) + 5 [l H ¥ 5 fi
(day29pre) * # 5-7% (day29post) ® 6 time
point TG DML Z T, MG A &
A TENA CREZ Bio-Plex v /v F
Ly 7 AV AT KLY JIE LT, Bio-Plex
Pro Human Chemokine 40-Plex panel 3 K
¥ Bio-Plex Pro Human Th17 Cytokine
15-Plex panel (Bio-Rad)# I\ T, @D~
7k 2 LIZHEV Bio-Plex system (Bio-Rad)
THEZITV, FbiicT —# % Bio-Plex
Manager (Bio-Rad) CH##T L 7=,

3) Pk &K

Flow cytometry (21X FERO b N HUFESR
ik % Huviz, PE-labeled anti-CD26 mAb
(clone M-A261)1Z BD Biosciences 7> 5 A
L 7z, PE/Cy7-labeled anti-KLRG1 mAb
(clone 13F12F2), PE/Cy7-labeled anti-
TIGIT mAb (clone MBSA43), APC-labeled
anti-KLRG1 mAb (clone 13F12F2), APC-
labeled anti-TIGIT mAb (clone MBSA43)

16

K Y APC-labeled anti-LAG3 mAb (clone
3DS223H) (3 eBioscience 7 HHEA L7z,
FITC-labeled anti-CD4 mAb
RPA-T4), FITC-labeled anti-CD8 mAb
(clone HIT8a), PE/Cy7-labeled anti-CD25
mAb (clone clone M-A251), PE/Cy7-
labeled anti-CD28 mAb (clone
CD28.2), PE/Cy7-labeled anti-CD56 mAb
(clone 5.1H11), PE/Cy7-labeled anti-PD1
mADb (clone EH12.2H7), APC-labeled anti-
CD28 mAb (clone clone CD28.2), APC-
labeled anti-CD57 mAb (clone
HCD57), APC-labeled anti-CXCR3 mAb
(clone G025H7), APC-labeled anti-TRAIL
mAb (clone RIK-2), APC-labeled anti-
BTLA mAb (clone MIH26), APC-labeled
anti-PD1 mAb (clone EH12.2H7), APC-
labeled anti-Tim3 mAb (clone F38-2E2) &%
OPURDOIRF R R EGE T 0y 7572
¥»@® Human TruStain FcX |3 BioLegend
MHREA LT,

(clone

clone

clone

4) 7a—H%A FA MY —

PN A s L OENE UIT AHERARRSR
BE DGR AT 72 KM I % . BD Pharm
Lyse Lysing Buffer (BD Biosciences)|Z T
Wi AP 24TV e L 72 % . Human
TruStain FeX Z#M L, fW TEEAaHET
T L - A FEPUAZ IR L CilalE o R
& 7Bt %17 > 7=, FACS
Calibur (BD Biosciences) CHliEZ1T\ >, 15
Hivi=7 —# % Flowdo (BD Biosciences) T
T L7,

(fff BR 1 ~ D BL )
PR &2 72 & ONC R L 55 SRl A



R & — D TN s i e R - B
£ M K BB DR I 22 TN T2 AIFZE LS D
TIE RV BERTE Th DIERERFR
FHEEFITERL, A AR T3 5 [ 1L
97 SERBE FILN S 5 1 A ER
B —FNENDNEFH T AR EITH 72D
TR ESE & fmEFE AR B S~ LK
REG T D (EREMmES 2018127 5, [l
97 K gbe 116 &, IWAFEEEREE % —
29-21 %), F£7=. t Mk CD26 HifkOEN
w5 T ABEG R ER D BB MR 2 7= 3 A
R R 4 Y N A G B O 7 . 7o
BZBS  BIRRESMIER N OIEREELE
DT HRBROER & GO TS A~—T
—PRER B - AR AR AR (R D FR LI DT
Wit S, FEhAR A TUFHE A Th D, Kl
I DR 252 1T B BRI AR TE R G ok
o NHIHEH#E EOBLRE K OWFFEIC 0 WF 585t
BLENZT DA, FIREFEOFHAZITV,
EHTOA L T —L RKeary haET
WD,

C. WFERER
1) EWNEE VIT HEG R B EE O mig 4
NA Y - eI A v DZIAE RN
AAFFEERREO BB9lX, & Mk CD26 Hifk
DT 1% IR & T ATRE 72 A A~ — 7
—EWRETHLETHD, TDODIT,
CD26 ik 52 L >TPR & L< % SD
SRR R L 72 1 & X BI L CRET 24T
DB BV A RIOMRHT TR M D
FTA v 4 AT Q24 DL EIZEREL
2o DE VI, CD26 Hiik# 5 %Rtk LT
24 HFELLE PR £721% SD 2358t L 7= 4E
% long SD « PR, SD O£ i 23 6 i [ LA
b 24 FFARGE OSEF] % short SD., L& 5-
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Z B LT 638 1% O HUEE L) B E TPD
725 T SEBIIE PD SER] & L CRENT 21T > 72,
728 I HEERBROEREIAFZE I T
R, long SD « PR, short SD, PD %
nNENO BRBZEFIEICE L CE 25
IXCERY, 9. miFICEL I, B I
FEA 9B+ 55 TT AR 4 31 B DFH40 D H 5,
A G~ — T — T DRE 2 S iz o0
29 BT, D DB 4 BHIHUEEZNF O T
MARTH o7, Bio-Plex AT AIZLY
YA NIA Y~ FEIA L 49 FERDLIEH
HIE 24TV HUBE 0 w7l RE 25 JEF] 2
gt L7k . &7 A4 > SDF-1la,p/
CXCL12 X% O MIP-1d/CCL15 oI {5 o i £
D3 EEVE T R BB O T CRRIZ PD JER T
iz~ L, —JClong SD * PR JER| Tl
il 2 R A 28 L S AL (1 1), ISR
#ED> CD26 HifAp)El ¢ G-fii(daylpre) - 3 [A]
H # & i (daylspre) « 5 [°] H #% 5 Ai
(day29pre)® 3 time point O ¥ %A 7~ L
77

SDF-1a,B/CXCL12(pg/ml) MIP-1d/CCL15(pg/ml)

1200 5000

1000 4000

800

3000
600

2000
400

200 1000
0 0

$ o o E S . E ¢ &
& W o ¢5& SR A N R o
PD shortSD long SD-PR

PD shortSD_long SD+PR

MPM MPM
mean, HC(Healthy Control) n=12, MPM(Malignant Pleural Mesothelioma) total n=25

E1 In;%spSDF-1a.,p/CXCL12, MIP-1d/CCLASRE I, EtEh R IE(MPM)BEDHT
$%I=PDIEM CHi%RL, —7 Tlong SD-PREH TIXEMERTBERAM ROIT:,

%72, long SD - PR JEfi| & short SD JEH] &
DETRERZEFIR LNV TEAA
MCP2/CCL8 . Gro-b/CXCL2 . GCP-2/
CXCL6 D yf AN, Mk IE B
T CHRC PD JERI TrRfEZ /s L72 OISR L,
short SD JEH#I & long SD - PR JEH Tl
W ARAE & R IR 3 7 S a7 (2 2), 2o



ZEnh, ZHHORTFIX CD26 FiERNH
T2 PD JERF] & . CD26 Hiikiz X o4t
MEBh RN D7 &b —EHIRILL EFED 5
N5 IERI(short SD % & ¢e SD JEHI & OV PR
FERB]) & OHBNTITH F T 2w Re ks Wi fr
Ehd,

MCP2/CCL8(pg/ml)

s Nl Nl
PD short SO long SD*PR
MPM

Gro-b/CXCL2(pg/ml)
500 50

GCP-2/CXCL6(pg/ml)

400 40
300 30
200 20

100 10

B A S € o o o o
& RORC A S NSRS SR e N

PD short SD long SD*PR PD short SO long SD*PR

TOME BANZ AROGFENMEL XV 5REIC
TOMERD D,

2) [ENE VI FHEGR BB ORRE M Y >
RNERDT = ) 2 A TIRHT

WIT, KR Y > <ERIZBI LT, BROARES
F 8 Hil  NEWNE U AHER R BR B D&
fHiLEZHAWT, 7e—H% A4 FA M) —I2XD
Tx ) B AT ORI EITS T, KM Y >
ERICBHLCIE, B IHHA2 9B - 56 114 31
BIOFE 40 FlD 5 B /A A~ — T —fifhT D
FEERLNT-ON 28 HIT, TDHH 4 4
X PUES R OFHm A B T o 7=, Mg
dayl * dayl5 - day29 ® time point CTH##T
EATH 2 ENTEIN, Kl Y v RBRD
fRHTIE CD26 HLisfIEliR 56l 1 KDL fFEHT

MPM MPM
mean, HC(Healthy Control) n=12, MPM(Malignant Pleural Mesothelioma) total n=25
E2 f®hMCP2/CCLS, Gro-b/ICXCL2, GCP-2/CXCLEREEIE. Eft:th ZIE(MPM) &
FEOPTRHICPDIEMTRMETL, —H Tshort SD+long SDPREMTISENZE
FTARNRLONTz.

LR &2, X 2 1 MCP2/CCL8 @
X 91z CD26 Hiikwlalf 5-ai(daylpre) & Lt
2 LC 3 [a] B & G-nii(dayl5pre) « 5 [A1H # 5
i (day29pre) D J5 A3 AL HF O FEFE A3 B & H
WML TWAYA NI A r A R
&Y, KT CD26 kD # 512 L - Tl
EHORENHS WD T YA S hA
VeI UL RONTE(T —Z KB,
ZHHDRFIE CD26 FLikoFiEEI R %
TRTCEDHINA F~—DI—L L TIHEAT
X772 o723, CD26 ik x5 LIz & D
T-8 FNZIiE L 7=k TH Y . CD26 HLiFEH
RERICGZDEEBLELCAKBRLERTD
WERD D &b, Bio-Plex A7 A
T 2= 2 T VAR 3T - e AN E|
% [AIIRE L B CHlE C & D RILE A S 5 3,
A lalg A 72K FIZBS LT sandwich ELISA
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ZAToTc, £, KMEMEZEKP O CD4 T
#ife - CD4+CD25hish 4114 T ##fiw - CD8 T
AL« NK Al - BHEkoMias & OFIE & |
long SD - PR JEG] & ORI @ U 7= A 23
B ID DRNT 24T 2 7203 DT 4L SRR
I AHBIEER YD B o T (5 — 2 KB,
I, S EET 7 = 7 2 —T Mo
BICAE H LTz, CD26 (3 & DA A 1. CD4
T #ifa, CD8 T #ifid& H12, CD26 =iZsEl
(CD26hish) - CD26 {55 BL(CD26low/int) - CD26
k& PE(CD26nega) D = FHPE D Ry 72 FE 8L S
Z—r %L, £ Naive + Central
Memory -
Effector &\ o7 T HilaD 3B RE & #4%
(ZB84% L T 5 (Immunology. 2013), 14
H7e T ey Céh 5 CD28 &
AT CD26/CD28 DF&HL /3 % ffhT L
Tomi A, M R O CD4 T M,
KR DB T EEE L REORIR AT —
YRR ULTE, REEUTEE F & i LT

Effector Memory +« Terminal



CD26resaCD28vesa D E| 5 13 % 7> - 7= (R4
FE SIS RL#E), CD8 T #ijad> CD26/
CD28 DFEBL 3 AT Z il bfr L 72 R, B2 2
ETL FE A S DI Rz I RE OO RN ifi
CDS8 T #ifix. Terminal Effector % &9
% CD26regaCD28nega D ENEMIEH 12 < |
i ¥ & bel ORI o> CD8 T i A3
HEITEM L LT2REBIZH D 2 LR S
ATz (MEEE RS S IS Rk, b Ep(28 il
3 BNIE, BEFE L REORBE AT — %
AUTo, 2O ORERDG | Y R iE R
ORRYIM T L, F5i2 CD8 T ML &
L LT CD26 [EIEDEIE N EmANT &M
IRENT=, F T, MG O & REEIC.
PD. short SD. long SD - PR |{Z43%A L Tfi#
T 24T o T R A & baie Ul Rz
fEBH ORI CDS T fMfuix, MG EN
=7 x4 —T fillOo~—H—Thd
CD26 [&1%: - CD28 fat:DFIG 2 BHEE 12 5

. %12 long SD - PR JERI TIEZ OE|E M
%MEW@% HT=(X 8), iz, HUFIEIE
~—B—Toh25 KLRG1 DOFIERIZEBWT
. #FlZ long SD -« PR JEH] TlixZ OE|E N
BB 2 S (X 8), Mg EET T =
7 H—T fild~—X—Th b CD57 DM
FIZBWTHRIEOEM N A o= (F— %
H Ak,

CD26™%(%)/CD8 Tcells

AIEANEAN]

HC  PD sho D' g SD HC  PD shorisp PSP HC  PD  shortSD
MPM MPM
mean, HC(Healthy Control) n=8, MPM(Malignant Pleural Mesothelioma) total n=24
E3 EftchREMPM) BE ORMMCDS TR HC) S T, HRNEIE o) 5—

TH#AB(CD26RME - CD28B M- KLRG1EHE) D AL A THEIF <. FlTlong SD* PROFEMTIE
TOHAEHBMERASN RSN,

CD28™%(%)/CD8 Teells KLRG1*(%)/CD8 Teells

A SO RN > 7 T N B AniET DT
Ty IRA L Ny FET Ry 7 $HZLT
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NI S0 ML S D 0ETF = v 7 R A
N EESE N F - e DS AUTRRE & U CIER
IHER SN TN D, %< ORFBLTIRDY H1T 5
NEBINTWDLRIET = v 7 RA L Moy
F& LT BRITIREE L LTRSS TVN D
CTLA4, PD1 2Nz, BAEEKRBRITH
n<Tws LAG3, % ®fli TIM3, TIGIT,
BTLA, CD160, 2B4(CD244), %7-, ATP
EOMRLUCT T ) v ok EAT DRIEN
/3% CD39,CD737: KN b 4.
MM R R & ISR I CD4 T i -
CDS8 T iz CTLA4, LAG3, CD160 i3I
& A EFBLL T LT (5 0-3%), TIM3
& BTLA ORISR S 5%A0M & FEHIC
Ko 7= (F— % K., — 77, PD1, TIGIT,
2B4, CD39, CD73 IZW /2 R HLAF O b
7 (7 — & KA5Hk),

AlE o> CD26 Hiik o EWNES TIT ARG R
BRZiX, ik b PD1 k=R ~T7 % &5
L CHEENT - 7= =R~ T F O BE §
HENTVD(EEE I AEERRRRBR O R i
BRI TWRWEH, BERZEFEIT
SCEAR), AKA4IM CD4 T #ilL - CD8 T 4
o> PD1 BoE R 2 ity L 7o . LRI =
RN~ TG LIERBROH D =RV~ T
HE2HK Tk CD4 T i@ - CD8 T il & b1
PD1 Ot A AR - 72 (% 4), Z D
ZEEAEOT7a—H A~ A MU —OfENT
(272 PD1 #ifk(clone EH12.2H7) D &°
N—TN=RL~wT Ot h—FLEBEL
TWAH72DIZ, PDLICHER TERD o720,
H L =R~ T0EE(Z X > TPD1 B
PERIRE 2N L Cnanic i d b o B 2
bhb, £Z T, A4Eo PD1 Offfrix==R
L~ TN B RN T =R L~ T RGO
TRWBEITK S TIT» T2 fE . long SD + PR




JEF TIIARMY . CD4 T i - CDS T i &
H1Z PD1 RN E E R s /7S 7 (X
4), TIGIT (2B L Cix, CD4 T Hlla ClEf
WE EEMEPRERE L OB TREREN
IXR LR -T2, CDS T flfgd TIGIT
BEtERIT R R EERE O AMEEE LY b
<. F¥lZ long SD « PR JEM T\ Ma[m) 23 K

HiL=(X 4), 4%, AKiHiiL CD8 T flifia D
fafgEEe 7 = 7 % —T filao%l 4, CD4T
Hfao PD1 B, CD8 T #ilio PD1 &
TIGIT DOFPERIZAEHR L, CD26 HUADIE
WA & DRIRMEA B & ST 5,

(@) (b) (©)
30 25 50

PD1*(%)/CD4 or CD8 Teells PDL(%)/CD4 Teells PDL*(%)/CD8 Teells

2 20
20 s
15
o 10
5 5
o || m
HC

0
Nivo() Nivo(¥) HC  Nivo() Nivo() HC D shorisp PSP HC PD shortsp 195D
MPM MPM

MPM(Nio(-)) MPM(Nio(-))

TIGIT*(%)/CD4 Teells TIGIT*(%)/CD8 Teells

e

mean, HC(Healthy Control) n=8, MPM(Malignant Pleural Mesothelioma) total n=24

B4 (RMIZ=AL eI 2R E5LE=R)L 2T RN OB K EMPM) BE(Nivo(+) ik, =RLeTis
BEDZLMPMEE (Niv
(b, ) =R T THEBDELMPMEFI“HKDE, long SD-PROLEMTIZRMMCDA THIM-CD8 T
#RO PO ELSBVERMN RSN, (d, e)TIGITICBELTIL, CD8 THMTIXMPME B DA AR
W& (HO) &K YHBIEEL W, $I<long SD- PREHI THLMARIS RSN =0

0(-)) £ LB TR MCD4 THINE - CD8 THIM OPD 1FR ISR A IEE I BN 0T,

D. %

b Mt CD26 HiAD T# - 1GH AT
A T~ =T —ZFET D7D SFEED
A= kTR, EN G VIL FEG R R B R O
MiEFYA N A el A DLIERF
Bré, RMmY > RERD 7 = ) & A THRHT,
WIEF = v 7 RA VN FDORBENT & X
ZAT7- 77,

b Mk CD26 Hilko 7# - 16N R%E T
BIFTRE/RNA A~ — T —ZRBET HT2DIC
CD26 kD F 51z X > TPR H LI SD
SRR FRfe L 72 E 61 2 [XBI L CREFT 21T
5%%ﬁ%D»A@®%ﬁfi§%ﬁ%ﬁ@
TA L 4 A7 (24 BEDLLEIC
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Too TDTA ATHEXTEY R IESPET AR < |
14 A (7 1 1) (Progression-Free Survival:
PFS)SE D& T ORI RN A S e
#%IZI%X, PFS LK HHOMEEZ 2y LT
FIBMT OGN LV EE LN EEZBND,
KL ORHTIZ LY . CD26 LD 1% -
BN R 2 TINT D2 HHAA A~ — T — 1
fffi & LC. 1fiE Tl% SDF-1a,p/CXCL12 &Y
MIP-1d/CCL15, %£7=. PR - SD JEffl & PD
JEF & BT 5~ — I — ML LT
MCP2/CCL8 . Gro-b/CXCL2 . GCP-2/
CXCL6 /i L7c, 7' A NI TEIA
LT E— L ORERIED 1 % 1 %S LT
BOPT1HEO T EIA BERO TN
AL BT E—ITREET D 2 LR AR
DIFEHAVN 1 ODTFEIA L BT H
WZREE T 2 BRICH O R ETE ST
THIEFIHEMETSERIEAREZ 2 6N 5,
F 7o Mz E LS OB REDS S ST D
tH O bHLIFEET D, SDF-1a,p/CXCL12 I
CXCR4 & CXCR7T DU HY RTHY, Vv
RERIER DM B IMERTE AL -CHE G, 5
BRAE | A5 B R OBREEN S E ST 5,
MIP-1d/CCL15 X CCR1 & CCR3 D U 77~
RTH Y, ek - BER « U o SEREEREAE
WHREINTWD, G EIORIT ORER
CD26 HUARD AN ZIER] TIXMiEH O Z i
SDTENA RED DT ILHIREZ R L
TEY, 5%, TNOLDO7EHA > OBERED
FE AR, & ME CD26 HUADO/E AT
EOBMRIEIZOWTERT HMERH 5.
Fx 1TEEFH ORI CD4 T Aika A Hu
T, W CD26 HfIli s 7 F A DMeES %
LHERH N T EGR2 OEBAE R R L& &
IL-10 OmEEANFESND Z L 2WEL
T A (J Immunol. 2015), i Bz iEHE



H&HI1CH CD26 OV H > FTdHhD
caveolin-1 23 HL L TV 5 7= H Rz il & [
(2 L7z T #iic CD26 i h3fmE L
T IL-10 OFEAZFHE L TV D ARk
Exz bbb, B ME CD26 #ifkix CD26 2
FEA LT, CD26 & caveolin-l & OFEABL
FIZH@H< Z &b mEIERITEY A S A A
Y ChDH IL-10 OpEAMENE < Z & 203H)

FEND AR E LT ETA UM,

IL-10 <° IL-31,IL-33 72 L A ZE(R T D X)
MRESEY BT’ H0 i
O ORFIZE L TIE WA IZ sandwich
ELISA TEBNZHIE 21TV, CD26 Hiufkd
TEIRAZE & OBIRIEZ B H 2N T 5,
W, ~ U ZfEE T /LIZB VT, DPPIV
inhibitor (Sitagliptin)Z =% & —f&ilZ~ v
AN/ SED T LT, EGRESHR L
JEEE A X3/ T 52 L& I
(Nat Immunol. 2015, Nat Immunol. 2019),
ZDAN=ALE LT BARUNEREE) b IE
EINDTEHA O TDPPIVEESE DM
HD—>Th 5 IP-10/CXCL10 & Eotaxin
ICCL11 12 B L, ARIFEASNIZND
DrEIIA D DPPIVEERIZ X 5 UK 2%
5 EIEMEPER TS 20k L, DPPIV
inhibitor #EHET % Z & CIEMESHERF S 41,
ZDOLk7FH—Téh% CXCR3 it CD4
T #ifw, CD8 T ffifd, NKfila<> CCR3 [5
PEDGFIERER DS 23 A Ma B PRIC & 0 86584 %
LD 0 P RSER 2 LY KL
TLRDIEERL TS JBREICL TS
SPELETLHTFEIA TR . DPPIV
inhibitor DIFHRHZE DD Z & % FELDdm
LIl Tngd, 77 ATOE M
CD26 HifkD%H T FHERKRER ORI,
CD26 #Hilkx 57 5 & AN BRI MG
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o O A[ENE CD26 838 X UNDPPIV EBEETEME
PMETFT 57 —% %4 T5@Br J Cancer.
2017), ZDOZ En b, CD26 Hiikz b L
7ZHAITB W T, DPPIV IC X » CUIlr &
NLTENA L OERED L. rEDA D
TEPEMERF . A3 AR JE I SRR 3 5 s i
BOEMMPE Z 5 ATREMENE 2 H L. T DR
B L CHA RO BNE L SLD,
DAMUNREEIIRIE L2 T Mk, BSA
MR & 23 PEAE - 2 S il MEIR <> PD1/
PDL1 - PDL2, CTLA4/CD80 - CD86 (21X
RINDRETF = I RA L N3t 7T
M K- T =7 =7 ¥ —HEERIfl =T
WD ZEDERR RRNAFETHE SN TV D,
HNE P R AR IR L CD8 T e o>
il EET 7 = 7 2 —T #if(CD26 [tk
CD28 [z CD57 5P KLRG1 Bt o EIE
DR L IR LTI D IS @D 2 & AR
=X 3, Z o X9 7% perforin &
granzyme % BT HMlAEEE=7 =7
Z —T MRIEASK, 7 A VR REGE U 7o il
RN AR E RN DR ET 5 720128 <
HERE 7223 BEME R B AR O AR RS LRI £
UGBS FEE A AT 2 T Milas Z iz
EL% AFET D DD AT OHURIZ 6 L CTHENE
ka7 T M7z Dh, 7 ANZ M #E
[ X BRI RIEN LR LTV 5 D0
PRIV CTh D, 0IE T = v 7R A U b
S OHT, M R ERE ORMIMm CD8
T #ifeiT TIGIT OFBLGMER DM E L0
HEHAIZE <. long SD - PR EF]TIZFRIZ
PD1 & TIGIT OGRS @ ME A 23 L 5 4
72(X 4), WEF =y I RA Y Ny TO3RE
I3 T MR OTEHEALRIEC MG o TGF-B
R ELERLTWD I ERTHEIND, K
iR O G EET T = 7 % —T fMlao



#A4<° CDS T iz PD1 & TIGIT O
PESERENT & & M R S PR L3R L
TSR Rk T = ) B A4 T LD
FRPEZ B & 2N T D 12 DI IR R
93 BEAEAR 2 F VD CRESHRE U o 7 ER O fig bt
21T 9,

E. f&#
AAEREIZENGS UIT ARG B B o
HEHYA S hA v rEHA v DLIEE T
1TV, & Mb CD26 PUko T4 - 169540
KT WAL A~ —T—fEffi & LT, SDF-1,
MIP-1d, MCP2, Gro-b, GCP-2 % RH L 7=,
F 72 BN VISR RBR B O KRR ML Y
YOSERD T = ) B A TRRRTIZ XL D CD26 i
(KA M5 TIEHFIC CDS8 T Al CHER A E
T 7 =7 % —T Hifa(CD26 [&lk - CD28 [&
PEKLRG1 Y7 » M OEENE L,
RETF =y IV RA Y NyfOHT PD1 &
TIGIT OFHGIERPEATREMEE R L
77

F. 5%ORE

WAL A DT C5 b vz g
DHBRAAL F~—F —FEMIZTHOWNT
sandwich ELISA TEBNZHIEZITV., 4
[A]® Bio-Plex > AT LA TOREROEFEHRM %
a3 %, Fio, H R EE B A A T
BRI L RSERD T = ) B A TN BT,
KM THfRD 7 = 7 2 A 7 & OBIRMES,
t Mk CD26 HikDiEHA 2 & OFHEIR
BRZEMMT L. T2 - VRN RN A~ — T —
wHENLT D,

G. WFEREE
1. @mXRR
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PFS & OREMOMTICI T 2458 L LT,
(a)YS110 OF HAEFE(2 38 F 721F 112 1 [\
5 Q2W £721% QIW) . (b)# 55 : (A
W= 0 05 E(mglkg). @IEED CD26 3
B (%) . (EEMPM, B2 ARCC)),
@M=, ERbHY ., ZoRTEHO RS =
KO (oD CD26 % 8B =R (%) 1%
RECIST HI@E K PFS & OB 722
ERHBILTWD, —DOfENEI E LT, &
H(@)IZ3 T Q2W SEBIEL 18 451l (R fiFAT x5
26 FIZDOWT, FEFHARRETS - 72
MPM 1 JiE 5] Z &\ 72 17 651 (MPM : 11 SEHB1]
RCC : 6 JEf))%Z RECIST #Ffi SD. PD jiE
BilELEI 8(ERI) LTV 9(H FL)JEH] T g Hll
L. & sCD26 titer DZEE(%)(Y #if) & fil
& RECIST £ ® Day43 \[Z31) 5256
(%)X ) O FEFEIZ . YS110 £ 5 #ii 14 Bl
Daylpost, Day15Pre/Post, Day29Pre/Post
| plotting Lf#tT L7=(F—ZRB#)., <D
FERL, BEHHEE Q2W D4, Day29Pre(3



[6] H £ 5-OFDIZIB VT, B 572 Day43 12
172 RECIST #fiz 77 5 Z & 23Fa!
FHIAEZ(P=0.012)%Ff-> Urshiz, Z
OFEFIT, MiET sCD26 titer DZEHE) V 73
YS110 OHUEERN R 2 FRIT 531 A~ —
H—ThHIEERLTNDEEZLND,
7235 .YS110 #¢ 5-[E.#% (Post) | L 1f.{E H sCD26
titer 28 —fRIZIKT L, SD/PD 074 HIZ<
CLTWah E-bhD, &blT, YS110 #
HAEEE Q2W 1281 B # L% D% plot @
Rt FHIMRHTIC & 0 . Day29Pre DAEIC L -
TZ D% D SD H7E(Day43), KO8 180 HLL
o PFS & 4 FHIFREZ: VIERSE W E i
kA B 7, p<0.01(AUC:0.89), p<0.01
(AUC:0.84) % Fi» TR a N (F— 2R
). U EORER) S VED YS110 12 X5
IS PRI BT DA ZWED S A T~ — T —
ELTEHEHTODLAREMEEZRLTND EE
XD,

728, IfiFH sCD26 titer ORNEIZ VTV
LPie b CD26 € / 7 v —F AHUAGBFS K&
O 9C1DIE, YS110 & id— v h—7 N EHE
L72WPURZ®INL Tk v, YS110 5
LA MmEY sCD26 titer DK Fi%., YS110
MILIEH sCD26 IZFEA L TWAD 79I
ELISA THiHHTX 72 < 2o T B bIF Ci
RN EDRBEICHER S LTV A Clin Lab
Anal. 2015), F£7-. YS110 ® CD26 %y i
B oEAHEEIT N RMIICIT v EI
248-358 aa TH D Z L A/RINLTE Y (Mol
Immunol. 1998), —J7 C DPP4 B35 I1X
C K##(630, 730, 740 aa) TH Y, YS110 i
CD26 (Z#E4& LCH DPP4 BERIEMEIXIAE
L 72 (USA-IND 100657, section 8.2.1.5
P289, 2008, by Y’sAC Co., Ltd.), fit-> T,
YS110 (X 1M+ > sCD26 & H R &2 (K F &+
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2) in vitro T® sCD26 pEAMIN. KO
YS110 23 sCD26 FEAIZ G- % % S BR O fifthir
YS110 OEHERER 2> 5 . MPM #3 D1 &
H sCD26 titer I% YS110 D% 5-(2 & - THA
FIKTF 9252 03 REN72Br J Cancer.
2017, Lung Cancer. 2019), % Z C, YS110
MNIMIEH sCD26 titer ZIK FIH D A =
ALHEWENZT H72HIC, YS110 8
sCD26 FEAIZ G-z ¥ 2% in vitro THENT
Uz, AR T AR N R A,
Rz HERE, RRHE SRR, RERG ARG 2R &Rk
CD26 [t A3 2/ L MllafE o> CD26
¥ &YW L C sCD26 % it S ¥ 2R
HREIC 1T 02> TR BT, sCD26 DF7RpE
ATIZOWTHBfEICIIR S LTV RN, £
ZCTE7. CD26 Gk - CD26 &tk MPM #l
fakk K Y, CD26 Btk - CD26 fat i i
GEREEAMAN) 2 VT, in vitro TH:E Bik
2 sCD26 MWPELE D EfENT LTz,
MPM ik o H CHifaiE Fiz CD26 %%
BLL T2y MSTO parent & JMN CD26-
shRNA O3 FiEH TlE sCD26 I3k S
NWiedroT=h3, Ml iz CD26 #3884
% MSTO-CD26, JMN ctrl-shRNA, H226
DR EFEF Tl sCD26 At &G
—ZRB\BE), EHIRICI DTSRRI,
HEREAEE EI2 CD26 ZFELL T2 WELAR I
R AR R MCF10A & 45 & Rk PN Bz 4 i
HUVEC, WO o> CD26 FE 8355
U R R AR MeT-5A D538 i T
X sCD26 3 tH S e - 7223, Fpafs -
|2 CD26 %% E19 5 Ml ZFfiakk TIG-1,
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B2 EH A MRGE L 72, MU o> CD26 %
3@y MPM fifiakk & L MSTO-CD26
% IEFHIE & LT TIG-1 #8841 L, YS110
fFHEFCH#E L= & 2 A, MSTO-CD26,
TIG-1 D EH 5 E YS110 O EBAKFHINZES
# B o sCD26 BN Li-(F—2R
B#), £7/-. MSTO-CD26 % YS110 71 F
T1,3, 7T HREEE#RLI-ER, B5% 1A TH
Bege BiEHIZ sCD26 3 &4, YS110 (2
L DHEAEBORD L LN (T —FKE
), HEYAEWVIE O FIEPICEE
% sCD26 O&E LA L7275, mﬂm@ ER~
TH YS110 OERIXFRIRREICRS bz
(F— & RER).

INHOFERNS, sCD26 (XA iz
CD26 z %84 256 & IEW M6
HEEA S, YS110 [ fEE & EF Mo
FIHEM LT, sCD26 BEAL % 45 Bk 71,
BRI S5 Z &z, Z0
YS110 O1EHIZ. MPM H3# o i sCD26
titer 73 YS110 # 512 L » CHFICIK T2
AH=ZALD—DLEZHND,

D. BE

7 v ATOR T MHERRKRBROERIK

Z OFTIC LY, YS110 #G-RIZICHE TS
My sCD26 titer DOZEHE(V) )N JEHEELhE
(RECIST H/EIC X 2 BHEFEENE, KO
SR TE IR PFS 1S9 5408 2 Tl
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PED MPM sk & 08 CD26 Bt &
JaGEEREMI) O EH 5 65 sCD26 23 E
AEhdZ &, Fiz, YS110 HInc X v fE
B, IEFHIEO &6 5ok LT YS110 @
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DR ENTe, ZORRIT, YS110 DRFRR
B CHEIZR SN D YS110 #5148 o i iE &
sCD26/DPP4 titer DEAE /K F OB H D—
DEEZLND, 7T ATOH AR
BRI iE+ sCD26/DPP4 titer Ok Tl
YS110 ##5 L% 0 BIZKIgD L,
WIZ YS110 =595 £ TOIZ sCD26/
DPP4 titer (3R~ IZ[FIE L, YS110 =5
T5EHWNEDT LR AT~ ER LT
W5 (Br J Cancer. 2017), YS110 ¥ 5 E %
@ Day1Post, Day15Post, Day29Post TiX
WY SD JER] & PD ES] R C i i
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5 LT 3 [FH @?fiﬁx%ﬁffﬁé Al
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"5 (PLoS One. 2013), HIH., YS110 Ot
HEEIEF A = X LD—22, CYC OB
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IFEE L2V Z & Hor LT A (PLoS One.
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ABSTRACT

Malignant pleural mesothelioma (MPM) is a rare and aggressive
neoplasm deriving from the pleural mesothelial lining. More than 80% of
cases are related to previous occupational asbestos exposure, with its
worldwide incidence being expected to increase in the future. Despite the
modest clinical benefit of a multimodality treatment approach including
surgery, combination chemotherapy and radiation, prognosis remains
grim with poor overall survival. For the vast majority of MPM patients
ineligible for potentially curative surgery at diagnosis, systemic
chemotherapy is the best option to improve survival. We have had a long-
standing interest in the role of CD26 in cancer biology and its suitability
as a novel therapeutic target in selected neoplasms. Recently, we
presented robust in vivo data on the anti-tumor activity of anti-CD26
monoclonal antibody in mouse xenograft models. Moreover, we have
published the results of the first-in-human (FIH) phase 1 clinical trial of a
humanized anti-CD26 monoclonal antibody (HuCD26mAb, YS110) for
CD26-expressing solid tumors, particularly refractory MPM. Our FIH
study demonstrated that YS110 therapy exhibited a favorable safety
profile and resulted in encouraging disease stabilization in selected
patients with advanced/refractory CD26-expressing cancers. On the other
hand, microarray analysis of CD26-knockdown and CD26-transfected
cells revealed that CD26-expression was closely linked to the expression
of several genes contributing to cell proliferation and cell cycle
regulation. It is conceivable that CD26-mediated cell cycle regulating
events, which remain to be clarified, have a pivotal role in MPM cell
biology. We herein present our latest findings that cell cycle regulation
via CD26 is mediated by its association with cyclophilin A (CyPA),
which regulates protein folding and trafficking with peptidyl prolyl cis-
trans isomerase activity. Our data strongly suggest that targeting the
CD26-CyPA complex in combination with HUCD26mADb therapy could
improve the clinical outcome of MPM patients.

Complimentary Contributor Copy



Regulation of Proliferation of Malignant Mesothelioma Cells ... 167
1. INTRODUCTION

Malignant pleural mesothelioma (MPM) is a rare and aggressive
neoplasm arising from the pleural mesothelial lining [1], with more than
80% of cases being related to previous occupational asbestos exposure [2].
Despite the modest clinical benefit of a multimodality treatment approach
including surgery, combination chemotherapy and radiation, prognosis
remains grim with poor overall survival [3]. Due to the lack of efficacy of
conventional treatments, novel therapeutic strategies are urgently needed to
improve the clinical outcomes for MPM [1].

CD26 is a 110-kDa, type Il transmembrane glycoprotein with known
dipeptidyl peptidase 1V (DPPIV, EC 3.4.14.5) activity in its extracellular
domain and is capable of cleaving N-terminal dipeptides with either L-
proline or L-alanine at the penultimate position [4]. Our previous work
demonstrated that CD26 is preferentially expressed in MPM cells but not
in normal mesothelial cells, and suggested that CD26 expression level
correlates with clinical outcomes, while being a potential therapeutic target
in MPM [5, 6]. The first-in-human (FIH) phase 1 clinical trial of a
humanized anti-CD26 monoclonal antibody (HuCD26mAb, YS110) for
CD26-expressing solid tumors, particularly refractory MPM, was
conducted with results being recently published [7]. Our FIH study
demonstrated that YS110 therapy exhibited a favorable safety profile and
resulted in encouraging disease stabilization in a number of patients with
advanced/refractory CD26-expressing cancers. However, new treatment
combinations consisting of other novel agents and HuCD26mAb are
needed to potentially achieve greater efficacy for the treatment of MPM.
Molecular analysis of cellular events associated with HUCD26mAb therapy
revealed that CD26-expression was closely linked to the expression of
several genes contributing to cell proliferation and cell cycle regulation [6,
8, 9]. It is conceivable that CD26-mediated cell cycle regulating events,
which remain to be clarified, have a pivotal role in MPM cell biology.

As CD26 exerts its biological activities through interacting with other
molecules [8-10], it is a reasonable assumption that CD26 promotes tumor
progression by interacting with other oncogenic proteins. Since it is a
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prognostic marker for several types of cancers [11-15], we speculated that
CD26 associates with other prognostic molecules, including cyclophilin A
(CyPA). It is a ubiquitously distributed protein belonging to the
immunophilin family, and has peptidyl prolyl cis-trans isomerase (PPlase)
activity, which regulates protein folding and trafficking. CyPA is also a
novel prognostic factor for endometrial carcinoma and clear-cell renal
carcinoma [16, 17]. In addition, CyPA is overexpressed in various human
cancers and may be a promising target for cancer therapy [18-21]. Of
interest, CyPA forms a complex with other molecules to exhibit biological
effects [22-24]. We therefore examined whether CD26 exerts its
tumorigenic activity via CyPA and found that CD26 formed a complex
with CyPA in the cytosol by immunoprecipitation assay and super-
resolution stimulated emission depletion (STED) microscopy analysis [25].

In the current study, focusing on the association between CyPA and
CD26, we examined the physical and functional interaction between CD26
and CyPA in MPM cells. Our results hence suggest that a combined
therapeutic approach targeting CyPA and CD26 can potentially improve
the clinical outcome of MPM patients.

2. METHODS

2.1. Antibodies

Mouse monoclonal anti-human CD26 Ab (1F7) was produced in our
laboratory [26]. Control 1gG was purchased from Sigma-Aldrich
(Cat#12511). For immunofluorescence (IF) and western blotting (WB),
mouse monoclonal anti-CyPA Ab (abcam: ab58144, 1:200 for IF, 1:1000
for WB), rabbit monoclonal anti-CyPA Ab (Cat#ab126738, 1:200 for
immunohistochemistry (IHC)), rabbit polyclonal anti-actin Ab (abcam:
ab1801, 1:1000 for WB), goat polyclonal anti-human CD26 Ab (R&D
Systems: AF1180, 1:100 for IF, 1:1000 for WB, 1:100 for IHC) were
purchased. For flow cytometry, PE conjugated mouse anti-human CD26
Ab (BD Pharmingen: Cat#555437) was used. Secondary Abs used for IF
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were Alexa Fluor® 647 donkey anti-goat 1gG (Invitrogen: Cat#A21447,
1:500), Alexa Fluor® 488 donkey anti-rabbit 1gG (Invitrogen:
Cat#A21206, 1:500), and Alexa Fluor™ 555 donkey anti-mouse 1gG
(Invitrogen: Cat#A31570, 1:500).

2.2. Cell Lines

Each cell line was maintained in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal calf serum (FCS), penicillin (100 U/ml)
and streptomycin (100 pg/ml) at 37°C and 5% CO,. NCI-H226 (H226)
(CRL-5826), MSTO-211H (MSTO) (CRL-2081), and NCI-H28 (H28)
(CRL-5820) were mesothelioma cell lines obtained from the American
Type Culture Collection (ATCC). JMN was a mesothelioma cell line
provided by Dr. Brenda Gerwin (Laboratory of Human Carcinogenesis,
NIH, Bethesda, MD). HCC4006 (CTL-2871), HCC827 (CRL-2868),
HCC2935 (CRL-2869), and A549 (CCL-185) were lung carcinoma cell
lines obtained from ATCC. PC14 (RCB0446) and Lu99 (RCB1900) were
lung carcinoma cell lines obtained from Riken BRC. AsPC-1 (CRL-1682)
and PANC-1 (CRL-1469) were pancreatic cancer cell lines obtained from
ATCC.

2.3. Transfection of CD26 cDNA

Full-length CD26 cDNA was subcloned into a retroviral plasmid
PLNCX2 vector (Clontech) and transfected into MSTO cells using
Lipofectamine reagent (Invitrogen). As a control, cells were transfected
with the empty pLNCX2 vector. Expression of transfected cDNA was
confirmed by western blot and flow cytometry. The method for generating
the transfectants was described in detail in our previous report [8].
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2.4. Transfection of siRNAs

CD26-siRNA was obtained from QIAGEN, and siRNAs for CyPA
were obtained from Sigma-Aldrich. As control siRNA, AllStars Negative
control sSiRNA (QIAGEN) and Mission siRNA universal negative control
(Sigma-Aldrich) were used. Target sequences were as follows:

CD26si: (NM_001935) ACACTCTAACTGATTACTTAA
CyPAsi-1: (NM_021130) GGTGTTTGGCAAAGTGAAA
CyPAsi-2: (NM_021130) CGTTTGAGTTAAGAGTGTT

2.5. Flow Cytometry

Cells were harvested with 0.05% trypsin (Gibco), resuspended with
phospahe buffered saline (PBS) containing 2% FCS, and stained with PE
labeled anti-CD26 Ab or isotype-matched IgG for 30 min on ice. After
being washed twice with PBS containing 2% FCS, cells were analyzed by
BD FACS Calibur (BD Biosciences). Data were analyzed by FlowJo
software (BD Biosciences).

2.6 Western Blotting

Cells were treated with lysis buffer (50 mM HEPES pH 7.4, 150 mM
NaCl, 1.0% Triton X-100, and 1/100 vol of Proteinase Inhibitor Cocktail).
The cell lysates were centrifuged at 15,000 rpm for 15 min at 4°C, then
SDS-buffer was added to the supernatants, followed by boiling at 100°C
for 5 min. Proteins from 2 x 10° cells were electrophoresed on 4-20%
Mini-PROTEAN precast acrylamide gel (BIO-RAD), and transferred to
Immobilon-P membrane (Millipore). The blots were probed with the
indicated Abs and incubated with horseradish peroxidase-conjugated Ab.
Subsequently, protein was detected with Western Lightning (PerkinElmer)
by using ImageQuant LAS4000 (GE Healthcare). Quantification of protein
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expression was conducted using C-Digit Blot Scanner (M&S Instruments
Inc). To separate cytoplasm and nucleus, NE-PER nuclear and cytoplasmic
extraction reagents (Thermo Scientific) was used according to the
manufacturer’s instruction.

2.7. Immunoprecipitation

Cells (2x10°) were lysed in 1 ml of lysis buffer and incubated on ice
for 30 min. The cell lysates were centrifuged at 15,000 rpm for 15 min at
4°C and supernatants were incubated for 2 hrs with the first antibody at
4°C. The immunocomplexes were precipitated by adding 30 ul of protein
G agarose beads (GE Healthcare) to the lysate and incubated for 1 hr at
4°C, then washed 5 times with ice-cold lysis buffer. Next, the samples were
suspended and denatured in SDS sample buffer (50 mM Tris pH 6.8, 2%
SDS, 100 mM dithiothreitiol, 10% glycerol, 0.01% bromophenol blue).
Finally, the samples were boiled at 100°C for 5 min, and cooled on ice. For
western blotting analysis, immunoprecipitants were collected by centrifuge
at 15,000 rpm for 1 min.

2.8. Immunohistochemistry

Histological sections of eighty-four MPM tissue samples were
previously examined [2]. For immunohistochemistry, sections were
washed with PBS and subjected to antigen retrieval by heating at 100°C in
0.01M sodium citrate (pH 6.0) for 10 min. Then, the samples were treated
with 3% H,O, before incubation with the primary Ab against CyPA.
Immune complexes were detected by using an ImMmPRESS REAGENT
KIT (Vector Laboratories). Histological studies were conducted in the
Department of Pathology of Keio University School of Medicine (Tokyo,
Japan), after official approval of the Keio University School of Medicine
Review Board was obtained (ID number 2012-100-1).
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2.9. Immunofluorescence Analysis

MPM cells were cultured on Lab-Tek chamber slide (Thermo Fisher)
and fixed in 4% paraformaldehyde for 30 min at 4°C. After washing three
times with PBS, cells were permeabilized with 0.1% Triton X-100. Cells
were washed three times with PBS and treated with normal antiserum for
30 min at room temperature. Then, cells were treated with primary
antibody at 37°C for 1 hr. After washing three times with PBS, cells were
treated with secondary antibody at room temperature for 45 min. After
washing three times with PBS, cells were applied with antifade mounting
medium with DAPI (Vector laboratories). Cells were viewed by confocal
fluorescence microscopy (TCS-SP5, Leica) and STED microscopy (Leica
TCS GateA STED CW). Data were imaged using Leica Microscope
Software. For STED microscopy, CD26 was detected by anti-CD26 mAb
(1F7) labeled with Oregon Green 488. CyPA was detected by anti-CyPA
Ab labeled with Alexa Fluor 532.

2.10. qRT-PCR

Total RNA was isolated using RNeasy Mini kit (Qiagen). RNAs were
reverse transcribed by Prime Script RT (TAKARA BIO Inc.) and cDNAs
were subjected to RT-PCR analysis with 7500 FAST REAL-TIME PCR
System using the SYBER-Green Master PCR Mix (Applied Biosystem) in
triplicates. HPRT1 was used as internal control. The primer sequences
were as follows;

CD26: Forward:CAAATTGAAGCAGCCAGACA
Reverse: GTTGGGAGACCCATGTAACG
CyPA: Forward: TTCATCTGCACTGCCAAGAC
Reverse: TCGAGTTGTCCACAGTCAGC
HPRT1: Forward: TGCTCGAGATGTGATGAAGG
Reverse: TCCCCTGTTGACTGGTCATT
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2.11. MTT Cell Proliferation Assay

Cell proliferation was measured by MTT assay using Tetra Color ONE
system (Seikagaku Biosciences). Cells (2x10%) were seeded into a 96 well
culture plate in the RPMI-1640 medium supplemented with 10% FCS, and
MTT assay was performed at day 2.

2.12. Microarray Analysis

H226 and JMN cells were treated with anti-CD26 Ab for 16 hrs, and
total RNA was isolated, subjected to DNA microarray analysis with DNA
Chip 3D Gene (TORAY). A heat map of tetraspanin genes differentially
expressed between anti-CD26 Ab and control Ab treated mesothelioma
cells was constructed by hierarchical cluster analysis using cluster 3.0
software and the results were displayed with the TreeView program. The
data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus and are accessible through GEO Series accession
number GSE100848.

2.13. Statistical Analysis

Data in figure legends are represented as Mean and SE. For mice
xenograft study, data are represented by Mean and SD. The exact value of
sample size (n) is given in the figure legends. Statistical analyses were
performed with two-tailed Student t-test. P value <0.01 was considered as
statistically significant.
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3. RESULTS

3.1. Cyclophilin A Associates with CD26 Biochemically

CD26 exerts its biological activities by interacting with other
molecules [8-10]. CD26 is also known to be a potential prognostic factor in
many types of cancers, and it displays its tumorigenic activity via its
association with other prognostic molecules [11-15]. Therefore, we
conducted a search for new proteins interacting with the CD26 molecule
by utilizing microarray analysis, culminating in our findings of a strong
association between CD26 with CyPA (Accession No GSE100848)
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100848). CyPA
has been shown previously to be a novel prognostic factor for endometrial
carcinoma and clear-cell renal carcinoma [16, 17]. In addition, CyPA is
overexpressed in various human cancers and has been suggested to be a
promising target for cancer therapy [19-21]. Moreover, CyPA is known to
be a binding partner of various proteins and functions as part of protein
complexes [22-24]. Therefore, we hypothesized that CyPA is associated
with CD26 functionally and physiologically.

We first examined localization of CyPA by immunohistochemical
analysis and found that CyPA was strongly expressed in the cytosol of
MPM specimens (Figure 1A). We next investigated whether CD26
associates with CyPA in MPM cells. For this purpose, we used the CD26-
negative MPM cell line MSTO, and established CD26-positive MSTO by
transfecting CD26-gene (MSTOCD26) (Figure 1B). MSTO with control
vector (MSTOcont) cells expressed less CyPA than MSTOCD26,
suggesting that transfection of CD26 augments the expression of CyPA
(Figure 1C). In the MSTOCD26 cells, CyPA was co-immunoprecipitated
by anti-CD26 antibody. Reciprocal immunoprecipitation with anti-CyPA
antibody also pulled down CD26 (Figure 1D), indicating that exogenously
introduced CD26 can form a complex with CyPA. To confirm an
association between CD26 and CyPA, we examined whether CD26
associates with CyPA in the MPM cell lines H226 and JMN, with CD26
being natively expressed. In immunoprecipitation assay, CyPA was co-
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precipitated with the CD26 molecule in both H226 and JMN cells (Figure
1E). These results strongly suggest that CD26 interacts with CyPA in
CD26-positive MPM cells.

MSTOCent MSTOCD26 MSTOCont MSTOCD26
&= | CD26
‘ Wess e | CyPA
— | Actin
CD26
© > E H226 JMN
MSTOCent oF° o® e X ¥ X5
15KD - = | CyPA 100k0| @ - . @ -~ w|cD26
15kD| ~ ®= - @» == | CyPA
© o™
MsTOCPz8 P 1g6 ¥ o® Blot
100 kD _ .| cD26
15kD _| 4eun b | CyPA

(A) Immunohistochemical analysis of CyPA. CyPA was expressed abundantly in the
cytosol of MPM specimen. Original magnification, x400.

(B) Flow cytometry analysis of CD26-expressions in MSTO®" and MSTOCP?6 cells.

(C) Comparison between the MSTO®P?6 and MSTO®™ cells for the expression of YB-1,
CD26, and CyPA. The expression of CyPA was engineered to be elevated in the MSTOCDP%
cells.

(D) Immunoprecipitation by anti-CD26 (1F7) and anti-CyPA Abs in the MSTO®P?¢ and
MSTO®" cells. CD26 and CyPA co-precipitated with each other only in the MSTO®P?
cells.

(E) Immunoprecipion assay of the MPM cells using anti-CD26 (1F7) and anti-CyPA Abs.
Co-precipitation of CD26 and CyPA was observed with their respective antibody,
indicating their physical association in the cytosol.

Figure 1. Biochemical association of CyPA and CD26.

3.2. Subcellular Co-Localization of Cyclophilin A and CD26

To further characterize the CD26-CyPA molecular complex, we
examined its subcellular co-localization utilizing confocal microscopy. In
MPM cell lines, both CD26 and CyPA were expressed mostly in the
cytosol (Figure 2A), with co-localization (white) of CD26 (red) and CyPA
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(blue) being clearly observed (Figure 2B). We next conducted more
detailed analysis utilizing super-resolution STED microscopy. This
microscopic examination has extremely high resolution, allowing for
detection of direct binding of different proteins. As shown in Figure 2C,
co-localization (pink or white) of CD26 (blue) and CyPA (red) was clearly
detected in the cytosol. These results strongly suggest that CD26 interacts
with CyPA in the cytosol.

A H226 JMN
DAPI CyPA CD26

DAPI CYPA

H226 Merge
DAPI  CD26  CyPA CD26.CyPA

JMN

DAPI CD26 CyPA

(A) Confocal microscopy analysis of CyPA and CD26. Strong expressions of CyPA (red,
Alexa Fluor 555) and CD26 (blue, Alexa Fluor 647) were observed in the cytosol of MPM
cells. Nuclei were stained with DAPI (purple). Scale bars, 10 pm.

(B) Colocalization of CD26 (red, Alexa Fluor 647) and CyPA (blue, Alexa Fluor 555) in
the cytosol of MPM cells. Nuclei were stained with DAPI (purple). Colocalization was
observed in confocal microscopy analysis (white). Scale bars, 10 pm.

(C) STED microscopy analysis of the MPM cells. Colocalization (white or pink) of CD26
(blue, Oregon Green 488 labeled 1F7 mAb) and CyPA (red, Alexa Fluor 532 labeled anti-
CyPA Ab) was also confirmed by STED microscopy, indicating direct binding of CD26 and
CyPA to each other to form a complex. Scale bars, 10 pm.

Figure 2. Subcellular co-localization of CyPA and CD26.
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(A) Effect of CD26-siRNA on CyPA protein expression. The MPM cells were transfected
with control (Ctr) or CD26-siRNA for 24 hrs, then subjected to western blot analysis.
Expression of CyPA was decreased by the CD26-siRNA.

(B) Knockdown of CyPA by siRNA. CyPA siRNA-1 and -2 were transfected into the MPM
cells for 24 hrs, which were then subjected to MTT assay. Both CyPA-siRNA inhibited cell
proliferation. (n = 6, **p < 0.001).

(C) Effect on CyPA mRNA expression by CD26-knockdown. The MPM cells were
transfected with CD26-siRNA for 24 hrs, then subjected to qRT-PCR. CyPA mRNA level
was not affected by the CD26-siRNA. (n = 3, **p < 0.001).

(D) Cycloheximide (CHX) chase assay and effect of CD26-knockdown on CyPA protein
expression. MPM cells were transfected with the CD26-siRNA for 24 hrs, CHX (inhibitor
of protein translation, 50 pug/ml) was then added. The cell lysates were extracted at the
indicated time points for western blot analysis (left panels). Right panels are line graphs of
the relative CyPA-expression. CD26-siRNA decreased the stability of CyPA protein.

Figure 3. Physical and functional interaction of CyPA and CD26 in MPM cells.
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3.3. Regulation of CyPA by CD26 Expression in MPM Cells

To examine the functional interaction between CD26 and CyPA in
MPM cells, we next investigated the effect of CD26-knockdown by siRNA
on CyPA expression. Interestingly, knockdown of CD26 significantly
suppressed the expression of CyPA (Figure 3A). We then conducted CyPA
knockdown experiment utilizing siRNA. We prepared 2 different CyPA-
siRNAs (CyPAsi-1 and si-2) and showed that both of them inhibited the
proliferation of MPM cells (Figure 3B). These findings suggest that CD26-
mediated proliferation of MPM cells is exerted through the CyPA
molecule. To further analyze CD26-mediated regulation of CyPA
expression, we investigated the effect of CD26-knockdown on the stability
of CyPA protein, finding that suppression of CD26 did not affect mRNA-
expression of CyPA (Figure 3C). In contrast, cycloheximide (CHX) chase
assay revealed that CD26-knockdown decreased stability of CyPA protein
(Figure 3D). These results indicate that CD26 has a role in stabilizing the
CyPA protein and promotes tumor progression by forming a complex with
CyPA.

3.4. Suppression of CyPA in CD26-Positive Cancer Cells Inhibits
Cell Proliferation

To further investigate the role of CD26 in promoting tumor
progression by forming a complex with CyPA, we analyzed additional cell
lines besides MPM cells. For this purpose, we used the CD26-positive cell
lines HCC4006, HCC837, HCC2935 (lung cancer), AsPC1l (pancreatic
cancer), and H28 (MPM); and the CD26-negative cell lines A549, PC14,
Lu99 (lung cancer), PANC1 (pancreatic cancer), and MSTO (MPM)
(Figure 4A) to further examine the effect of CyPA-knockdown by siRNA.
Figure 4B showed that proliferation of the CD26-positive cells was
strongly suppressed by CyPA-knockdown (upper panels). In contrast,
proliferation of the CD26-negative cells was not affected by CyPA-
knockdown (lower panels of Figure 4B). These results suggest that CyPA
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promotes tumor progression by forming a complex with CD26 in various
cancer cells.

A CD26-positive CD26-negative
HCC4006  HCC827  HCC2935 A549 PC14 Lu99
AsPC1 H28 PANC1 MSTO
CcD26 CD26

B CD26-positive
0.0. H28 HCC827 AsPC1
0.

0.8 ] 0.8
04 *rak g 4 *oxk 4 ek kk I Ctrsi
0 0 0 [ CyPAsi-1

CD26-negative [ CyPAsi-2
MSTO 3 A549 s PANC1

Proliferation

(A) Flow cytometry analysis of CD26-positive and -negative cell lines originating from
various tumors.

(B) Effect of CyPA-siRNA on the proliferation of CD26-positive (upper panels) and -
negative cells (lower panels). The cells were transfected with CyPA siRNA-1 and -2 for 24
hrs, then subjected to MTT assay. Both CyPA-siRNAs inhibited the proliferation of CD26-
positive cells, but not the CD26-negative cells. (n = 6, **p < 0.001).

Figure 4. Inhibition of cell proliferation by CyPA suppression in various CD26-positive
cancer cells.

4. DISCUSSION

Despite the modest clinical benefit of a multimodality treatment
approach including surgery, combination chemotherapy and radiation,
prognosis of MPM patients remains grim with poor overall survival [3].
For the vast majority of MPM patients ineligible for potentially curative
surgery at diagnosis, systemic chemotherapy is the best option to improve
survival [27]. We have had a long-standing interest in the role of CD26 in

Complimentary Contributor Copy



180 Toshihiro Okamoto, Ryo Hatano, Kenji Nakano et al.

cancer biology and its suitability as a novel therapeutic target in selected
neoplasms [28]. Recently, we reported robust in vivo data on the anti-
tumor activity of anti-CD26 monoclonal antibody in mouse xenograft
models [8, 9, 29, 30]. Moreover, we have published the results of the FIH
phase 1 clinical trial of HUCD26mAb, YS110 for CD26-expressing solid
tumors, particularly refractory MPM [7]. Our FIH study demonstrated that
YS110 therapy had a favorable safety profile and resulted in encouraging
disease stabilization in a number of patients with advanced/refractory
CD26-expressing cancers [7]. Meanwhile, microarray analysis of CD26-
knockdown and CD26-transfected cells also revealed that CD26-
expression was closely linked to the expression of several genes
contributing to cell proliferation and cell cycle regulation [6]. It is
conceivable that CD26-mediated cell cycle regulating events, which
remain to be clarified, have a pivotal role in MPM cell biology [31, 32].

As CD26 exerts its biological functions by interacting with other
molecules [8-10], CD26 has been speculated to interact with several
oncogenic molecules to promote tumorigenesis. One such candidate is
CyPA, which has been shown to be a potential prognostic factor for many
cancers while playing an oncogenic role [16-20] through its binding to
other molecules [16, 17]. In view of this context, we focused on CyPA as a
possible binding partner of CD26. In confocal microscopy analysis, CD26
and CyPA were colocalized in the cytosol. Moreover, immunoprecipitation
assay confirmed that CD26 was physically associated with CyPA. In
addition, STED microscopy [25] detected the direct binding of cytosolic
CD26 to CyPA to form a protein complex. Importantly, CyPA knockdown
resulted in significant inhibition of cell proliferation, hence suggesting a
tumorigenic role for CyPA in MPM cells. However, knockdown of CD26
did not suppress the expression of CyPA-mRNA, but did decrease the
stability of CyPA protein. Since complex formation can play a major role
in protein stabilization [33, 34], it is a possibility that the CD26-CyPA
protein complex enhances CyPA protein stability.

In summary, we showed that regulation of proliferation of MPM cells
via CD26 is mediated by its association with CyPA, a molecule which
regulates protein folding and trafficking with peptidyl prolyl cis-trans
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isomerase activity. Our data strongly suggest that targeting the CD26-
CyPA complex as part of a therapeutic combination involving
HuCD26mADb could improve the clinical outcome of MPM patients.
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Biological Effects of IL-26 on T Cell-Mediated
Skin Inflammation, Including Psoriasis
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Psoriasis is a chronic inflammatory skin disease characterized mainly by epidermal hyperplasia, scaling, and
erythema; T helper 17 cells have a role in its pathogenesis. Although 1L-26, known as a T helper 17 cytokine, is
upregulated in psoriatic skin lesions, its precise role is unclear. We investigated the role of IL-26 in the
imiquimod-induced psoriasis-like murine model using human /L-26 transgenic mice. Erythema symptoms
induced by daily applications of imiquimod increased dramatically in human /L-26 transgenic mice compared
with controls. Vascularization and immune cell infiltration were prominent in skin lesions of human /L-26
transgenic mice. Levels of fibroblast growth factor (FGF) 1, FGF2, and FGF7 were significantly upregulated in the
skin lesions of imiquimod-treated human [/L-26 transgenic mice and psoriasis patients. In vitro analysis
demonstrated that FGF1, FGF2, and FGF7 levels were elevated in human keratinocytes and vascular endothelial
cells following IL-26 stimulation. Furthermore, 1L-26 acted directly on vascular endothelial cells, promoting
proliferation and tube formation, possibly through protein kinase B, extracellular signal—regulated kinase, and
NF-kB pathways. Moreover, similar effects of IL-26 were observed in the murine contact hypersensitivity model,
indicating that these effects are not restricted to psoriasis. Altogether, our data indicate that IL-26 may be a

promising therapeutic target in T cell-mediated skin inflammation, including psoriasis.

Journal of Investigative Dermatology (2019) 139, 878—889; doi:10.1016/.jid.2018.09.037

INTRODUCTION

Psoriasis is a chronic inflammatory skin disease with charac-
teristic histopathologic changes (Boehncke and Schon, 2015).
Initiating events cause release of cytokines by keratinocytes,
recruiting neutrophils and macrophages to inflammatory sites
and activating dendritic cells. Release of cytokines such as IFN-o
by dendritic cells induces Th helper (Th) 1T and Th17 T cell dif-
ferentiation to contribute to the psoriatic events. The proin-
flammatory cascade continues with additional recruitment of
inflammatory cells and cause hyperproliferation of the
epidermal layer (Batycka-Baranetal., 2014; Tortolaetal., 2012).
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Th17 cells play an important role in the pathogenesis of
psoriasis and other inflammatory disorders by producing cy-
tokines promoting keratinocyte proliferation and other pso-
riatic changes (Lowes et al., 2008; Wilson et al., 2007).
Human IL-26 is a 171-amino acid protein belonging to the IL-
10 cytokine family (Donnelly et al., 2010; Kotenko, 2002),
and is conserved in several vertebrate species, but is not
found in mice and rats (Schoenborn et al., 2007). IL-26 is
produced mainly by Th1, Th17, or natural killer cells
(Corvaisier et al., 2012; Pene et al., 2008; Wolk et al., 2002),
and it binds to a distinct cell surface receptor consisting of IL-
20RA and IL-10RB to activate cells via STAT3 phosphoryla-
tion (Hor et al., 2004). We recently showed that IL-26
receptor is expressed on both human and murine fibro-
blasts, and IL-26 activates fibroblasts, leading to increased
collagen production (Ohnuma et al., 2015). IL-26 induces
monocyte and natural killer cell production of selected cy-
tokines, including TNF-a, upregulates cell surface tumor
necrosis factor—related apoptosis-inducing ligand expression
and promotes generation of Th17 cells (Corvaisier et al.,
2012). Although it has been suggested that IL-26 is
involved in the pathophysiology of various chronic inflam-
matory disorders (Corvaisier et al., 2012; Dambacher et al.,
2009; Ohnuma et al., 2015), its precise functions and target
cells in inflammatory disorders remain to be elucidated.

A number of mouse models mimicking aspects of human
psoriasis have been established (Gudjonsson et al., 2007;
Schon, 2008). Imiquimod (IMQ) is a potent TLR7 and TLR8
agonist, and is used to treat selected skin disorders (Beutner
and Ferenczy, 1997; Drobits et al., 2012; Szeimies et al.,
2004). The development of psoriasis-like skin inflammation
was reported as a side effect of IMQ application (Wu et al.,

© 2018 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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2004), and IMQ-induced psoriasis-like murine model has
been established to study human psoriasis (van der Fits et al.,
2009). The topical application of IMQ-containing cream to
the skin of mice is now widely accepted as a convenient and
cost-effective murine model for studying early events of
psoriasis (Alrefai et al., 2016; van der Fits et al., 2009; Zanvit
et al., 2015).

In the present study, because the gene encoding IL-26 is
absent in mice, we investigate the role of IL-26 in the IMQ-
induced psoriasis-like murine model using human IL-26
bacterial artificial chromosome transgenic (hIL-26Tg) mice
(Collinsetal., 2010, 2012). We found that vascularization and
immune cell infiltration induced by daily applications of IMQ
were enhanced dramatically in hIL-26Tg mice, and associated
with increased expression of fibroblast growth factor (FGF) 1,
FGF2, and FGF7 in the skin lesions. Moreover, the effect of IL-
26 on angiogenesis and inflammation was commonly
observed in the murine contact hypersensitivity model. These
results strongly suggest that IL-26 may represent a promising
therapeutic target for T cell-mediated skin inflammation,
including psoriasis and contact hypersensitivity reactions.

RESULTS

IL-26 exacerbates skin inflammation by inducing vascular
invasion and immune cell infiltration in the IMQ-induced
psoriasis model

Although the IL-26 gene is absent in rodents, IL-20RA and IL-
10RB,which are part of the IL-10 family of cytokine receptors,
are also expressed in mice, and human IL-26 functions in
both human and murine cells (Hor et al., 2004; Ohnuma
et al., 2015; Schoenborn et al., 2007). To explore the role
of IL-26 in the pathology of psoriasis, hIL-26Tg mice were
compared with A conserved noncoding sequence (CNS)-77
transgenic (Tg) mice (control Tg mice with deleting human
IL-26 transcription) utilizing the IMQ-induced psoriasis
model. We applied daily 40 mg of IMQ cream on the back
skin of each mouse and assessed disease severity every day
utilizing the clinical Psoriasis Area and Severity Index (PASI)
score. We first confirmed that there was no significant dif-
ference in the appearance and the PASI scores between
ACNS-77  Tg mice and C57BL/6 wild-type mice
(Supplementary Figure ST online), validating the use of
ACNS-77 Tg mice as a control group compared with hiL-
26Tg mice in this study. The back skin of hIL-26Tg mice
appeared markedly affected and especially exhibited
increased erythema symptoms compared with ACNS-77 Tg
mice, and all of the PASI scores of hIL-26Tg mice were higher
than those of control mice (Figure 1a, 1b). Excessive blood
vessel formation and vascular invasion were observed in
subcutaneous tissues of hIL-26Tg mice (Figure 1c, 1d).
Moreover, CD31-positive blood vessels were markedly
increased in the back skin of hIL-26Tg mice (Figure 1e). We
next conducted histologic studies of IMQ-induced psoriatic
skin. There was increased infiltration of blood cells and blood
vessels in the skin of hIL-26Tg mice compared with control
mice from day 2 (Figure Tf).

The infiltrating cell types in the IMQ-induced psoriatic skin
of hIL-26Tg mice were then characterized by flow cytometry.
The cell type with the most prominent difference between
hiL-26Tg mice and ACNS-77 Tg mice was neutrophils
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(Figure 2a). In addition, the number of TCRB*CD4" T cells
infiltrating the skin lesions of hIL-26Tg mice was significantly
increased compared with ACNS-77 Tg mice on day 3 and
day 4 (Figure 2b). There was no significant difference in the
number of TCRB*CD8™ T cells and 3 T cells between hlL-
26Tg mice and control mice (Figure 2¢, 2d), and similar re-
sults were also seen with macrophages and mast cells (data
not shown). To better evaluate the level of neutrophil inva-
sion, we performed immunofluorescence staining for Ly6g.
Lybg-positive cells were markedly increased in the back skin
of hIL-26Tg mice (Figure 2e). mRNA expression levels of the
neutrophil recruitment chemokines CXCL1 and CXCL2 in the
skin were also markedly increased in hIL-26Tg mice
compared with ACNS-77 Tg mice (Supplementary Figure S2
online). Taken together, these results indicate that IL-26 ex-
aggerates the severity of psoriatic skin inflammation by
inducing angiogenesis and immune cell infiltration.

IL-26 upregulates expression of FGF1, FGF2, and FGF7 in
IMQ-induced psoriasis model

To elucidate the molecular mechanism associated with IL-
26—dependent angiogenesis, we examined the kinetics of
mRNA expression of neoangiogenesis factors. MRNA
expression of human IL-26 was markedly increased in the
skin of hIL-26Tg mice following daily application of IMQ
cream, whereas no expression of human IL-26 was detected
in the skin of ACNS-77 Tg mice (Figure 3a). Expression of
vascular endothelial growth factor (VEGF)-A was gradually
increased from day 1, but the difference was hardly observed
between hIL-26Tg mice and control mice (Figure 3a). On the
other hand, in the skin lesions from hIL-26Tg mice, the
mRNA expression levels of VEGF-C, epidermal growth
factor, hypoxia-inducible factor1-a, FGF1, FGF2, FGF7,
angiopoietin-1, and angiopoietin-2 were significantly
increased compared with control mice (Figure 3a). There was
no marked difference in expression levels of VEGF-D, TNF-a,
and TYMP between hIL-26Tg mice and control mice
(Supplementary Figure S2).

Although VEGF-A is a particularly important angiogenic
factor, FGF2 also functions as a main growth factor associ-
ated with angiogenesis, and the serum level of FGF2 is
increased and significantly correlated with PASI value in
psoriasis patients (Andrys et al., 2007). In addition, FGF7 is
implicated in psoriatic angiogenesis (Finch et al., 1997;
Seghezzi et al., 1998). We therefore focused on FGFT,
FGF2, and FGF7 and examined their protein expression
levels by immunofluorescence staining of the IMQ-induced
skin lesions. IL-26—producing cells (shown in green,
Supplementary Figure S3 online) were hardly observed in
hIL-26Tg and control mice at day 0, whereas these cells were
clearly detected in the dermis, particularly under the base-
ment membrane of hIL-26Tg mice (Figure 3b). In addition,
the infiltration of CD4-positive cells (shown in red) was
prominent in the skin of hIL-26Tg mice as compared with
control mice (Figure 3b). Likewise, prior to IMQ application
(day 0), protein expression of FGF1, FGF2, and FGF7 was
hardly observed both in hIL-26Tg and control mice
(Supplementary Figure S3), while expression of FGF1, FGF2,
and FGF7 was remarkably increased in hIL-26Tg mice
(Figure 3b). In IMQ-treated hIL-26Tg mice, FGF1 was seen in
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Figure 1. Markedly enhanced angiogenesis is observed in psoriatic skin lesions of IMQ-applied hIL-26Tg mice. (a) Phenotypical representation of IMQ-
induced skin inflammation in each mice. (b) Time course of Psoriasis Area and Severity Index scores (erythema, thickness, and scaling were scored daily on
a scale from O to 4, respectively) in each mice. (c, d) Subcutaneous vascular formation of IMQ-treated back skin in each mice (c) was measured by Image]
software (d). (e, f) Immunofluorescence staining (CD31, green) (e) or HE staining (f) of IMQ-treated back skin from each mice on day 3. Scale bar = 200 um, 100
pm (right panels in f). n = 8 mice for each group at each time point. (b, d) Mean = standard error of the mean of each group. *P < 0.01. HE, hematoxylin and
eosin; hlL-26Tg, human IL-26 transgenic; IMQ, imiquimod.
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the epidermal tissue, particularly in the upper layer around
the corneum, and the expression of FGF2 and FGF7 was
observed in the dermis and adipose tissue, under the base-
ment membrane and around blood vessels. These results
indicate that IL-26 enhances the expression of FGF1, FGF2,
and FGF7 in the IMQ-induced skin. To confirm the expres-
sion and localization of IL-26 and FGFs in humans, we
conducted immunofluorescence staining of human skin
specimens obtained from patients with psoriasis and healthy
volunteers. Histologic findings of the skin specimens of
psoriasis patients revealed characteristics of psoriatic skin,
such as acanthosis, parakeratosis, papillomatosis, and infil-
tration of inflammatory cells (Figure 3c). Similar to these
findings, protein expression of FGF1, FGF2, FGF7, and IL-26
was markedly increased in the skin lesions of psoriasis pa-
tients compared with healthy controls (Figure 3d). These
findings suggest that IL-26 and FGFs play an important role in
the pathophysiology of psoriasis in humans, as well as the
IMQ-induced psoriasis model.

IL-26 enhances the production of FGF1, FGF2, and FGF7
from keratinocytes and vascular endothelial cells

We hypothesized that IL-26 induces angiogenesis in psoriatic
skin through production of FGFs from the cells constituting
the skin tissue. To validate this assumption, we examined FGF
production from normal human epidermal keratinocytes
(NHEKs) and normal human dermal fibroblasts (NHDFs) by
ELISA following IL-26 stimulation. FGF1 and FGF2 produc-
tion from NHEKs was enhanced by IL-26 stimulation in a
dose-dependent manner (Figure 4a, 4b). Meanwhile,
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e Figure 2. 1L-26 enhances infiltration
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of neutrophils and CD4* T cells in
IMQ-induced psoriatic skin lesions.
Absolute cell numbers of neutrophils
(@), CD4™ T cells (b), CD8™" T cells (c),
and Y3 T cells (d) in IMQ-treated skin
lesions from each mice (n = 5 mice
for each group at each time point)
were quantified by flow cytometry.
Single-suspension cells isolated
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and the percentages of CD11b™
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TCRBFTCRYd™#*CD4 " CD8"8* (b),
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TCRP"8*TCRYd™ (d) were calculated.
Mean + standard error of the mean
of each group. *P < 0.01. (e)
Immunofluorescence staining (Ly6g,
green) of IMQ-treated back skin from
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constitutive production of FGF2 and FGF7 from NHDFs was
not influenced by IL-26 treatment (Figure 4b, 4c). We next
investigated whether IL-26 directly affected FGF expression
in vascular endothelial cells. IL-26 enhanced FGF2 produc-
tion from human umbilical vein endothelial cells (HUVECs)
(Figure 4b). Although the amount of FGF7 produced from
HUVECs was relatively small compared with NHDFs, 1L-26
also enhanced FGF7 production from HUVECs (Figure 4c).
Stimulation of inflammatory cytokines and antimicrobial
peptides, such as IL-17 and LL-37, enhances angiogenesis in
psoriasis through the induction of angiogenic factors from
keratinocytes (Morizane and Gallo, 2012). We therefore
examined the effect of IL-26 in combination with various
psoriasis-associated inflammatory cytokines on expression of
FGFs. We examined mRNA expression levels of FGF1 and
FGF2 in NHEKs, and FGF2 and FGF7 in NHDFs and
HUVECs by quantitative real-time reverse transcriptase PCR.
Consistent with our findings regarding protein production,
stimulation with 1L-26 alone enhanced expression levels of
FGF1 and FGF2 in NHEKs (Figure 4d), and FGF2 and FGF7 in
HUVECs (Figure 4f), while having no effect on FGF2 and
FGF7 levels in NHDFs (Figure 4e). Intriguingly, stimulation
with IL-26 in combination with psoriasis-associated cyto-
kines resulted in much greater enhancement in mRNA
expression levels of FGF1 and FGF2 in NHEKs and FGF2 and
FGF7 in HUVECs (Figure 4d, 4f). Among psoriasis-associated
cytokines used in this study, we found that IL-1B in NHEKSs
and IFN-o. in HUVECs were key cytokines for enhancing
FGF2 expression in synergy with IL-26 (Figure 4d, 4f).
Moreover, addition of IFN-a plus IFN-y resulted in increased
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enhancement of FGF7 expression in HUVECs in synergy with
IL-26 (Figure 4f). There were no specific factors identified for
enhancing FGF1 expression in NHEKs. On the other hand,
stimulation with psoriasis-associated cytokines without IL-26
led to elevated expression of FGF2 and FGF7 in NHDFs, but
no additional enhancement was observed when cells were
stimulated with these cytokines in the presence of IL-26
(Figure 4e). These results indicate that IL-26 acts directly on
not only keratinocytes, but also vascular endothelial cells to
enhance production of FGFs.

IL-26 acts directly on vascular endothelial cells, resulting in
enhanced proliferation and tube formation

We next examined IL-26 effect on vascular endothelial cell
function. For this purpose, we assayed for HUVECs

Journal of Investigative Dermatology (2019), Volume 139

proliferation and tube formation following IL-26 stimulation.
Surprisingly, IL-26 promoted proliferation and tube formation
of HUVECs in a dose-dependent manner, similar to VEGF
effect (Figure 5a, 5b). We confirmed that both FGF2 and
FGF7 enhanced HUVECs proliferation and tube formation
(Supplementary Figure S4 online). From these results, we next
conducted knockdown experiments using small interfering
RNA (siRNA) against FGF2 and FGF7 in HUVECs to deter-
mine whether FGF2 or FGF7 production was involved in
HUVECs activation following IL-26 stimulation. Expression
level of FGF2 and FGF7 in HUVECs stimulated with 1L-26 or
vehicle was determined by quantitative real-time reverse
transcriptase PCR in the presence of control siRNA or two
different sequences of FGF2-siRNA or FGF7-siRNA. FGF2-
siRNA treatment clearly reduced FGF2 expression as



compared with control siRNA or FGF7-siRNA, which was
associated with a significant decrease in IL-26—stimulated
proliferation and tube formation of HUVECs (Figure 5c, 5Se,
5f). Treatment with FGF7-siRNA markedly reduced FGF7
expression compared with control siRNA or FGF2-siRNA
(Figure 5d), which was associated with a partial reduction
in IL-26—stimulated HUVECs tube formation, and only a
slight effect on HUVECs proliferation (Figure 5e, 5f). Similar
results were also obtained with a different siRNA sense 2, as
described in Materials and Methods (data not shown). On the
other hand, stimulation with VEGF led to enhancement of
HUVECs proliferation and tube formation regardless of FGF2
or FGF7-siRNA treatment (Figure 5e, 5f), strongly suggesting
that the observed reduction in proliferation or tube formation
of FGF2 or FGF7-siRNA—treated HUVECs following IL-26
stimulation was not due to non-specific toxicity of the
transfection procedure or off-target effects. Similar results
were observed in the experiment utilizing FGF2 or FGF7-
neutralizing antibodies (Supplementary Figure S5 online).
Given our findings on angiogenesis in the IMQ-induced
psoriatic skin of hIL-26Tg mice, we conducted studies to
investigate the direct effect of IL-26 on murine blood vessels
by evaluating whether IL-26 stimulation induced vessel for-
mation in mouse aortic rings. Aortic rings stimulated with IL-
26 strongly produced sprouts in a dose-dependent manner
(Figure 5g). Taken together, our data strongly suggest that IL-
26 acts directly on vascular endothelial cells, resulting in
enhanced FGF2 and FGF7 production and prominent blood
vessel formation.

PI3K-Akt, Raf-MEK-ERK, and 1kB—NF-kB signalings are
indispensable for IL-26—mediated activation of vascular
endothelial cells

We next examined the signaling events in HUVECs following
IL-26 stimulation. Downstream signaling of IL-26 involves
the JAK—STAT3 pathway substantially, but other pathways
mediated by Akt or ERK1/2 have been also reported
(Dambacher et al.,, 2009). In addition, FGF2 activates
HUVECs via Akt, p38, and IkB phosphorylation (Stavri et al.,
1995). We therefore examined phosphorylation of Akt, ERK1/
2, p38, c-Jun N-terminal kinase, IkB, and STAT3 in HUVECs
following IL-26 stimulation by Western blotting. Stimulation
with IL-26 resulted in the prominent phosphorylation of Akt,
ERK1/2, p38, and IkB, whereas c-Jun N-terminal kinase and
STAT3 phosphorylation was not significantly enhanced in
HUVECs following IL-26 stimulation (Figure 6a). Of note, the
intensity of Akt, ERK1/2, p38, and IkB phosphorylation
following IL-26 stimulation was as strong as FGF2 stimulation
(Figure 6a). To identify the signals involved in the activation
of HUVECs following IL-26 stimulation, we examined the
effect of signal inhibitors. The inhibitor against Akt, mitogen-
activated protein kinase/ERK kinase 1/2, and NF-kB markedly
inhibited HUVECs proliferation and tube formation following
IL-26 stimulation in a dose-dependent manner (Figure 6b,
6¢). In addition, to characterize the signals involved in FGF2
or FGF7 production from HUVECs, we performed quantita-
tive real-time reverse transcriptase PCR analysis. The Akt
inhibitor and NF-kB inhibitor suppressed expression of both
FGF2 and FGF7 in HUVECs following IL-26 stimulation
(Figure 6d, 6e). Taken together, these data strongly suggest
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that stimulation with 1L-26 activates various signal pathways
in HUVECs, and among them, PI3K-Akt, Raf-MEK-ERK, and
IKkB—NF-KkB signaling events are particularly important for IL-
26—mediated angiogenesis.

Finally, to determine whether the effect of IL-26 on angio-
genesis and inflammation is specific for the IMQ-induced pso-
riasis model or can be commonly observed in other types of
inflammatory models, we evaluated the role of IL-26 in the
DNFB-induced contact hypersensitivity model (Takamori et al.,
2018). Similar to the IMQ-induced psoriasis model, excessive
blood vessel formation and vascular invasion were observed in
the ear skin of hIL-26Tg mice with DNFB-induced contact hy-
persensitivity (Supplementary Figure S6a online). Thickening of
the ear skin was also enhanced in hIL-26Tg mice compared with
ACNS-77 Tg mice (Supplementary Figure S6b). Moreover, IL-
26—producing cells and CD31-positive blood vessels were
clearly detected in the dermis of hIL-26Tg mice (Supplementary
Figure Séc, Séd). Histologic findings showed that infiltration of
inflammatory cells was increased in the ear skin of hlL-26Tg
mice compared with control mice (Supplementary
Figure S6e). These results indicate that IL-26 plays an impor-
tant and potentially universal role in angiogenesis and inflam-
mation in skin inflammatory lesions, including psoriasis and T
cell-mediated contact hypersensitivity reactions.

DISCUSSION
Our present work showed that vascularization and immune
cell infiltration induced by daily applications of IMQ were
dramatically enhanced in hIL-26Tg mice. We demonstrate
that IL-26 acts directly on vascular endothelial cells and en-
hances proliferation and tube formation, at a level similar to
VEGF. Moreover, the effect of IL-26 on angiogenesis and
inflammation was commonly observed in the DNFB-induced
contact hypersensitivity model, indicating that this angio-
genic effect of IL-26 is not restricted to psoriasis but is also
seen in T cell-mediated contact hypersensitivity reactions.
Our in vitro assay showed the direct effect of IL-26 on
vascular endothelial cells to promote proliferation and tube
formation, involving both FGF2 and FGF7. Besides FGF2 and
FGF7, recombinant FGF1 enhanced both proliferation and
tube formation of HUVECs (Supplementary Figure S4), sug-
gesting that the markedly increased expression of FGF1 in the
keratinocytes of IMQ-induced hIL-26Tg mice shown in
Figure 3b may also be associated with in vivo blood vessel
formation. In addition, because expression levels of various
angiogenic factors other than FGFs, such as VEGF-C, angio-
poietin-1, and angiopoietin-2, were increased in the IMQ-
induced skin lesions of hIL-26Tg mice (Figure 3a), further
work will be needed to better characterize the cellular
mechanisms involved in in vivo IL-26—induced excessive
blood vessel formation in inflammatory lesions. Thickening
and scaling of the back skin were also enhanced in hIL-26Tg
mice compared with ACNS-77 Tg mice (Figure 1b).
Enhanced expression of FGF1, FGF2, and FGF7 in the IMQ-
induced skin of hIL-26Tg mice was likely associated with the
excessive and abnormal proliferation of keratinocytes.
Furthermore, increased levels of neutrophils and CD4" T
cells infiltrating the skin lesions may exacerbate inflamma-
tory responses, in turn affecting the thickness and scaling of
the skin of hIL-26Tg mice.
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indispensable for HUVECs activation following IL-26 stimulation. (a) HUVECs

were stimulated with IL-26 or FGF2. Phosphorylation of each protein was detected by immunoblotting. The same blots were stripped and reprobed with anti-
pan protein antibodies. Band intensity of phospho-proteins was normalized to pan proteins, respectively. Mean =+ standard error of the mean from three
independent experiments. *P < 0.01. HUVECs were stimulated with IL-26 for 48 hours (b), 9 hours (c) or 6 hours (d, e) in the presence of vehicle or signal
inhibitors. (b) Proliferation was assessed by cell confluence. (c) Tube formation was assessed by cell sprouts formation. (d, € mRNA expression levels were
quantified by quantitative real-time reverse transcriptase PCR. Mean = standard deviation of triplicate samples. *P < 0.01. HUVEC, human umbilical vein
endothelial cell; JNK, c-Jun N-terminal kinase; MEK, mitogen activated protein kinase/ERK kinase.

Binding of IL-26 to a distinct cell surface receptor con-
sisting of IL-20RA and IL-10RB results in functional activation
via STAT3 phosphorylation (Hor et al., 2004). Our data
indicated that IL-26 activated Akt, ERK1/2, p38, and IkB in
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HUVECs, whereas STAT3 phosphorylation was not clearly
enhanced following IL-26 stimulation (Figure 6a). These
results strongly suggest that the signals transduced in
HUVECs following IL-26 stimulation were not mediated by



the well-known receptor IL-20RA/IL-10RB. In fact, quantita-
tive real-time reverse transcriptase PCR analysis did not
detect MRNA expression of IL-20RA in HUVECs, while IL-
10RB was easily detected (data not shown). IL-26 is an un-
usual cationic and amphipathic cytokine, closely resembling
the structure of antimicrobial peptides (Meller et al., 2015).
Because polycationic proteins bind to various molecules, it is
possible that activation of vascular endothelial cells by IL-26
is mediated by a heretofore unknown receptor other than IL-
20RA and IL-10RB.

The hIL-26Tg mice carry a 190-kb bacterial artificial
chromosome transgene with the human IFNG gene and 90
kb of both upstream and downstream sequences, and distal
regulatory elements in addition to human IFNG and IL26
genes are contained in this region (Collins et al., 2012).
CD4™" T cells of hIL-26Tg mice produce IL-26 under Th1- or
Th17-polarizing conditions (Collins et al., 2012). While
immunofluorescence staining of skin sections of hIL-26Tg
mice indicated that IL-26 was produced by CD4-positive
cells as well as other cell types, the cells involved may
differ in the IMQ-induced psoriasis model from psoriasis
patients (Figure 3b, 3d). In addition to Th17 cells, other IL-
26—producing cells have been identified recently (Che
et al.,, 2014, 2017; Corvaisier et al., 2012; Poli et al.,
2017). In the skin lesions of psoriatic patients, IL-17 is
produced not only from CD4" T cells, but also from CD8*
T cells and y3 T cells (Golden et al., 2013; Matos et al.,
2017). Further studies are needed to identify the signaling
events regulating IL-26 expression in psoriatic patients and
psoriasis murine model.

Localization of FGFs differed in human patients compared
with the IMQ-induced murine model. In the mouse model,
FGF2 was observed in the epidermis, dermis, and adipose
tissue, while FGF7 was seen mainly in the dermis and adi-
pose tissue (Figure 3b). Meanwhile, FGF2 and FGF7 expres-
sion was found mainly in the epidermal tissue, as well as in
the dermis of psoriasis patients (Figure 3d). While the IMQ-
induced psoriasis model is a widely accepted murine
model for studying early events of psoriasis, it does not
adequately replicate the chronic and complex human psori-
atic inflammatory condition. Because we examined FGF
expression in skin samples obtained from only three un-
treated psoriasis patients, additional in-depth work with more
patient samples is needed to address important issues relating
to FGF biology in psoriatic patients.

Invasion of blood vessels in the dermis is a histologic
hallmark of psoriatic skin lesions (Heidenreich et al., 2009).
Our current work indicates that IL-26 plays a significant role
in angiogenesis and leukocyte recruitment, and control of the
excessive angiogenesis in the inflammatory skin lesions,
including psoriasis and T cell-mediated contact hypersen-
sitivity reactions by modulating IL-26 is potentially important
in the clinical setting.

MATERIALS AND METHODS

Cell culture and reagents

NHEKs were cultured in Humedia-KGM2 medium (Kurabo, Osaka,
Japan). NHDFs were cultured in FGM-2 medium (Lonza, Walkers-
ville, MD). HUVECs were cultured in EGM-2 medium (Lonza). Cells
were cultured at 37°C in a humidified 5% CO, incubator. For cell
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stimulation, recombinant human IL-1, IL-6, IL-17A, IL-21, IL-22, IL-
23, TNF-a, IFN-a, IFN-y, and LL-37 (all the mixture was used as
psoriasis-associated cytokines) were purchased from BioLegend (San
Diego, CA). Recombinant human IL-26 dimer was purchased from
R&D Systems (Minneapolis, MN). Commercial inhibitors used in this
study are shown in Supplementary Table ST online. siRNAs against
FGF2 and FGF7 were purchased from ThermoFisher Scientific
(Waltham, MA) (sequences are shown in Supplementary Table S2
online), and negative control siRNA (oligonucleotide sequences
are not disclosed) was purchased from Qiagen (Hilden, Germany).

Antibodies

Commercial antibodies used in this study are
Supplementary Table S3 online. Mouse anti-human IL-26 mono-
clonal antibody (clone 69-10) was developed in our laboratory by
subcutaneously immunizing BALB/c mice with recombinant human
IL-26 protein (R&D Systems). Biotinylated anti-IL-26 monoclonal
antibody was used for immunofluorescence staining.

Mice

hIL-26Tg mice and ACNS-77 Tg mice were kindly provided by
Thomas Aune’s laboratory (Collins et al., 2010, 2012). The charac-
the details
Supplementary Materials and Methods online. All mice used in this
study were kept under specific pathogen-free facility in micro-
isolator cages. Female mice at 8—12 weeks of age were used.

shown in

teristics and of these mice are described in

IMQ-induced psoriasis model

Mice received a daily topical dose of 40 mg 5% IMQ cream (Beselna
Cream; Mochida Pharmaceutical, Tokyo, Japan) on the shaved back
for 5 consecutive days. The severity of inflammation of the back skin
was measured by an objective scoring system based on the clinical
PASI (Alrefai et al., 2016). Subcutaneous vessels were measured by
Image) software (National Institutes of Health, Bethesda, MD).

Clinical samples

Skin punch biopsies were obtained from three untreated psoriasis
patients (two males, one female; aged 72, 55, and 77 years, PASI score,
7.8, 18, and 23.1) and three healthy controls (two males, one female;
aged 69, 49, and 38 years) at Juntendo University Urayasu Hospital.

Proliferation assay for HUVECs

HUVECs or siRNA-transfected HUVECs (5 x 10%) were incubated in
the EGM-2 containing 2% fetal calf serum on 96-well plates (Corning,
Tewksbury, MA) for 12 hours at 37°C, and then stimulated with IL-26
or each angiogenic factor in the presence or absence of signal in-
hibitors and neutralizing antibody. Cell growth was measured as cell
confluence using IncuCyte ZOOM (Essen Biosciense, Ann Arbor, MI).

Tube formation assay

HUVECs or siRNA-transfected HUVECs (1 x 10°) were incubated in
EGM-2 containing 2% fetal calf serum for 12 hours at 37°C. After
incubation, cells (1.5 x 10% were seeded on 50 pl of Cultex Base-
ment Membrane Extract (R&D Systems) in a 96-well plate. Seeded
cells were stimulated with 1L-26 or each angiogenic factor. Tube
form length was measured using the MetaMorph image analysis
system (Molecular Device, Sunnyvale, CA).

Aortic ring assay

Mouse thoracic aortas and renal arteries were dissected from C57BL/
6 mice at 6 weeks of age, and cleared of fat and connective tissues.
Mouse aortas were cut into 0.5—1.0-mm-thick rings and embedded
in 100 pul of Cultex Basement Membrane Extract containing IL-26 or
VEGF. The aorta rings were cultured in 500 pl of EGM-2 containing
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2% fetal calf serum for 10 days. Thereafter, images of endothelial
sprouts and interconnected capillary tubes were observed using a
microscope (Carl Zeiss, Oberkochen, Germany).

Methods for immunofluorescence staining and
immunohistochemical staining of skin sections, quantitative
real-time reverse transcriptase PCR, ELISA, Western blotting
and flow cytometry

Additional materials and methods are detailed in the Supplementary
Materials and Methods.

Statistics

Data were analyzed by two-tailed Student t test for two-group
comparison or by one-way analysis of variance test with Tukey’s
for multiple comparison testing. The assay was performed in tripli-
cate, and data are presented as mean + standard deviation of trip-
licate samples of the representative experiment, or mean =+ standard
error of triplicate samples of independent experiments. Significance
was analyzed using MS Excel (Microsoft, Redmond, WA) and values
of P < 0.01 were considered significant and are indicated in the
corresponding figures and figure legends.

Study approval

Human study protocols were approved by the Ethics Committees at
Juntendo University and performed according to the principles set
out in the Declaration of Helsinki. Written informed patient consent
was obtained from all participants (three psoriasis patients and three
healthy volunteers) prior to inclusion in this study. Animal experi-
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1 | INTRODUCTION

Growing evidence indicate that intercellular communication in

multicellular organisms is mediated not only by direct cell-cell

| Aurelio Lorico®*

Abstract

The intercellular communication mediated by extracellular vesicles (EVs) has gained
international interest during the last decade. Interfering with the mechanisms regu-
lating this cellular process might find application particularly in oncology where can-
cer cell-derived EVs play arole in tumour microenvironment transformation. Although
several mechanisms were ascribed to explain the internalization of EVs, little is our
knowledge about the fate of their cargos, which are crucial to mediate their function.
We recently demonstrated a new intracellular pathway in which a fraction of endo-
cytosed EV-associated proteins is transported into the nucleoplasm of the host cell
via a subpopulation of late endosomes penetrating into the nucleoplasmic reticulum.
Silencing tetraspanin CD9 both in EVs and recipient cells strongly decreased the en-
docytosis of EVs and abolished the nuclear transfer of their cargos. Here, we investi-
gated whether monovalent Fab fragments derived from 5H9 anti-CD9 monoclonal
antibody (referred hereafter as CD9 Fab) interfered with these cellular processes. To
monitor the intracellular transport of proteins, we used fluorescent EVs containing
CD9-green fluorescent protein fusion protein and various melanoma cell lines and
bone marrow-derived mesenchymal stromal cells as recipient cells. Interestingly,
CD9 Fab considerably reduced EV uptake and the nuclear transfer of their proteins
in all examined cells. In contrast, the divalent CD9 antibody stimulated both events.
By impeding intercellular communication in the tumour microenvironment, CD9 Fab-
mediated inhibition of EV uptake, combined with direct targeting of cancerous cells

could lead to the development of novel anti-melanoma therapeutic strategies.

KEYWORDS
cancer, CD9, endocytosis, extracellular vesicle, Fab fragment, nucleoplasm

contact or soluble molecules, but also by extracellular vesicles
(EVs), ie lipid bilayer-enclosed nanobiological units actively re-
leased from all cell types.»? In contrast to soluble signalling mol-

ecules, bioactive compounds associated with EVs (eg, proteins,
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nucleic acids such as non-coding RNA [including microRNA],
mRNA and genomic DNA) are protected from degradation.®* EVs
are found in internal and external bodily fluids and act as mediators
of long-distance transfer of biological information. Physiological
and pathological conditions determine the nature of EVs released
by the producing cells as well as the abundance of their bioactive
cargo molecules.’ Under physiological states, EVs can play import-
ant roles during embryonic development and afterward in the ho-
moeostasis of various organ systems (reviewed in Ref.%). In cancer,
they could promote pro-angiogenic events and alter the surround-
ing cellular components as well as extracellular matrix to develop
the pre-metastatic niche.”® With regard to clinical purposes, EVs
attract additional interest because their production is deregulated
in human diseases, notably in cancer; hence, their cargo molecules
can be monitored as biofluid-associated markers.”1° Furthermore,
EVs can be engineered for the selective therapeutic delivery of
biomacromolecules.®!!

Two major general pathways were ascribed to explain the
biogenesis and release of EVs by donor cells as exosomes or ec-
tosomes.'2 The first class of EVs is derived from the internal intra-
luminal vesicles of multivesicular bodies (MVBs) that are formed
by the inward budding of the endosomal membrane during the
maturation of MVBs. Upon fusion with the plasma membrane,
MVBs release them outside the cell. The diameter of exosomes
varies from 30 to 120 nm. Outward budding and fission of plasma
membrane generate the second class of EV. Thus, ectosomes are
typically larger than exosomes and their diameter varies from
100 nm to 1 pm. We have previously shown that ectosomes can
bud from microvilli and/or cilia.?®!* Once released into the ex-
tracellular milieu, the uptake of EVs by recipient cells can be ac-
complished by several molecular mechanisms of internalization,

1518 gch as clathrin-mediated

which are not mutually exclusive,
endocytosis17 or lipid raft-dependent endocytosis.19 In spite of
this knowledge, fundamental questions remain about the fate of
endocytosed EVs particularly their biological cargo, which is cru-
cial for their function.?°

Our groups are studying EVs released by stem cells and cancer-
ous cells, notably melanoma cells. We have extensively character-
ized those secreted by metastatic FEMX-I cells. Electron microscopy
examination has revealed the presence of a mixture of small and
large EVs, suggesting that exosomes and ectosomes are simulta-
neously produced.?’ The proteomic analysis of EVs, particularly
those harbouring the stem (cancer stem) cell marker CD133,%? has
defined their contents. They are particularly rich in tetraspanin pro-
teins (CD9, CD63 and CD81) and in pro-metastatic proteins, notably
CD44, MAPK4K, ADAM10 and Annexin A2. Importin 1, a protein
mediating nuclear transportation of cytoplasmic proteins through
the nuclear pore complex, was also found therein. By monitoring the
internalization of melanoma-derived EVs and the intracellular routes
of their content, particularly CD9 (see below), we discovered that
EV-associated proteins are transported into the nucleus of the host
cell through late endosomes entering the nucleoplasmic reticulum
(Figure 1A).2% Therein, EV-associated cargo molecules can modify

the gene expression of the host cells. These surprising findings are
in line with numerous studies showing the atypical nuclear localiza-
tion of the EV-associated proteins CD9 and CD133 as well as the
shuttling of proteins and nucleic acids to nucleoplasm of recipient
cells.®2428 Recently, we described that two proteins, ie vesicle-as-
sociated membrane protein-associated protein A (VAP-A) and the
cytoplasmic oxysterol-binding protein-related protein 3 (ORP3),
are essential for the entry and the tethering of late endosomes to
nuclear envelope invaginations of type Il (Figure 1B). They form a
tripartite complex with late endosome-associated Rab7 proteins.?’
Silencing VAP-A or ORP3 abrogated the association of Rab7-posi-
tive late endosomes with nuclear envelope invaginations, hence the
transport of internalized EV-derived cargo molecules to the nucle-
oplasm of recipient cells.?’ The nuclear pores play a role in these
processes given the treatment with importazole, a small molecule in-
hibitor of importin-p-mediated nuclear import, impaired the nuclear
transfer of EV-derived proteins.?® Finally, the initial internalization
of CD9* EVs occurs by endocytosis, which is an essential step for
the nuclear localization of EV-associated materials, given dynasore
and methyl-B-cyclodextrin, two compounds known to inhibit the en-
docytosis mediated by clathrin/dynamin and lipid raft respectively,
abrogated it. 2

CD@9 (alias Tetraspanin-29, motility-related protein-1) is an inte-
gral membrane protein that is physiologically involved in cell fusion,
adhesion and motility.23? For instance, CD9 has an important role
in muscle cell fusion and in canine distemper virus and HIV-1-induced
cell-cell fusion.3-%° Depending on the context, CD9 functions have
a metastasis suppressor or promoter activity (reviewed in Ref.%9).
CD?9 has been extensively studied as a potential therapeutic target.
Anti-CD9 monoclonal antibodies (Ab) were found to specifically in-
hibit the trans-endothelial migration of melanoma cells.®” We have
shown that anti-CD9, but not anti-CD133, Ab enhances the nuclear

uptake of EVs in recipient cells (Figure 10).%

This effect is greater in
melanoma cells than in mesenchymal stromal cells (MSCs), presum-
ably because of the higher expression level of CD9 in cancer cells in
comparison to stromal cells. Moreover, silencing CD9 in EVs and/or
recipient cells strongly decreased the endocytosis of EVs and abol-
ished the nuclear transfer of their contents, even in the presence of
the anti-CD9 Ab (Figure 1C).?

Here, we designed a strategy to block the uptake of EVs and
the nuclear translocation of their cargos by recipient cells. To that
aim, we generated an antigen-binding fragment (Fab fragment;
hereafter CD9 Fab) from 5H9 anti-CD9 Ab (CD9 Ab), which could
potentially saturate CD9 molecules present at the cell surface of
host cells and EV-associated ones and hence impair their func-
tion.3® The Ab and Fab fragment derived therefrom have been
successfully employed for the treatment of different types of
cancer, mainly through the inhibition of cell surface receptors.®’
We report that monovalent CD9 Fab at doses achievable in vivo*°
impedes the uptake of EVs in different melanoma cell lines and
primary MSCs and consequently inhibits the nuclear transfer of
their cargo proteins. Combined with other approaches, notably

the direct targeting of cancer cells, such setting could lead to a
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new modality in cancer treatment by inhibiting the intercellular

communication within the cancer cell niche.

2 | METHODS

2.1 | Cellculture

The FEMX-I cell line was originally derived from the lymph node me-
tastasis of a patient with malignant melanoma.*! FEMX-I cells were
highly metastatic in immunodeficient mice.***2 They were found to be
wild-type for BRAF, PTEN and NRAS.?%2? The human A375 melanoma
cell line was obtained from the American Type Culture Collection (cat-
alog number #CRL-1619"), whereas the human C8161 melanoma cell
line was obtained from G. Pizzorno (University of Tennessee College
of Medicine, Chattanooga, TN).43'44 All cell lines were cultured in
RPMI-1640 (#10-041-CV; Corning Inc., Corning, NY) containing 10%
foetal bovine serum (FBS; Atlanta Biologicals Inc., Flowery Branch,
GA), 2 mmol/L t-glutamine, 100 U/mL penicillin and 100 pg/mL strep-
tomycin (Corning Inc.). Cells were used between passages 3 and 15.
Cell lines were authenticated by morphology, proteomics and gene
expression analysis as described.® They were regularly tested for my-
coplasma contamination using Venor GeM mycoplasma detection kit
(Sigma-Aldrich, St. Louis, MO).

Human bone marrow-derived MSCs, isolated from bone marrow
aspirates from normal adult donors after obtaining informed consent
as described,*® were obtained from Dr. D. J. Prockop (Texas A&M) and
prepared under a protocol approved by the Texas A&M Institutional
Review Board. MSCs were used between passages 2 and 5. Their
multipotency was regularly monitored by their differentiation into
adipocytes and osteoblasts.*” MSCs and FEMX-I cells expressing ec-
topically CD9-green fluorescent protein (GFP) fusion protein were
established as described.?® Under these conditions, almost all cells
are positive. They were used to produce fluorescent EVs (see below).
FEMX-I cells depleted of CD9 by means of CD9 shRNA lentiviral par-
ticles were previously described.?® Approximately 85% of infected
cells showed no CD9 expression (data not shown).

2.2 | Production of CD9 antibody Fab fragment

Culture of 5H9 hybridoma cells®® and the production of CD9 Ab were
performed at Mayo Clinic (Antibody Hybridoma Core, Rochester, MN).
Conditioned media from hybridoma cultures growing in roller bottles in
IMDM media (#12440-053, Thermo Fisher Scientific, Gibco, Waltham,
MA) containing 10% premium FBS (#511150, Atlanta Biologicals Inc.,
Flowery Branch, GA) was pelleted in 250 mL centrifuge tubes at 1600 g
The supernatant was clarified through 0.45-pm Nalgene filters to re-
move remaining cell debris. The clarified supernatant was then passed
through and bound to Protein G Sepharose FF HiLoad™ 26/40 columns
(GE Healthcare, Pittsburgh, PA). Bound antibody was eluted with
100 mmol/L glycine buffer, pH 2.7. Eluted Ab was then immediately
neutralized with 1 mol/L Tris-HCI, pH 9 and desalted with HiPrep
26/10 columns (GE Healthcare). The buffer was exchanged with 1X
PBS and the protein concentration was determined by measuring

absorbance at 280 nm. Aliquots of the antibody (1 mg/mL) were stored
at -80°C without addition of sodium azide.

The Fab fragment was generated using the Pierce Fab Purification
kit (#44985; Thermo Fisher Scientific). Briefly, the CD9 Ab (500 pg)
was incubated with papain immobilized on agarose resin for 3 hours at
37°C. The digested antibody was collected by centrifugation (5000 g,
1 minute) using a spin column and the flow through containing the an-
tibody was placed in a new tube. The column was then washed once
with PBS to recover any remaining antibody, which was pooled with
the flow through. The fragment crystalline (Fc) fragment was then re-
moved from digested antibody samples using NAb Protein A Plus Spin
Column. After 10 minutes of centrifugation (1000 g), the Fab fragment
found in the flow through was collected. The column was then washed
twice with PBS. Each washing fraction was pooled with the Fab frac-
tion. Antibody was concentrated using Microsepm Advance Centrifugal
Devices (10K molecular weight cut-off; Pall Corporation). The final
concentration of CD9 Fab was 0.75-0.85 mg/mL. The Fab preparation
was assessed using sodium dodecyl sulphate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) and Coomassie blue staining (see below).

2.3 | SDS-PAGE and immunoblotting

Preparation of Fab fragments was assessed using SDS-PAGE under
non-reduced or reduced (ie in the presence of B-mercaptoetha-
nol) conditions. Samples were run on a 4%-12% Bis-Tris precast
gel (Thermo Fisher Scientific, Life Technologies) and stained with
Coomassie blue (Teknova, Hollister, CA) for 10 minutes. The gel was
destained with 40% methanol/10% acetic acid solution.

Cells were solubilized in lysis buffer (1% Triton X-100,
100 mmol/L NaCl, 50 mmol/L Tris-HCI, pH 7.5) supplemented with
the Set Il protease inhibitor cocktail (Calbiochem, Burlington, MA)
for 30 minutes on ice. Cell lysates were centrifuged at 12 000 g
for 10 minutes in 4°C. The supernatant was collected and Laemmli
sample buffer without reducing agent was added. Proteins were
separated using either 12% SDS-PAGE gel (Figure 2 and Figure
S1) or a precast gel (see above; Figure S3) along with the Trident
prestained protein molecular weight ladder (GeneTex, Irvine, CA)
and transferred overnight at 4°C to a nitrocellulose membrane
(Thermo Fisher Scientific) or poly(vinylidene difluoride) mem-
brane (Millipore, Bedford, MA: pore size 0.45 pm). After transfer,
membranes were incubated in a blocking buffer (PBS contain-
ing 1% bovine serum albumin [BSA] or 5% low fat milk powder
and 0.3% Tween 20) for 60 minutes at room temperature (RT).
Afterward, the membranes were probed using either primary
CD9 Fab (1 pg/mL) generated from mouse 5H9 Ab (see above)
or commercial mouse anti-CD9 (clone P1/33/2, #sc-20048;
Santa Cruz Biotechnology, Santa Cruz, CA) or anti-B-actin (clone
C4, #sc-47778; Santa Cruz Biotechnology) Ab for 60 minutes at
RT. After three washing steps of 10 minutes each with PBS con-
taining 0.1% Tween 20, the antigen-antibody complexes were
detected using two protocols. In the case of CD9 Fab, we used
goat anti-mouse Fab specific horseradish peroxidase (HRP)-con-
jugated secondary antibody (#A2304; Sigma-Aldrich), which was
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visualized with enhanced chemiluminescence reagents (ECL sys-
tem; Amersham Corp., Arlington Heights, IL). The membranes
were exposed to films (Hyperfilm ECL; Amersham-Pharmacia).
With other Abs, the IRDye 680RD anti-mouse IgG (#926-68070;
LI-COR Biosciences, Lincoln, NE) was applied. Membranes were
washed thrice (10 minutes each) in PBS containing 0.1% Tween 20,
rinsed in ddH,O and antigen-antibody complexes were visualized
using an Odyssey CLx system (LI-COR).

2.4 | Production of CD9-GFP* EVs

Extracellular vesicles were enriched by differential centrifugation
from 72 hour-conditioned media (serum-free Dulbecco's modified
eagle medium [DMEM]/Ham's F-12 1:1, supplemented with 2% B-27
[Thermo Fisher Scientific]) of engineered FEMX-I cells and MSCs
expressing CD9-GFP as described previously.zl'z2 Conditioned me-
dium was centrifuged at 10 000 g for 30 minutes at 4°C and the re-
sulting supernatant was centrifuged at 200 000 g for 60 minutes at
4°C. The pellet was re-suspended in 200 uL of PBS. To determine
the EV concentration, we used the light-scattering characteristics
of 488-nm laser light on EV preparations undergoing Brownian
motion injected by continuous flow into the sample chamber of a
Nanosight LM10 unit (Malvern Panalytical Inc., Westborough, MA).
The calculated EV concentration was an average of six 30-second
video recordings. As described previously, the average size of EVs
produced by FEMX-I cells and MSCs was 123 and 114 nm respec-
tiver.23 Those produced by FEMX-I cells were formerly character-

ized by electron microscopy.21

2.5 | Incubation of cells with EVs

Cells (1 x 10°) were plated into 35-mm microscopy dishes containing
0.17-mm thick glass coverslips on the bottom and incubated over-
night at 37°C to allow complete cell adherence (MatTek Corporation,
Ashland, MA). Afterward, they were incubated with various concen-
trations of CD9-GFP* EVs (eg, 5 x 107 particles per mL [0.075 ug pro-
tein per mL]; 2.5 x 108 particles per mL [0.375 g protein per mL] or
1 x 107 particles per mL [1.5 ug protein per mL]) for 5 hours at 37°C

prior to fixation. EVs were derived from the same cell type as used
for the recipients except for A375 and C8161 cells in which EVs were
produced from CD9-GFP transfected FEMX-I cells. In some experi-
ments, EVs and/or cells were pre-incubated with CD9 Fab or CD9 Ab
at various concentrations as indicated for 30 minutes at 4 and 37°C
respectively. The EVs and cells were then incubated together in the
presence of antibodies (or without as control) for 5 hours at 37°C

prior to analysis.

2.6 | Confocal laser scanning microscopy and
fluorescence quantification

Cell surface immunolabelling of native or CD9-depleted FEMX-I
cells was performed as described.*® Briefly, cells growing on fi-
bronectin-coated coverslips were washed with ice-cold PBS con-
taining 1 mmol/L CaCl, and 0.5 mmol/L MgCl, (Ca/Mg-PBS) and
incubated in blocking buffer | (Ca/Mg-PBS containing 0.2% gela-
tin) for 10 minutes. Cells were then incubated for 30 minutes with
CD9 Fab or CD9 Ab at different concentrations (eg, 5, 10, 25 and
50 pg/mL) diluted in blocking buffer. The whole procedure was
performed at 4°C. Afterward, they were fixed in 4% paraformalde-
hyde (PFA) for 30 minutes at RT, quenched with 50 mmol/L NH,ClI
for 10 minutes, washed in PBS and incubated in blocking buffer Il
(PBS containing 0.2% gelatin) for 20 minutes. Samples were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated secondary
antibody specific either for the mouse Fab or Fc fragment (#F4018,
#F5387 respectively, 1:200; Sigma-Aldrich) diluted in blocking
buffer Il. Nuclei were labelled with 4'-6-diamidino-2-phenylindole
(1 pg/mL; Sigma-Aldrich). Cells were washed with PBS and distilled
water then mounted in Mowiol 4.88 (Merck, Darmstadt, Germany).
Images were captured with Leica SP5 upright confocal microscope
under the same settings for both Fab- and Fc-specific secondary
antibody labelling. Composites of 27-30 optical sections are shown
(Figure 2A,B). The images were prepared using Fiji49 and Adobe
Illustrator software.

Alternatively, cells incubated with CD9-GFP* EVs (see above)
were fixed in 4% PFA and afterward permeabilized with 0.2%
Tween 20 diluted in PBS (permeabilization buffer). Both steps

FIGURE 1 Entry and delivery of extracellular vesicles (EV)-derived cargo molecules into the nucleoplasm of recipient cells. A, Two
major steps were proposed to explain the delivery of EV-associated molecules to the nuclear compartment of recipient cells. First, the

EVs are internalized by endocytosis at the plasma membrane (i). Second, once inside the endocytic pathway, a fraction of late endosomes
(LE) penetrates the type Il nuclear envelope invaginations where their content, notably the endocytosed EV-associated molecules, are
transferred into the nucleoplasm (ii). Two types of nuclear envelope invaginations are described. Type | invaginations (I) are those in which
solely the inner nuclear membrane (INM) penetrates into the nucleoplasm, whereas type Il invaginations (Il) involve both the outer nuclear
membrane (ONM) and INM. The endoplasmic reticulum (ER) is a continuation of ONM. B, Key players involved in the translocation of Rab7"
late endosomes to nuclear envelope invagination. Two proteins, vesicle-associated membrane protein-associated protein A (VAP-A) and the
cytoplasmic oxysterol-binding protein-related protein 3 (ORP3) forming a tripartite complex with late endosome-associated Rab7 protein,
are indispensable for the entry of late endosomes to the nuclear envelope invagination and/or their tether to ONM (l). Nuclear pores are
somehow involved in the translocation of EV-associated soluble (Il) and membranous (l11) cargo molecules into the nucleus. It remains to

be explained how membranous components of EVs are extracted from the late endosomal membrane upon fusion of the former with

the latter and the transport mechanism through nuclear pores, which are size restricted. C, Silencing CD9 in recipient cells and/or EVs or
both interferes with the endocytosis of EVs and the nuclear transfer of their cargo molecules. Although the presence of divalent CD9 Ab
stimulated these events with native cells and EVs, the lack of CD9 abrogated them.?® Panels A and B were modified from Ref.?’



SANTOS ET AL.

WILEY-

A
EVs
B
B
Nucleoplasm 8.0 G2
Membrane

cargo

Cytoplasm

INM, Inner nuclear membrane
ONM, Outer nuclear membrane

Nuclear pore
L |

Ml
NUCLEAR ENVELOPE INVAGINATION

LE, Late endosome
EV, Extracellular vesicle

Cc
cell+ EV cell + CD9~EV |CD9 cell + EV |CD9 cell + CD9~ EV
CD9
Conditions @ O C{) O
EV
endocytosis EhEE * * -
Nuclear transfer|
EV-derived
components
— CD9 Ab Tt - - -
+ CD9 Ab ++++ — — —

were performed for 15 minutes at RT. They were then incubated in
blocking buffer Il (PBS containing 1% BSA) and labelled with mouse
anti-SUN2 Ab (clone A-10, #sc-515330; Santa Cruz Biotechnology)
for 60 minutes each step at RT. Cells were washed twice with
PBS, incubated with tetramethylrhodamine (TRITC)-conjugated
anti-mouse 1gG (#715-025-150; Jackson ImmunoResearch, West
Grove, PA) or Cy5-conjugated anti-mouse 1gG (#715-175-150;
Jackson ImmunoResearch) secondary antibodies for 30 minutes
and again washed twice prior to observation. All antibodies were

diluted in permeabilization buffer containing 1% BSA. Cells were
imaged in PBS using confocal laser scanning microscopy (CLSM)
using a Nikon A1R+ inverted confocal microscope with a 60X Apo-
TIRF oil-immersion objective and a numerical aperture of 1.49 at
either 512 x 512 or 1024 x 1024 pixel resolution. Solid-state la-
sers of 488, 561 and 638 nm solid-state lasers were used to excite
GFP, TRITC and Cy5 respectively and corresponding fluorescence
emissions were collected using 500-550, 570-620 and 662-737 nm
long pass filters.
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All images were acquired under the same microscope settings
for subsequent calculations of mean fluorescence intensity and
recorded using NIS Elements software (Nikon). Raw images were
processed using Fiji. Each optical section through the cell (21 sec-
tions of 0.4 pm for cancer cells and 0.2 pm for MSCs) was assessed
individually. Any observed GFP fluorescent signal was counted as
EV-derived biomaterials and data collectively calculated. To count
nuclear fluorescent materials, a region of interest (ROI) was drawn
along the nucleus on each optical section and an auto threshold
generated by Fiji was applied. Positive signals were counted using
the “analyze particle” function. To determine the value of cyto-
plasmic GFP fluorescence for each cell, an ROl was also drawn
around the cytoplasm, using the cell border as a guide, but exclud-

ing the nucleus.

FIGURE 2 Characterization of CD9 Fab. A, Cell surface
immunofluorescence on native FEMX-I cells. FEMX-I cells

were surface labelled in the cold with CD9 Fab at different
concentrations as indicated (pg/mL), PFA-fixed and incubated
with either anti-Fab (top panels) or anti-Fc (bottom panels)
specific secondary conjugated to a fluorochrome (green). Nuclei
were counterstained with 4'-6-diamidino-2-phenylindole (DAPI).
B, Cell surface immunofluorescence on CD9-depleted FEMX-I
cells. Native FEMX-I cells and CD9 shRNA-transduced cells were
surface-labelled in the cold with CD9 Fab (top panels) or CD9 Ab
(bottom panels) at different concentrations (ung/mL), as indicated,
PFA-fixed and incubated with anti-Fab or anti-Fc specific secondary
conjugated to a fluorochrome (green) respectively, prior to

DAPI staining. Note that under these conditions, about 15% of
infected cells still express CD9 in a proportion similar to native
cells (asterisks). Scale bar, 25 pm. C, Immunoblotting. Detergent
cell lysate (100-pg protein) prepared from melanoma FEMX-I

cells was probed using Fab CD9 and horseradish peroxidase-
coupled anti-Fab specific secondary antibody. B-actin was used

as control. Position of prestained molecular weight markers (kDa)
are indicated. Bracket, CD9 immunoreactivity. D, Flow cytometry.
FEMX-I1 cells were surface labelled with either CD9 Fab (10 pg/
mL, top) or CD9 Ab (10 pg/mL, bottom) followed by fluorochrome-
conjugated anti-Fab or anti-Fc specific secondary antibody
respectively. E, CD9 Fab inhibits the cell binding of native CD9 Ab.
FEMX-I cells were sequentially labelled with CD9 Fab at different
concentrations as indicated (pg/mL) followed by CD9 Ab (10 pg/
mL) and fluorochrome-conjugated anti-Fc specific secondary
antibody. Samples were analysed using flow cytometry. The
median fluorescence intensity (MFI) is indicated. As negative and
background controls, primary Ab (D) or CD9 Ab (E) was omitted

2.7 | Flow cytometry

FEMX-I cellswere trypsinized using 0.05% trypsin with 0.53 mmol/L
EDTA (Corning Inc.), washed twice in PBS and re-suspended in PBS
containing 1% BSA. Cell suspension aliquots of 100 pL (1 x 10°
cells) were incubated with either CD9 Fab or CD9 Ab (clone 5H9)
(both at 10 pg/mL in PBS containing 1% BSA) for 30 minutes at 4°C.
After two washing steps with PBS, samples were incubated with
FITC-conjugated secondary antibody specific either for the mouse
Fab or Fc fragment (see above, 1:600) for another 30 minutes at
4°C. As negative controls, primary Ab was omitted. For competi-
tive inhibition experiment, cells were incubated first with CD9 Fab
at different concentrations (0, 5, 10, 25 and 50 pg/mL) and then
with CD9 Ab (10 pg/mL) followed by Fc-specific FITC-conjugated
secondary antibodies. All incubations were performed for 30 min-
utes at 4°C. To set up the background staining reminiscent of a
residual undigested CD9 Ab in CD9 Fab preparation, we omitted
CD9 Ab. After washing with PBS, 20 000 events were acquired on
a LSRII flow cytometer (BD Biosciences). Instrument settings and
gating strategies were established using cells incubated solely with
individual secondary antibody as negative controls. Data were
analysed using FlowJo software (TreeStar, Ashland, USA). Median
fluorescence intensity (MFI) was calculated as a difference of MFI

values of stained and negative control populations.



SANTOS ET AL.

WILEY-Z

To determine the amount of cell surface CD9 moleculesin a given
cell, Quantum” Simply Cellular® anti-mouse IgG kit (#815; Bangs
Laboratories Inc., Fishers, IN) was utilized. Cells (1 x 10°) and 4 mi-
crosphere populations, containing increasing levels of Fc-specific
capture antibody, were incubated with phycoerythrin-conjugated
anti-CD9 Ab (clone M-L13, #555372; BD Biosciences, San Jose, CA)
in PBS containing 0.5% BSA for 30 minutes on ice. Both cells and
microspheres were then analysed using flow cytometry using the
same settings as above according to manufacturer's instructions. A
standard curve was generated using the median channel values of
the microspheres and the amount of CD9 molecules per cell was de-
termined from this curve. All calculations were performed with the
QuickCal analysis program provided in the kit.

2.8 | Statistical analysis

All experiments were performed at least in triplicate. A minimum
of 30 cells was analysed in each experiment. Error bars in graphical
data represent means * standard deviation. Statistical analysis was
determined by one-way analysis of variance followed by pairwise
comparison of means with Dunnett's multiple comparison adjust-
ment using the statistical program Stata 12 (StataCorp LLC, College
Station, TX). P-values inferior to 0.05 were considered significant.

3 | RESULTS

3.1 | Generation of CD9 antibody Fab fragment

Given the positive impact of divalent Ab directed against CD9
on the uptake of CD9" EVs by melanoma cells and the negative
impact upon silencing CD9 on either EVs or recipient cells,?® we
sought whether CD9 Fab could influence the internalization and
consequently the intercellular transfer of EV-associated cargo
molecules. To investigate this issue, we generated CD9 Fab from
5H9 Ab, which recognizes an unidentified epitope in the extracel-
lular part of CD9 (Figure S1A).%® The Ab (IgG, kappa) produced
from hybridoma clone 5H9 was digested with papain to generate
the Fab and Fc fragments. The latter were removed selectively
using immobilized protein A (Figure S1B). As observed using SDS-
PAGE under non-reducing and reducing conditions, the 5H9 Ab
was successfully digested and the 50-kDa CD9 Fab was isolated
(Figure S1C).

3.2 | Characterization of CD9 Fab

To determine the functionality of CD9 Fab, we evaluated its bind-
ing to melanoma FEMX-I cells by various methods. First, cells
growing on fibronectin-coated support were surface labelled in
the cold with CD9 Fab at different concentrations followed by a
fluorochrome-conjugated secondary antibody specific either for
the mouse Fab or Fc fragment. The CLSM analysis revealed that
the antigen-CD9 Fab complex is recognized by anti-Fab secondary
antibody already at low concentration of primary Ab (Figure 2A,

top panels). In contrast, solely a very weak labelling was detected
with a secondary antibody directed against mouse Fc, indicat-
ing the effective papain digestion of CD9 Ab (Figure 2A, bottom
panels). When a similar experiment was performed with CD9-de-
pleted FEMX-1 cells,?® almost no immunolabelling was detected
either with CD9 Fab or full-length antibody (Figure 2B, top and
bottom panels respectively). Second, we analysed whether CD9
Fab can recognize CD9 by immunoblotting. To that end, deter-
gent lysate prepared from FEMX-I cells was resolved on SDS-
PAGE under non-denaturing condition and probed with CD9 Fab.
As shown in Figure 2C, CD9 Fab recognized the CD9 molecules.
Third, we evaluated the capacity of CD9 Fab to detect its antigen
using flow cytometry. A suspension of FEMX-I cells was subjected
to immunolabelling in the cold using either CD9 Fab or full CD9
Ab followed by fluorochrome-conjugated secondary antibody
specific either for mouse Fab or Fc fragment respectively. As
negative control, primary antibody was omitted. Flow cytometry
analyses indicated that CD9 Fab could detect CD9" cells similar to
the native anti-CD9 Ab (Figure 2D). Altogether, these experiments
demonstrated that CD9 Fab recognizes its antigen under various

conditions, notably its native conformation.

3.3 | CD@9 Fab interferes with the cell binding of
native CD9 antibody

Can CD9 Fab interfere with the binding of corresponding native CD9
Ab? To address this issue, we pre-incubated FEMX-I cells in suspen-
sion with various concentrations of CD9 Fab prior to the addition of
CD9 Ab and fluorochrome-conjugated secondary antibody specific
for the Fc fragment. Samples were analysed by flow cytometry. As a
positive control, CD9 Fab was omitted whereas CD9 Ab was absent
for the background control. As shown in Figure 2E, CD9 Fab blocked
the binding of the native Ab in a dose-dependent fashion, indicating
that it could specifically label the cell surface CD9 molecules. We
concluded that the monovalent CD9 Fab could be useful in achieving
our objective, ie interfering with the uptake of CD9* EVs.

3.4 | Differential effect of CD9 Fab versus native
antibody on the internalization of EVs

To determine the impact of CD9 Fab on the internalization of EVs
by melanoma cells, we used engineered FEMX-I cells to express the
CD9-GFP fusion protein.?® These cells release in vivo-labelled fluo-
rescent EVs that could be used to monitor EV uptake upon incuba-
tion with recipient cells. CD9-GFP* EVs released in the conditioned
culture media were enriched by differential centrifugation (for details
see Methods,?®). Prior to the exposure of native FEMX-| cells to CD9-
GFP* EVs, cells were pre-incubated for 30 minutes at 37°C with either
CD9 Fab or CD9 Ab (25 pg/mL). As control, no antibody was added.
Afterward, cells were incubated with CD9-GFP* EVs (2.5 x 108 parti-
cle per mL) without removing the antibodies for 5 hours and then fixed,
immunolabelled for protein SUN domain-containing protein 2 (SUN2),
an inner nuclear membrane protein and analysed using CLSM. At first
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glance, we noticed that the uptake of CD9-GFP* EVs by recipient cells
seemed variable under the native conditions, ie without the addition
of CD9 Ab. Therein, GFP fluorescence appears as strong, medium or
weak among cells (Figure S2A). In contrast, GFP fluorescence becomes
more homogeneous within the cell population upon the addition of
antibodies. A three-dimensional reconstruction of labelled recipient
cell revealed that CD9-GFP signal associated with their cytoplasm

CD9 Fab
CD8-GFP SUN2

Uncut

Section

CD9 Fab

Cytoplasmic CD9-GFP signal g
per cell (arbitrary units)

Slice

(2]

FEMX-I
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P<0.001
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P<0.05
25 __P<o01

Average nuclear EV-derived
CD9-GFP per cell

CD9 Fab Control

3 6 9 12 15 18 21 3 6 9

CD9 Ab
EN50x10"EVs B 2.5 x 10°EVs EE1.0x 10°EVs

was considerably reduced in the presence of CD9 Fab by compari-
son to control (Figure 3A, uncut)—for an overview see Figure S2A.
Quantification of each optical section confirmed it (Figure 3B). In
contrast, the presence of CD9 Ab yielded the opposite effect, ie, an
increase of cytoplasmic CD9-GFP was detected (Figure 3A, uncut;
3B). Interestingly, similar outcome were observed with two other
melanoma cell lines, A375 and C8161, exposed to FEMX-I cell-derived

Control CD9 Ak

Control

12 15 18 21 3 6 9 12 15 18 21
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[
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Control  CD9
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CD9 Ab

FIGURE 3 CD9 Fabimpedes the uptake of extracellular vesicles (EVs) and nuclear transfer of their cargo proteins in melanoma and
stromal cells. A-C, FEMX-I cells were pre-incubated (30 min) without (control) or with CD9 Fab or CD9 Ab (25 pg/mL) prior to the exposure
to fluorescent EVs derived from CD9-GFP* FEMX-| cells for 5 h. Different concentrations of EVs were used (A-C, 2.5 x 108 particle per mL
[blue]; C, 5.0 x 107 [red] or 1.0 x 107 particle per mL [green]). Samples were then fixed and immunolabelled for SUN2 prior to confocal laser
scanning microscopy. A three-dimensional reconstruction of the entire cell (uncut) or three sections (0.4-um slices each, section) is shown
(A). CD9-GFP appears as discrete punctate signals either in the cytoplasm or nucleoplasm (circles) of recipient cells. The amount of CD9-GFP
signal was quantified using serial optical sections through a cell using the cytoplasmic (B) and nuclear (C) compartments as a region of
interest (see Figure S2B). Mean with the range of fluorescence per slice from 10 individual cells are shown (B). D, Native MSCs were exposed
to EVs (1.0 x 107 particle per mL) derived from CD9-GFP* MSCs upon their pre-incubation without or with CD9 Fab or CD9 Ab as described
above. Punctate nuclear CD9-GFP signal per cell was quantified. Means + SD are shown (C, D). 50 (C) or 20 (D) cells were evaluated per
experiment (n = 3). P-values are indicated. N.S., not significant. Scale bars, 5 pm
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FIGURE 4 CD9 Fab impedes the
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CD9-GFP* EVs (Figure 4A), indicating that CD9 Fab inhibits the uptake
of EVs.

3.5 | CDG9 Fab inhibits the nuclear transfer of EV-
derived cargo proteins

We previously reported that cargo proteins derived from EVs are
not only internalized by host cells, but also a fraction of them is
transferred to their nucleoplasm by the intermediate of late en-
dosomes entering into nucleoplasmic reticulum.?>?’ Does CD9
Fab interfere with this mechanism? The analysis of the nuclear
compartment of melanoma cells pre-treated with monovalent or

divalent Abs prior to incubation with CD9-GFP* EVs (2.5 x 108 par-
ticle per mL) showed a decrease or an increase in the CD9-GFP*
signals in the nucleoplasm respectively, compared to the control
(Figure 3A, section, green circle; 3C; see also Table 1). As previ-
ously demonstrated,?®2? CD9-GFP* signal in the nuclear compart-
ment appeared with a punctate pattern (Figure 3A; Figure S2B,
green circle).

The addition of different amounts of CD9-GFP* EVs (eg, 5.0 x 10’
or 1.0 x 10° particle per mL) was also evaluated in FEMX-I cells. In most
cases, the numbers of nuclear CD9-GFP were significantly lower or
higher in cells exposed to CD9 Fab or CD9 Ab respectively (Figure 3C).
Only with a high amount of EVs (ie 1.0 x 10’ particle per mL) no
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P-values

Experimental  Average nuclear EV-derived (relative to
Antibody  procedure® CD9-GFP per cell® control)
Control” A 8.42 £ 0.74 -

B 8.41 +£0.61 —

C 8.02 +£0.44 -
CD9 Fab A 2.89 £0.13 0.05

B 2.99 +0.45 0.001

€ 1.53+0.09 0.0001
CD9 Ab A 15.67 +1.20 0.005

B 14.17 £0.76 0.001

C 14.20 +0.32 0.0001

TABLE 1 Differential impact of CD9
antibody on the nuclear localization of
extracellular vesicles (EV)-derived cargo
protein

P-values (relative
to procedure A)

0.05

0.5

@A, Cells were pre-incubated with antibody (25 pug/mL, 30 min, 37°C) before the addition of
CD9-GFP*EVs (5 h). B, CD9-GFP*EVs were pre-incubated with antibody (25 pg/mL, 30 min, 4°C)
before their incubation with cells (5 h). C, Cells and CD9-GFP*EVs were pre-incubated with
antibody (12.5 pg/mL each, 30 min, 37 or 4°C respectively) before their co-culture (5 h).
PControl refers to the three experimental procedures (A-C) without the addition of antibodly.

At least 30 cells were evaluated per condition (n = 3).

significant difference was observed between CD9 Ab and control. Similar
observations were made with A375 and C8161 cells (Figure 4B,C).
When the same experiments were performed with primary
MSCs as recipient cells as well as donor cells for fluorescent EVs
(1 x 107 particle per mL), we observed also a significant decrease
in nuclear and cytoplasmic CD9-GFP in cells pre-treated with CD9
Fab (25 pug/mL) (Figure 3D; data not shown). The CD9 Ab did not
significantly increase the EV uptake which can be explained by a lim-
ited quantity of CD9 molecules in MSCs in comparison to melanoma
cells, as observed by immunoblotting and quantitative fluorescence

analyses using flow cytometry (Figure S3A-C).

3.6 | A minimal concentration of CD9 Fab is
necessary to interfere with EV uptake

We assessed whether the uptake of EVs is dependent on the con-
centration of CD9 Fab. FEMX-I cells were subjected to increasing
concentrations of CD9 Fab or CD9 Ab prior to incubation with CD9-
GFP*EVs (2.5 x 108 particle per mL). As shown in Figure 5A, the up-
take of EVs was progressively inhibited as the concentration of CD9
Fab increased, whereas the opposite effect was again observed in
cells treated with CD9 Ab, ie more EVs were internalized with in-
creasing CD9 Ab concentration. A similar trend was observed in the
number of CD9-GFP signals in the nuclear compartment (Figure 5B).
These results are in line with the interference of CD9 Fab to cell
surface CD9 Ab binding observed using flow cytometry (Figure 2E).
Thus, a minimal amount of antibody (ie 25 pg/mL) seems to be indis-
pensable to inhibit (or promote) the EV uptake.

Lastly, we determined whether the pre-incubation of EVs with
Ab (25 pg/mL) or of both EVs and cells individually, instead of cells
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FIGURE 5 Dose-dependent inhibition of CD9 Fab on the
extracellular vesicles (EV) uptake and nuclear transfer of their cargo
proteins. (A, B) FEMX-I cells were pre-incubated (30 min) with
different concentration of CD9 Fab or CD9 Ab as indicated prior to
the exposure to CD9-GFP* EVs (2.5 x 102 particles per mL) for 5 h.
As control, no antibody was added (-). Cytoplasmic (A) and nuclear
(B) CD9-GFP signals per cell were quantified using Fiji. Means + SD
are shown. 10 (A) or 30 (B) cells were evaluated per experiment

(n = 3). They were evaluated in comparison to the control (A, red
line; B, -). ***, P <0.001. N.S,, not significant
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only as performed until now, influenced internalization and the nu-
clear localization of EV-derived cargo proteins. We wanted to rule
out a potential negative impact of the addition of the Abs (CD9 Fab
or CD9 Ab) to recipient cells, which could stimulate the internal-
ization of cell surface CD9, hence limit the EV uptake. If it turned
out to be the case, all acquired numbers would be underestimated.
Similarly, we wished to exclude that the addition of Abs, particularly
CD9 Ab, to EVs would reduce their internalization by favouring, for
instance, their clustering. As presented in Table 1, we found that the
pre-incubation of cells with Abs did not influence the final outcome
when compared to the pre-incubation of EVs (procedure A vs. B).
However, the nuclear localization of EV-derived cargo proteins was
significantly reduced when both entities (EVs and cells) were pre-in-
cubated individually with the monovalent, but not the divalent, Ab

(see procedure C by comparison to A).

4 | DISCUSSION

In this study, we demonstrated that a monovalent Ab directed against
tetraspanin CD9 interferes with the uptake of EVs by cancer cells
and primary MSCs as well as with the nuclear transfer of their cargo
proteins. The latter event is probably a direct consequence of the en-
docytosis inhibition of EVs.?® Under these conditions, CD9 Fab could
saturate the CD9 molecules located at the surface of cells and EVs
and consequently interfere negatively with its function (Figure 6A;

see below). The synergic impact of the pre-incubation of cells and EVs

A B
EV EV
endocytosis endocytosis
-
Adhesion
» 4 protein
Cell ~ CD9 Fab 2 cD9 Ab

FIGURE 6 Schematic representation showing the negative
and positive impact of CD9 Fab and CD9 Ab, respectively, on

the endocytosis of CD9-containing extracellular vesicles (EVs).

(A, B) CD9 Fab will saturate CD9 proteins present at the surface
of cells and EVs, hence interfere with its CD9 function. CD9 Fab
can impede the cis/trans-dimerization of CD?9, its oligomerization
and/or its interaction with other protein partners and block EV
endocytosis (red bar). In contrast, divalent CD9 Ab could cross-link
CD@9 proteins associated with host cells and EVs and consequently
stimulate the endocytosis on EVs (green arrow). In the latter

case, cis-dimerization/oligomerization of CD9 might organize the
components (proteins and lipids) of plasma membrane and/or EV
membrane into a specific tetraspanin web (green segment), whose
constituents, notably potential adhesion proteins as illustrated
would somehow regulate the cell-EV interaction and promote the
endocytosis of EVs

WILEY-2

individually with CD9 Fab is consistent with this scenario. Our data
are in line with an elegant study showing the CD9 Fab can inhibit the
transfer of materials between CD9-containing membranous vesicles,
called epididymosomes and maturing epididymal spermatozoa.50 In
contrast, divalent CD9 Ab promotes these events, which can be cor-
related to antibody-induced cross-linking of CD9 associated with EVs
and host cells (Figure 6B). Does CD9 play a role in the initial adhe-
sion of EVs to the recipient cell? The earlier observation made with
sperm-egg fusion suggests it. Jégou and colleagues demonstrated
that the fertilization process is controlled by sperm-egg adhesion
properties driven by CD9.°! In such process, CD9 might organize
the components (proteins and lipids) of plasma membrane and/or EV
membrane into a specific tetraspanin web (Figure 6B, green), whose
constituents (eg, adhesion proteins) would somehow regulate the in-
teraction with EVs and promote their endocytosis.52'55 Similarly, CD9
has been proposed to act as a scaffold in the regulation of adhesion
molecules at the immune synapse and T lymphocyte activation.> It
remains to be determined whether the cis-dimerization of CD9 in the
membrane of recipient cells as well as in EVs is involved.>” We could
not exclude that a trans-dimerization of CD9, ie molecules expressed
in opposite membranes, occurs. Indeed, our present data with diva-
lent Ab as mentioned above and the complete lack of EV endocytosis
previously observed in melanoma cells in which CD9 was silenced in
both entities (cells and/or EVs), suggest it (Figure 1C).% It will be of
interest to investigate the CD9 cis/trans-dimerization by co-immu-
noprecipitation using engineered CD9 proteins associated with cells
and EVs with distinct epitope tags.

Besides the exact molecular mechanism regulating the adhesion
of EVs to recipient cells and their internalization, it will be of interest
to determine whether other anti-CD9 antibodies interfere with the
EV uptake and nuclear transfer of their cargo proteins, as observed
here with CD9 Fab derived from 5H9 Ab. The proper localization of
their respective epitope might be crucial to promote these effects
and it is conceivable that distinct CD9 Fab (or again other CD9 inter-
acting partners) could potentially synergize their inhibitory effect.
Other tetraspanin proteins enriched in EVs such as CD81 should also
be evaluated in this respect.

The intercellular transfer of materials by cancer cell-produced
EVs played a significant role in the transformation of microenviron-
ment, notably in the bone marrow, to favour metastasis and tumour
growth.7 Interfering locally with these mechanisms, particularly
the internalization of cancer cell-derived EVs by MSCs, one of the
main targeted cellular constituents of tumour niche,® could find a
cutting-edge clinical application. MSCs have an important role in
co-ordinating the tumour microenvironment. Transformed MSCs
produced growth factors favouring tumour growth and angiogene-
sis, inhibited anti-tumour immune responses and shaped the tumour
inflammatory environment.’*"%! Thus, our data with MSCs exposed
to CD9 Fab might find new avenues to prevent the bone marrow
transformation. In addition to cancers, other diseases involving the
intercellular transfer of biomaterials mediated by EVs, such as neuro-

degenerative diseases (eg, Parkinson's disease, Alzheimer's disease,
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amyotrophic lateral sclerosis), could benefit from this new potential
therapeutic approach.62’63

Finally, our observations could benefit the areas of regenerative
medicine and tissue engineering. Here, the stimulation of EV endo-
cytosis by specific divalent antibodies could favour tissue/organ re-
pair.* Myocardial regeneration might be a good example for such
intervention with MSCs as a promising source of donor cell EVs.%>¢¢
Such approach could be an interesting alternative to stem cell-based

therapy.
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Abstract

Human breast carcinoma-associated fibroblasts (CAFs) increasingly acquire both
transforming growth factor-f (TGF-f) and stromal cell-derived factor-1 (SDF-1)
signaling in an autocrine fashion during tumor progression. Such signaling medi-
ates activated myofibroblastic and tumor-promoting properties in these fibroblasts.
CD26/dipeptidyl peptidase-4 is a serine protease that cleaves various chemokines
including SDF-1. Stromal CD26 expression is reportedly undetectable in human
skin squamous cell carcinomas. However, whether stromal CD26 expression is also
downregulated in human breast cancers and which stromal cells potentially lack
CD26 expression remain elusive. To answer these questions, sections prepared from
239 human breast carcinomas were stained with antibodies against CD26 and a-
smooth muscle actin (a-SMA), a marker for activated myofibroblasts. We found that
tumor-associated stroma involving a-SMA-positive myofibroblasts stained negative
or negligible for CD26 in 118 out of 193 (61.1%) tumors, whereas noncancerous
stromal regions of the breast showed considerable staining for CD26. This decreased
stromal CD26 staining in tumors also tends to be associated with poor outcomes
for breast cancer patients. Moreover, we demonstrated that CD26 staining is attenu-
ated on stromal myofibroblasts in human breast cancers. Consistently, CD26 ex-
pression is significantly downregulated in cultured CAF myofibroblasts extracted
from human breast carcinomas as compared to control human mammary fibroblasts.
Inhibition of TGF-p or SDF-1 signaling in CAFs by shRNA clearly upregulated the
CD26 expression. Taken together, these findings indicate that CD26 expression is
attenuated by TGF-f- and SDF-1-autocrine signaling on stromal myofibroblasts in
human mammary carcinomas, and that decreased stromal CD26 expression has po-

tential as a prognostic marker.
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1 | INTRODUCTION

Desmoplastic stroma rich in o-smooth muscle actin (a-
SMA)-positive myofibroblasts, a hallmark of activated fibro-
blasts, is frequently observed in various human carcinomas
including those of the breast, prostate, pancreas, lung, and
colon.'” In contrast, such myofibroblasts are rarely identified
within nontumor stromal regions. Large numbers of myofi-
broblasts and a-SMA-negative fibroblasts often comprise
carcinoma-associated fibroblasts (CAFs) in the tumor-asso-
ciated stroma.

CAFs rich in myofibroblasts produce multiple growth fac-
tors, cytokines, chemokines, and exosomes which influence
a wide variety of tumor hallmarks.*” We and others have
previously described that CAF-secreted transforming growth
factor-f (TGF-P) and stromal cell-derived factor-1 (SDF-1)
promote the growth of apposed carcinoma cells in a paracrine
fashion.® ! These stromal cytokines also allow establishment
of cross-communicating TGF-f and SDF-1 autocrine sig-
naling by acting on their cognate receptors, resulting in the
induction and maintenance of activated, tumor-promoting
properties of CAFs without ongoing interaction with tumor
cells during tumor progression.g’10

Possible CAF markers including a-SMA, fibroblast acti-
vation protein alpha, fibroblast-specific protein-1 (also known
as S100A4), tenascin-C, platelet-derived growth factor recep-
tor-o/f, and podoplanin have been identified.!! Although
these CAF markers are useful for predicting the outcomes of
some human breast carcinoma cohorts,'*'* none fully or ex-
clusively identifies activated tumor-promoting CAFs due to
various differences in fibroblast populations, as exemplified
by resident fibroblasts and bone-marrow-derived progenitors
present in tumors. Therefore, no conventional stromal marker
has yet been identified for use in routine prognostic determi-
nations for human carcinomas including those of the breast.

CD26/dipeptidyl peptidase-4 (DPP-4) is expressed by a
wide variety of cell types and is involved in T-cell activa-
tion, immune regulation, cell adhesion, signal transduction,
apoptosis, and so on."*1® Both membrane-bound and solu-
ble forms of CD26 have serine protease activity that pref-
erentially cleaves dipeptides from the N-terminal region of
peptides and proteins with a proline or alanine residue in the
penultimate position.'*'> Stromal CD26 expression has been
shown to be remarkably attenuated in human skin and oral
squamous cell carcinomas (SCCs).”’18 However, whether
stromal CD26 expression is commonly downregulated in dif-
ferent cancer types remains unclear. Moreover, the stromal
cell types potentially lacking CD26 expression, as well as the
molecular mechanisms underlying attenuated stromal CD26
expression, has not as yet been elucidated.

In the present study, we demonstrated that CD26 expres-
sion is attenuated via TGF-p and SDF-1 autocrine signaling
on stromal myofibroblasts in human breast carcinomas. This

downregulated stromal CD26 expression in tumors is associ-
ated with poor outcomes for breast cancer patients.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human mammary fibroblasts were extracted from a healthy
breast tissue specimen that had been obtained by reduction
mammoplasty prior to primary culture and immortalization
with human telomerase reverse transcriptase as described
previously.9 Human breast exp-CAF2 cells and the cor-
responding control human mammary fibroblasts were also
employed.” These cells were cultured in DMEM high glu-
cose GlutaMAX™ (Gibco) supplemented with 10% fetal
bovine serum (FBS) and 1% Pen Strep (100 U/mL penicil-
lin and 100 pg/mL streptomycin) (Gibco). MCF10DCIS.
com (DCIS) cells were purchased from Asterand Bioscience.
MDA-MB-231 cells were purchased from American Type
Culture Collection. These breast cancer cells were cultured
in DMEM/F-12, GlutaMAX™ (Gibco) supplemented with
1% PenStrep (Gibco) with 5% FBS (DCIS cells) or 10% FBS
(MDA-MB-231 cells).

22 |

The use of formalin-fixed paraffin-embedded (FFPE) tissue
specimens of breast cancer in this study was approved by
the Juntendo University ethics review board. FFPE invasive
breast carcinomas were prepared from breast cancer patients
who had received either preoperative chemotherapy or hor-
mone therapy. Three-micrometre thick sections were pre-
pared and deparaffinized. The slides were then treated with
0.3% H,0, in methanol for 20 minutes at room temperature.
Antigen retrieval was performed by autoclaving in citrate
buffer at pH 6.0 for 20 minutes at 121°C. The slides were in-
cubated with primary antibody at 4°C overnight. Secondary
antibody was incubated for 1 hour at room temperature. 3,3’-
diaminobenzidine was used as the chromogen followed by
hematoxylin counterstaining.

Semiquantification of CD26-positive fibroblasts was
performed as follows. Ten different fields on both cancer-
ous and noncancerous regions rich in stroma of the breast
were captured per slide using X400 magnification under
a microscope. The stromal cells exhibiting a typical fi-
broblast-like spindle-shape were regarded as “fibroblast-
like cells.” Tumor cells, vascular endothelial cells, white
blood cells, and adipocytes were also discriminated mor-
phologically. CD26-positive fibroblast-like cells (%) were
calculated as the ratio of the number of CD26-positive fi-
broblast-like cells relative to that of all fibroblast-like cells
in cancerous and noncancerous regions of specimens ob-
tained from 10 breast cancer patients.

Immunohistochemistry
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committees approved this study and the use of all clinical

2.3 | Tissue microarray . . . .
materials. Experiments were performed in accordance with
Tissue microarrays were constructed using 239 forma-  all guidelines and regulations indicated by these committees.
lin-fixed primary breast cancer specimens, as reported  The tissue area for sampling was selected based on visual
previously.' Paraffin-embedded tissue sections were ob- alignment with the corresponding hematoxylin and eosin—

tained from specimens that had been surgically resected at  stained section on a slide. Several tissue cores (diameter
Kanagawa Cancer Center. Individual institutional ethics 0.6 mm; height 3-4 mm) taken from a donor tumor block were
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FIGURE 1 Attenuated CD26 staining on stromal myofibroblasts in human breast cancers. A, Hematoxylin and eosin (HE) staining and
immunohistochemistry of sections prepared from human breast cancer tissue specimens using anti-CD26 or -a-smooth muscle actin (ax-SMA)
antibodies. CD26" fibroblast-like cells in a noncancerous region and a-SMA™ myofibroblasts in a cancerous region are indicated by arrows. a-
SMA™ pericytes associated with a blood vessel (arrowhead) and a-SMA* myoepithelial cells surrounding normal mammary glands (asterisks)
are also shown. Scale bar, 50 pm. Right column, magnified images of CD26 staining. Scale bar, 20 um. B, Double immunofluorescence of
sections prepared from the human breast tissue specimens. CD26~ a-SMA™ myofibroblasts (arrows) in a cancerous region and CD26" a-SMA™~
fibroblast-like cells (arrowheads) in a noncancerous region are shown. Scale bar, 30 um. C, Double immunofluorescence of sections prepared
from the noncancerous region of the human breast cancer tissue. CD26" vimentin*fibroblasts are indicated by arrowheads. Scale bar, 30 um. D,
Quantification of CD26-positive fibroblast-like cell populations in tumor-associated stroma of 10 human breast cancer patients. Human breast
tissues including noncancerous and cancerous regions were stained with anti-CD26 antibody. **P < 0.001 by paired #-test. E, Kaplan-Meier plot
indicating overall survival of breast cancer patients. Patients were grouped according to the indicated CD26 staining in tumor-associated stroma
rich in myofibroblasts (>50% positive for a-SMA staining). The P-value was determined based on the Log-rank test. Abbreviation: E, normal

human mammary epithelium
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placed into a recipient paraffin block using a tissue microar-
rayer (Beecher Instruments). Resulting microarray blocks
were used for immunohistochemical analysis. The sections
were stained using anti-CD26 and -a-SMA antibody accord-
ing to the conditions described in the immunohistochemistry
section. Immunohistochemical scores for CD26 and a-SMA
expressions in stromal fibroblast-like cells were determined
by a researcher with no prior knowledge of the clinicopatho-
logical results, as follows: negative and negligible (<10% of
total area) and moderately and significantly positive (more
than 10% of total area) for CD26 staining, and weakly posi-
tive (<50% of total area) and strongly positive (more than
50% of total area) for a-SMA staining.

24 |

P < 0.05 was considered to indicate a statistically significant
difference, as indicated by * in graphs. When the P-value
was < 0.001, it was indicated as **. To investigate the asso-
ciations of stromal CD26 expression with patient characteris-
tics in stromal a-SMA-positive breast cancer, Fisher's exact
test was performed.

Statistical analysis

3 | RESULTS

3.1 | Attenuated CD26 expression on
stromal myofibroblasts in human breast
carcinomas

To examine whether stromal CD26 expression is attenu-
ated in human breast carcinomas, paraffin sections were
prepared from human breast cancer specimens and stained
with anti-CD26 or -a-SMA antibody. Few CD26-positive
cells were detected in tumor stroma including an abundance

of a-SMA-positive myofibroblasts, while a larger number of
CD26-positive fibroblast-like cells were present in a noncan-
cerous region lacking myofibroblasts of the breast far from
the outer tumor margin (Figure 1A). A subset of lymphocytes
also stained positive for CD26 (Figure S1A), while vascu-
lar endothelial cells were negative for CD26 (Figure S1B).
Moreover, most breast cancer cells stained negative for CD26
(Figure 1A), consistent with previous reports.zo’21

To address whether CD26 expression is attenuated on
stromal myofibroblasts in human breast tumors, double im-
munofluorescence was performed using both anti-CD26 and
-a-SMA antibodies. CD26 expression was barely detected on
a-SMA-positive myofibroblasts in tumor-associated stroma
(Figure 1B). In sharp contrast, considerable CD26 expres-
sion was observed in a-SMA-negative stromal fibroblasts
expressing vimentin, a marker of the mesenchymal cell type
in noncancerous regions (Figure 1B,C).

To extend this observation, we performed immunohisto-
chemistry on specimens from 10 patients in total (Table 1).
Of note, in all of the examined breast cancer patients, CD26-
positive fibroblast-like cell proportions were significantly de-
creased in the tumor-associated stroma as compared to those
in the corresponding noncancerous stroma of the same breast
(Figure 1D). Furthermore, we investigated another patient
cohort including 239 breast cancers by immunohistochemis-
try using anti-CD26 and -a-SMA antibodies. Stromal myofi-
broblasts were stained positive for «-SMA in 193 out of 239
(80.8%) tumors. Stromal CD26 staining was also negative
or negligible (<10% positive) in 118 out of the 193 (61.1%)
tumors including stromal myofibroblasts, and showed no sig-
nificant correlations with any pathological parameters (Table
2). This decreased stromal CD26 staining tended to be asso-
ciated with poorer outcomes for breast cancer patients with
tumors rich in stromal myofibroblasts than did moderately

TABLE 1 Patients' information

Case Sex Age Histology Histological grade ER PR HER2 Stage
1 F 40 IDC and DCIS 2 90% 90% 2+ 11B
2 E 47 IDC and DCIS 2 = = 1+ 1A
3 F 75 IDC and DCIS 3 - - 3+ 1B
4 IE! 61 IDC and DCIS 2 = = 1+ 1B
5 F 55 IDC and DCIS 2 >90% >70% 2+ 1A
6 F 44 IDC 2 >90% >80% 2+ 1A
7 F 72 IDC and DCIS 3 - - 1+ 1A
8 I 53 IDC and DCIS 1 >90% >90% 2+ 1A
9 F 76 IDC and DCIS 3 - - 1+ 1A
10 F 39 IDC and DCIS 2 >90% >90% 2+ 1B

Note: Information about patients whose breast tumor-derived FFPE tissue was used in this study for immunohistochemistory: diagnosis was performed by pathologists

in the Juntendo University Hospital.>* ER and PR positive cell number (%) and immunoreactivity of HER2 were determined according to ASCO guidelines.

Stage was determined according to UICC TNM classification.

23,24

Abbreviations: —, negative; DCIS, ducutal carcinoma in situ; ER, estrogen receptor; F, female; FFPE, formalin-fixed paraffin-embedded; HER2, human epithelial
growth factor receptor type 2; IDC, invasive ductal carcinoma; PR, progesterone receptor.
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TABLE 2 Associations of CD26 expression in tumor stroma containing myofibroblasts with clinical parameters of 193 breast cancer patients

Stromal CD26 negative
and negligible staining

Stromal CD26 moderate
and significant staining

Parameters Total n = 193 (up to 10%) n = 118 (more than 10%) n = 75 P-value

Age (years) ~65 148 96 52 0.0576
66~ 45 22 23

Grading 0 25 15 10 0.7677 (grading 0 and 1 vs
1 66 42 24 2 and 3)
2 53 35 18

49 26 23

pT factor Tl 74 44 30 0.762
T2-3 119 74 45

pN factor NO 102 58 44 0.237
N1-2 91 60 31

ER Positive 135 89 46 0.0527
Negative 58 29 29

HER2 Positive 28 16 12 0.678
Negative 165 102 63

Abbreviations: ER, estrogen receptor; HER2, human epithelial growth factor receptor type 2.

and significantly positive stromal CD26 staining (Figure 1E).
Collectively, these data indicate that the attenuated CD26 ex-
pression on stromal myofibroblasts in tumors may contribute
to poor outcomes in breast cancer patients.

3.2 | Decreased CD26 expression on tumor-
promoting human breast CAFs

As CD26 expression was attenuated on stromal myofibroblasts
in human breast carcinomas, we investigated whether CD26
expression is also downregulated in primary cultured CAFs
extracted from human breast carcinomas, compared to the cor-
responding control fibroblasts isolated from the adjacent non-
cancerous tissues in same patients using public gene expression
data® A significantly lower level of CD26 mRNA expression
was detected in myofibroblastic CAFs that presumably acquired
TGF-p and SDF-1 autocrine signaling, as exemplified by in-
creased TGF-B2 and SDF-1 mRNA expression””® (Figure 2A).
We also employed exp-CAF2 cells raised from immor-
talized human mammary fibroblasts that had been incubated
with MCF-7-ras breast cancer cells in the tumor xenograft
and then extracted from the developing tumor for subsequent
expansion in culture.”” As mentioned above, the exp-CAF2
cells increasingly acquired myofibroblastic and tumor-pro-
moting traits via establishment of TGF-f and SDF-1 auto-
crine signaling through interaction with carcinoma cells
during tumor progression.g We indeed found CD26 mRNA
expression to be downregulated in exp-CAF2 cells, by 74.4%
as compared to the control human mammary fibroblasts
that were minimally activated, in terms of myofibroblastic
and tumor-promoting properties (Figure 2B). Moreover, cell

surface CD26 expression was decreased on exp-CAF2 cells
by 64.7%, as demonstrated by flow cytometry (Figure 2C). In
addition, CD26 protein expression and DPP-4 activity (CD26
peptidase activity) were decreased in exp-CAF2 cells by
73.0% and 78.2%, respectively (Figure 2D,E). Taken together,
these findings indicate that CD26 expression and DPP-4 ac-
tivity are significantly attenuated on myofibroblastic CAFs
with activated TGF-p and SDF-1 autocrine signaling.

3.3 | CD26 expression attenuated by TGF-£-
Smad2/3 autocrine signaling on CAFs

We next investigated how CD26 expression is downregu-
lated on CAFs. Given the increasingly activated TGF-p- and
SDF-1-autocrine signaling in exp-CAFs during tumor pro-
glression,9 we reasoned that such signaling might contribute
to attenuation of CD26 expression on these cells.

To examine this possibility, exp-CAF2 cells were treated
with SB431542, an inhibitor for TGF-p receptor I kinase
activity, which is crucial for phosphorylation of the down-
stream proteins represented by Smad2/3.%® CD26 expression
was significantly upregulated at both the mRNA and protein
levels on the resulting exp-CAF?2 cells relative to the effect of
the control dimethyl sulfoxide treatment (Figure 3A-C).

We also sought to the determine roles of the canonical
TGF-pB-Smad2/3 pathway in the attenuated CD26 expression
on CAFs. To this end, we generated two different sShRNA
constructs against Smad4, which is a central mediator of the
Smad?2/3 signaling to inhibit Smad4 expression in exp-CAF2
cells. Inhibition of Smad4 expression by shRNA upregulated
CD26 mRNA and protein expressions significantly more than
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FIGURE 2 Downregulated CD26 expression on human breast carcinoma-associated fibroblasts (CAFs). A, mRNA expressions of the
indicated genes in normal human mammary fibroblasts and CAFs (n = 6) using public microarray data in GSE20086. B, Real-time PCR of control
human mammary fibroblasts and exp-CAF2 cells for CD26 expression. C, Flow cytometry of the indicated cells using anti-CD26 antibody (red
line) or the control IgG (black line). The number of CD26-positive cell populations (%) is also indicated. D, Western blotting of the indicated cells
using anti-CD26 antibody. The ratio of the signal intensity of CD26 relative to a-tubulin is indicated. E, Dipeptidyl peptidase-4 (DPP-4) activity
in whole cell lysates derived from the indicated cells (n = 3). **P < 0.001 and *P < 0.05 by Student's #-test. Error bars, SE. Abbreviation: n.s., not

significant

did the GFP-shRNA (Figure 3D-F). In sharp contrast, the ex-
pression level of phosphorylated Smad2 (pSmad?2), indicative
of the activation of TGF- signaling,28 was strongly attenuated
in exp-CAF2 cells expressing Smad4-shRNA (Figure 3F).
These data therefore indicate that the TGF-p-Smad?2/3 signal-
ing pathway is required for maintenance of the attenuated CD26
expression on CAFs.

Given the TGF-p-Smad2/3 signaling requirement for the
attenuated CD26 expression on CAFs, we also investigated
whether this signaling suffices to induce downregulation of
CD26 expression. To examine this possibility, human mam-
mary fibroblasts were treated with TGF-f1. Expression levels
of CD26 mRNA and protein were significantly attenuated in
these cells (Figure 3G-I). Taken together, these findings demon-
strate that activation of TGF-p-Smad2/3 signaling induces and
maintains the attenuated CD26 expression on exp-CAF?2 cells.

3.4 | SDF-1 signaling and CD26 expression
on CAFs

Since SDF-1 signaling is critical for mediating the myofi-
broblastic tumor-promoting trait in CAFs,” we investigated

whether this signaling regulates CD26 expression on these
cells.

To assess this possibility, CD26 expression was measured
on exp-CAF?2 cells expressing SDF-1-shRNAs, both of which
significantly inhibited SDF-1 expression (Figure S2A).
Inhibition of SDF-1 expression upregulated levels of CD26
protein expression on these cells as compared to the effect
of GFP-shRNA, as demonstrated by flow cytometry (Figure
4A) and Western blotting (Figure 4B). Furthermore, pSmad2
expression was also attenuated in exp-CAF2 cells expressing
each of these SDF-1-shRNAs (Figure 4B). These findings
therefore indicate that SDF-1 expression is required for the
attenuation of CD26 expression via activation of Smad2/3
signaling on exp-CAF2 cells. This observation is consistent
with our previous findings, indicating that SDF-1 signaling
mediates TGF-pf-Smad2/3 signaling in CAFs.?

We next examined whether SDF-1-CXCR4 signaling suffices
to attenuate the CD26 expression on mammary fibroblasts. To
answer this question, a retroviral construct encoding either human
SDF-1 or CXCR4 cDNA was introduced into human mammary
fibroblasts (Figure S2B).>!1 The levels of CD26 protein expres-
sion were similar in parental human mammary fibroblasts and
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FIGURE 3 Decreased CD26 expression mediated by transforming growth factor-p (TGF-)-Smad2/3 autocrine signaling on carcinoma-
associated fibroblasts (CAFs). A, Real-time PCR of the indicated fibroblasts treated with dimethyl sulfoxide (DMSO) or SB431542 for 24 h to
measure CD26 expression. B, Flow cytometry of exp-CAF2 cells treated with DMSO (black line) or SB431542 (red line) for 48 h using anti-CD26
antibody (solid line) or the control IgG (dotted line). The number of CD26-positive cell populations (%) is shown. C, Western blotting of the
described cells treated with DMSO or SB431542 for 48 h. D, Real-time PCR of exp-CAF2 cells expressing GFP- and Smad4-shRNA (#1 and

#2) for CD26 expression. E, Flow cytometry of indicated cells using anti-CD26 antibody (red line) or the control IgG (black line). The number

of CD26-positive cell populations (%) is depicted. F, Western blotting of exp-CAF?2 cells expressing GFP- and Smad4-shRNA (#1 and #2). G,
Real-time PCR of human mammary fibroblasts treated with bovine serum albumin (BSA) or recombinant TGF-$1 (10 ng/mL) for 24 h to measure
CD26 expression. H, Flow cytometry of human mammary fibroblasts treated with BSA (black line) or TGF-p1 (10 ng/mL, red line) for 48 h using
anti-CD26 antibody (solid line) or the control IgG (dotted line). The number of CD26-positive cell populations (%) is depicted. I, Western blotting
of human mammary fibroblasts treated with BSA or recombinant TGF-B1 (10 ng/mL) for 48 h **P < 0.001 by Student's r-test. Error bars, SE

¢DNA? via increased pSmad?2 expression (Figures 4D and S2B),
confirming earlier data showing attenuated CD26 expression on
the TGF-p1-treated mammary fibroblasts (Figure 3I).
Collectively, these findings indicate that SDF-1 autocrine
signaling is required for maintenance of the attenuated CD26

those overexpressing SDF-1 or CXCR4, as demonstrated by flow
cytometry (Figure 4C) and Western blotting (Figure 4D). pSmad2
expressions also differed minimally among all of these fibroblasts
(Figure 4D). Conversely, CD26 expression was robustly inhibited
on human mammary fibroblasts expressing an active TGF-p1
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expression on CAFs presumably via Smad2/3 signaling, but
is not sufficient for inducing the downregulation of CD26
expression on these cells (Figure 4E). As mentioned above,
the activation of TGF-p-Smad2/3 signaling was found to both
induce and maintain the downregulated CD26 expression on
CAFs (Figure 4E).

3.5 | Roles of decreased DPP-4 activity on
CAFs in TGF-B and SDF-1 autocrine signaling

SDF-1 is a major substrate for CD26/DPP-4 peptidase.w29
The resulting failure of transduction of the downstream
signaling of CXCR4, an SDF-1 receptor present on the
target cells, attenuates hematopoietic stem/progenitor cell
homing,30 HIV infection,3 132 and cancer cell invasion.?*¢
Given these observations, we speculated that the attenuated
stromal CD26 expression may influence SDF-1 autocrine
signaling and the myofibroblastic state in CAFs. To this end,
a retroviral vector encoding the human CD26 cDNA or the
corresponding control empty vector was introduced into exp-
CAF2 cells or control fibroblasts. CD26 protein expression
and DPP-4 activity were markedly increased on exp-CAF2
cells expressing CD26 (exp-CAF2-CD26) as compared to the
control vector (exp-CAF2-empty) (Figure 5A,B). However,

TGF-p and SDF-1 autocrine signaling as well as the myofi-
broblastic trait, as exemplified by TGF-p1, TGF-f2, pSmad2,
SDF-1, and a-SMA expressions were similar in these cells
(Figure 5C,D). These data therefore indicate that the attenu-
ated CD26 expression does not significantly contribute to
activation of TGF-f and SDF-1 autocrine signaling or to the
myofibroblastic trait in CAFs.

3.6 | Roles of attenuated DPP-4 activity
on CAFs in their SDF-1 paracrine signaling
toward apposed carcinoma cells

We have previously demonstrated that CAF-produced
SDF-1 promotes the growth of nearby breast tumor cells
in a paracrine fashion via acting through CXCR4 on these
cells.'” We thus speculated that decreased levels of mem-
brane and soluble CD26 expressions on CAFs may pro-
mote paracrine SDF-1 signaling toward nearby carcinoma
cells.

To investigate this possibility, the biological activity
of stromal SDF-1 was evaluated employing the Boyden
chamber cell migration assay using human breast can-
cer MDA-MB-231 cells and DCIS cells overexpressing
CXCR4 (DCIS-CXCR4) (Figure SE). We observed more

A exp-CAF2 B C
ShGFP CD26 [ — o
p -
pSmad2 e ] 3| -
el || 33.3% £
pi Smad2/3 [ S
o =
5Uk atubuln [— =
2| shSDF-1#1 shSDF-1#2 CD26/a-tubulin 1 29 18 O T
= #o#2
3 shGFP GD26
47.4% | 43.6% shSDF-1 Normal fibro.
- exp-CAF2 — Parental
— SDF-1
CXCR4

CD26

CD26 [waw— |
S ——
SMad2/3 [ se——

a-tubulin E}

Parental +
SDF-1 +
CXCR4 +
Active TGF-B1 +

Normal fibro.

FIGURE 4

E Mammary fibroblast

Breast cancer cells
and stromal cells

Z
7
~

\JGF-B

cD26
z TGF-B

W
SDF-1 &3 "/' =
A & v

A
A _—Smad2/3-

A

CAF Qil?!‘i‘"i"ﬁD

Stromal cell-derived factor-1 (SDF-1) autocrine signaling required for the attenuated CD26 expression on exp-carcinoma-
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number of CD26-positive cell populations (%) is also depicted. B, Western blotting of exp-CAF?2 cells expressing the indicated shRNA. The ratio
of the signal intensity of CD26 relative to a-tubulin is indicated. C, Flow cytometry of human normal mammary fibroblasts (parental, black line)
expressing SDF-1 (red line) or CXCR4 (green line) cDNA construct using anti-CD26 antibody (solid line) or the control IgG (dotted line). D,
Western blotting of human normal mammary fibroblasts expressing the indicated cDNA construct. E, Schematic representation of the attenuated
CD26 expression via transforming growth factor-f3 (TGF-f)-Smad2/3 and SDF-1 autocrine signaling on human breast CAF myofibroblasts.
TGF-p released from tumor cells and stromal cells attenuates CD26 expression on human mammary fibroblasts. Acquisition of TGF-p and SDF-1

autocrine signaling pathways then contributes to maintenance of the attenuated CD26 expression on CAFs during tumor progression
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robust migration of these cancer cells to be induced by the
SDF-1-rich medium conditioned by exp-CAF2-empty rel-
ative to control fibroblast-empty (Figure 5F,G). Medium
derived from exp-CAF2-CD26 or exp-CAF2-empty cells,
when applied to these cancer cells, showed similar tumor
cell migration (Figure 5F,G). Furthermore, SDF-1 protein
concentrations were similar in media conditioned by these
cells (Figure 5H). Moreover, DPP-4 activity was nearly
undetectable in media obtained from exp-CAF2-CD26
and control human mammary fibroblasts abundantly
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expressing CD26 (Figure 5I), while a markedly higher
level of DPP-4 activity was detected in the whole cell lysate
extracted from these fibroblasts (Figure 5B). Collectively,
these observations indicate that membrane CD26 is barely
shed on exp-CAF2-CD26 and human mammary fibro-
blasts, suggesting that increased membrane CD26 ex-
pression by itself may not be enough to inhibit the SDF-1
activity. However, whether attenuated soluble CD26 pro-
duction promotes paracrine SDF-1 signaling from CAFs
could not be resolved by the experiments above.
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FIGURE 5 Attenuated CD26 expression is not essential for stromal cell-derived factor-1 (SDF-1)-autocrine and -paracrine signaling in
carcinoma-associated fibroblasts (CAFs). A, Flow cytometry of exp-CAF2-empty (black line) or -CD26 (red line) cells using anti-CD26 antibody
(solid line) or the control IgG (dotted line). The number of CD26-positive cell populations (%) is shown. B, Dipeptidyl peptidase-4 (DPP-4) activity
in the indicated fibroblasts (n = 3). C, Real-time PCR of indicated cells for transforming growth factor-p1 (TGF-f1), TGF-$2, SDF-1 and a-SMA
expressions. D,E, Western blotting of the indicated cells. F,G, Boyden chamber cell migration assay of DCIS-CXCR4 cells (F) or MDA-MB-231
cells (G) using conditioned medium (CM) taken from the indicated cells. The cells which had migrated were stained with May-Griinwald Giemsa at
60 h (DCIS-CXCR4, F) or at 12 h (MDA-MB231, G) after the cell seeding. Scale bar, 300 pum. The number of tumor cells which migrated per field
is shown (n = 3). H, ELISA of CM taken from the indicated fibroblasts (2.5 X 10% or 5 x 10 cells) for measuring SDF-1. I, DPP-4 activity in CM
derived from the indicated fibroblasts (n = 3). **P < 0.001 and *P < 0.05 by Student's #-test. Error bars, SE. Abbreviation: n.s., not significant
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4 | DISCUSSION

4.1 | Attenuated CD26 expression in
myofibroblastic CAFs is associated with poor
outcomes in breast cancer patients

Stromal CD26 expression is known to be barely detectable in
different human SCCs.'”"!® However, whether stromal CD26
expression is also downregulated in human breast carcinomas
remains controversial; stromal CD26 expression was report-
edly undetectable in a tumor taken from one breast cancer
patient,20 while its expression was detected in another human
breast carcinoma.”! Moreover, particular stromal cell types
potentially lacking CD26 expression in tumors and the mo-
lecular mechanisms underlying the decreased stromal CD26
expression have not as yet been fully elucidated.

In this study, we showed CD26 staining to be attenuated on
myofibroblasts rich in tumor-associated stroma in specimens
obtained from breast cancer patients. On the cultured human
breast myofibroblastic CAFs, CD26 expression is also sig-
nificantly attenuated relative to that on control human mam-
mary fibroblasts. TGF-p and SDF-1 autocrine signaling is
responsible for the attenuated CD26 expression on these cells
via Smad2/3 (Figure 4E). Given the induction of the atten-
uated CD26 expression on TGF-f-treated human mammary
fibroblasts (Figure 3G-I), different sources of TGF-f derived
from tumor cells and stromal cells®’ in addition to CAFs may
contribute to inducing downregulation of CD26 expression
on mammary fibroblasts during tumor progression.

Distinct fibroblast populations with inherent functional
diversity exist in stroma of human breast™ and skin®** tis-
sues as well as various human tumors.*'** CD26 expression
has been demonstrated to serve as a marker for stratifica-
tion of the stromal cell type in human breast and skin tis-
sues.”**** CD105/endoglin, a coreceptor for TGF-f family
members, is also expressed on a subset of stromal myofibro-
blasts at the invasive borders of human colon carcinomas.*
Moreover, CD26°¥CD105"¢" fibroblasts with myofibro-
blast-related characteristics are abundant in the terminal duct
lobular unit of the human breast, while interlobular ducts are
rich in CD26ME"CD105™" fibroblasts.*® Collectively, these
observations indicate the importance of CD26 and CD105
expressions for identifying the particular fibroblast lineages
in human mammary tissues including those of breast cancer.

We demonstrated that the attenuated CD26 staining in
tumor-associated stroma with an abundance of myofibroblasts
is associated with poor outcomes for breast cancer patients,
suggesting stromal CD26 staining to be a potentially novel
prognostic marker. However, due to the lack of a statistically
significant difference, we assume that use of another marker
with stromal CD26 staining may improve prognostic power.
As CD105 expression in CAFs has been indicated to mediate
the activities of these fibroblasts, thereby promoting colon

tumor invasion and metastasis,* whether CD26'°*CD105""
might serve as a valuable prognostic marker must be ad-
dressed in future studies.

Increased levels of stromal TGF-f and SDF-1 staining
are also reported to be associated with the poor outcomes
in breast cancer patients.‘“”47 Although these cytokines are
highly produced by CAFs, as indicated earlier, it remains un-
clear whether CAF-derived TGF-f and SDF-1 in tumors con-
tribute to poor prognoses via downregulated stromal CD26
expression in breast cancer patients.

4.2 | CD26 shedding on stromal fibroblasts

Shedding of membrane CD26 has been widely recognized
on various cell types, such as human adipocytes, vascular
smooth muscle cells (VSMCs), and peripheral blood mono-
nuclear cells (PBMCS).48’49 Several matrix metalloprotein-
ases (MMPs) mediate the membrane CD26 shedding on
adipocytes and VSMCs.*® Kallikrein-related peptidase 5
(KLKY) also plays roles in the shedding of CD26 on human
PBMCs; the CD26 shedding from PBMC:s is significantly in-
hibited by treatment with a KLLKS5 inhibitor, while treatment
with recombinant KLKS5 has the opposite effect, dramatically
inducing CD26 shedding from CD4* T cells.®

On the other hand, DPP-4 activity was barely detectable
in media conditioned by human mammary fibroblasts and
CAFs expressing a human CD26 cDNA construct. Various
proteases, such as MMP2, MMPO9, urokinase-type plasmin-
ogen activator, and cathepsins potentially regulating mem-
brane CD26 shedding are likely to be detectable in these
fibroblasts according to previous reports.so'53 We thus spec-
ulate that these proteases may not be responsible for CD26
shedding on human mammary fibroblasts.

4.3 | Myofibroblastic CAFs and fibrosis-
derived myofibroblasts show inverse CD26
expression pattern

Analogies between tumors and wound tissues have been por-
trayed as “tumors: wounds that do not heal,” based on their
similar biological processes, as exemplified by the recruit-
ment of large numbers of myofibroblasts, extracellular ma-
trix deposition, tissue inflammation, and z:1ngi0genesis.54'56
These analogous processes are also further supported by gene
expression profiles between tumor-associated stroma and tis-
sue regeneration/repair responses.’’ >’

CD26 expression has been shown to be significantly up-
regulated on stromal fibroblasts associated with wounds and
fibrosis.'"%%* Treatment with a DPP-4 inhibitor also attenu-
ates the activated myofibroblastic states by inhibiting canon-
ical TGF-B-Smad2/3 signaling as well as noncanonical ERK
and p38 signaling.61’62’64 These findings suggest that CD26
expression is required for maintenance of the activated state
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on myofibroblasts present in the damaged tissues via TGF-3
signaling during regeneration and repair.

In sharp contrast, we observed significantly attenuated
CD26 expression on stromal myofibroblasts in human breast
carcinomas. Restoration of CD26 expression also has only
a very minor influence on the TGF-B-Smad2/3 pathway in
human breast CAFs (Figure 5C,D). Thus, this contrasting
CD26 expression pattern and distinct actions modulating
TGF-p signaling serve as an exception to the well-recognized
analogies between wound-associated fibroblasts and CAFs.
To further understand the biology of CAFs, molecular in-
sights into the mechanisms underlying the cell-type specific
roles of CD26 expression on these myofibroblasts are needed.

In summary, we obtained the unexpected findings that
stromal CD26 expression is significantly attenuated through
TGF-p and SDF-1 autocrine signaling on myofibroblastic
CAFs in human breast carcinomas. As the attenuated CD26
expression in stromal myofibroblasts correlated with poor
outcomes for breast cancer patients, decreased stromal CD26
expression may be useful as a prognostic marker for breast
cancer patients.
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Abstract

A 110-kDa type Il transmembrane glycoprotein with dipeptidyl peptidase IV (DPPIV) activity
in its extracellular region, CD26 has a multitude of biological functions and plays an impor-
tant role in the regulation of inflammatory responses and tumor biology. Our work has
focused on CD26 as a novel therapeutic target for various tumors and immune disorders,
and we have recently developed a humanized anti-CD26 monoclonal antibody (mAb),
YS110, which has promising safety profile and clinical activity in patients with malignant
pleural mesothelioma. The development of an anti-human CD26 mAb that can clearly and
reliably detect the denatured CD26 molecule in formalin-fixed paraffin-embedded (FFPE)
tissues in the clinical setting is therefore of the utmost importance. To develop novel anti-
CD26 mAbs capable of binding to denatured CD26, we immunized mice with urea-treated
CD26 protein. Hybridoma supernatants were screened for specific reactivity with human
CD26 by immunostaining through the use of a set of FFPE human CD26-positive or nega-
tive tumor cell lines. This screening method enables us to develop novel anti-human CD26
mADbs suitable for immunohistochemical staining of CD26 in FFPE non-tumor and tumor tis-
sue sections with reliable clarity and intensity. Specifically, these mAbs display strong bind-
ing affinity to denatured human CD26 rather than undenatured human CD26, and are
capable of detecting denatured human CD26 in decalcified specimens. These novel anti-
CD26 mAbs are potentially useful for the analysis of CD26 expression in cancer patients
with bony metastasis, and may help decide the appropriateness of YS110 therapy for future
cancer patients.
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Introduction

CD26 is a homodimeric type II transmembrane glycoprotein with a molecular mass of 220-
240 kDa [1, 2]. Human CD26 is composed of 766 amino acids (AAs), including a short cyto-
plasmic domain of 6 amino acid residues at the N-terminal end (AA 1-6), a transmembrane
region of 22 amino acids (AA 7-28), and an extracellular domain, the predominant part of
CD26 (AA 29-766) 3, 4]. This C-terminal extracellular domain exhibits dipeptidyl peptidase
IV (DPPIV) activity. DPPIV belongs to the serine protease family, able to cleave dipeptides
from polypeptides with N-terminal penultimate proline or alanine, and regulates biological
activities of a number of mediators such as cytokines, chemokines, neuropeptides and incretin
hormones [5]. Although CD26 is expressed on various cell types, including epithelial cells (kid-
ney proximal tubules, bile duct, prostate and intestine), endothelial cells as well as T lympho-
cytes [3, 4, 6], its function is dependent on cell types and the microenvironment, which
influences the multiple biological roles of CD26.

CD26 is expressed on both human CD4" T cells and CD8" T cells in a triphasic fashion,
and is associated with T cell signal transduction processes as a costimulatory molecule [7, 8].
In addition to its function as an immunoregulatory molecule, CD26 is expressed on a number
of human neoplasms, including malignant pleural mesothelioma (MPM), renal carcinoma
(RCC), colorectal cancer (CRC), hepatocellular carcinoma, lung cancer, prostate cancer, gas-
trointestinal stromal tumor (GIST), thyroid carcinoma, and different subtypes of T-cell malig-
nancies [9]. Although CD26/DPPIV function in cancer biology is not yet fully characterized,
CD26 serves as a prognostic marker in multiple tumors such as CRC, GIST, thyroid carci-
noma, urothelial carcinoma and prostate cancer [10-14]. Moreover, in several human malig-
nancies including MPM, CRC and chronic myeloid leukemia, CD26/DPPIV expression is
reported to be a marker of cancer stem cells [15-18]. Besides our work over the past three
decades characterizing its role in the immune system, our group has also had a long-standing
interest in the role of CD26 in cancer biology. We have previously demonstrated that anti-
CD26 monoclonal antibody (mAb) treatment resulted in both in vitro and in vivo inhibition of
tumor cell growth, migration and invasion, and enhanced survival of mouse xenograft models
inoculated with T-cell lymphoma, RCC or MPM via multiple mechanisms of action [19-23].
These findings have led to our focus on CD26 as a novel therapeutic target for various tumors,
and the development of YS110, a humanized mAb with high affinity to the CD26 antigen.
Results from the first-in-human (FIH) phase I clinical trial of this mAb for CD26-expressing
solid tumors, particularly refractory MPM, were recently published [24]. Our FIH study dem-
onstrated that YS110 therapy exhibited a favorable safety profile and resulted in encouraging
disease stabilization in a number of patients with advanced/refractory MPM and RCC. A sub-
sequent phase II clinical trial of YS110 for MPM is currently in progress in Japan [25].

Along with the development of novel targeted therapies that can be administered at an opti-
mal dose and schedule to maximize efficacy with tolerable toxicities is the acute need for the
concurrent development of accurate companion diagnostic agents to select the appropriate
patient population for treatment. It is therefore imperative to develop a detection method for
CD26 expression in formalin-fixed paraffin-embedded (FFPE) clinical tumor samples that
allows for the selection of potentially eligible patients in the clinical setting for humanized
anti-CD26 mAb therapy. Despite our extensive testing of the many anti-CD26 mAbs previ-
ously developed in our laboratory [26] and the 23 commercially available anti-CD26 mAbs,
none of them can clearly detect the denatured CD26 molecule in FFPE tissues. On the other
hand, we have tested 5 commercially available anti-CD26 polyclonal antibodies (pAbs), and
among them, a pAb purchased from R&D Systems showed that these reagents exhibited the
most reliable staining pattern and intensity [24, 27, 28]. However, the potential lot-to-lot
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variability in staining pattern and intensity and the general lack of product uniformity repre-
sent shortcomings for the use of pAbs in the clinical setting. These inconsistencies and the dif-
ficulty in maintaining a stable supply hence make pAbs not the ideal reagents for diagnostic
testing of patient tumor samples. For these reasons, we recently attempted to develop novel
anti-human CD26 mAbs by immunizing mice with urea-treated CD26 protein, and succeeded
in developing a mAb, clone 19-32, capable of detecting denatured CD26 in FFPE tissue sec-
tions with reliable intensity [29]. However, in the process of developing the companion diag-
nostic kit utilizing our 19-32 mAb for clinical usage, the critical issue involving non-specific
immunostaining of control slides has unexpectedly arisen. 19-32 mAb stained not only
CD26-positive tumor cell line specimens, but also those from CD26-negative tumor cell lines
as well, strongly suggesting that it is inappropriate for the detection of denatured CD26 expres-
sion in FFPE clinical tumor samples.

In the present study, to address this critical issue, we have improved the screening methods
and succeeded in developing novel anti-human CD26 mAbs with strong binding affinity to
denatured human CD26 in FFPE non-tumor and tumor tissue sections, and which do not
stain CD26-negative specimens, suggesting that these novel mAbs are potentially useful for the
analysis of CD26 expression in cancer patients, and may help decide the appropriateness of
YS110 therapy for future cancer patients.

Materials and methods
Animals

Female BALB/c mice were purchased from CLEA Japan (Tokyo, Japan) and female CB17/lcr-
Prkdc*/CrlCrlj mice (SCID mice) were purchased from Charles River Laboratories Japan,
Inc. (Yokohama, Japan). Mice were housed in a specific pathogen-free facility in micro-isola-
tor cages with ad libitum access to autoclaved water and sterile standard food, and were main-
tained at 24 + 2°C under a 12-hour light-dark cycle (lights on 8 am to 8 pm). All mice were
used at 6-8 weeks of age. To minimize suffering and distress, subcutaneous injection in the
flank of mice was performed under isoflurane anesthesia through an isoflurane vaporizer set
to deliver 2-3% isoflurane.

Cell lines and cultures

A human MPM cell line MSTO-211H (MSTO parent), a human lung cancer cell line A549
and a human T-cell leukemia line Jurkat (Jurkat parent) were obtained from the American
Type Culture Collection (Rockville, MD). MSTO parent cells were stably transfected with a
full-length human CD26 (MSTO-CD26) using the Lipofectamine2000 reagent (Invitrogen,
Carlsbad, CA), and selected with G418 (Sigma-Aldrich, St Louis, MO) [23]. The human MPM
cell line JMN was a kind gift from Dr. Brenda Gerwin (Laboratory of Human Carcinogenesis,
National Institutes of Health, Brethesda, MD). JMN cells were transduced with the short hair-
pin RNA (shRNA)-expressing lentivirus (MISSION; Sigma-Aldrich), and the stable cell lines
(JMN CD26-shRNA, JMN ctrl-shRNA) were generated by selection with puromycin [16]. Jur-
kat parent cells were stably transfected with a full-length human CD26 by electroporation (Jur-
kat-CD26), and generated by selection with G418 [2]. All cell lines were grown in RPMI1640
medium supplemented with 10% FBS at 37°C in a humidified 5% CO, incubator.

Antibodies

To characterize the newly developed mouse anti-human CD26 mAbs, murine anti-human
CD26 mAbs (clone 1F7, 5F8 or 19-32) which were previously developed in our laboratory
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were used for comparison [7, 29, 30]. To compare the staining pattern and intensity of human
CD26 on FFPE tissue or cell block, we used a purified goat anti-human CD26 pAb (AF1180)
purchased from R&D Systems (Minneapolis, MN) as a control.

Preparation of immunogen

Soluble human CD26 (sCD26) was produced according to the method described previously
[29, 31]. Purified sCD26 was denatured in 8 M urea buffer supplemented with 20 mM HEPES
and 50 mM dithiothreitol (DTT) by gentle rotation for 8 hours at RT.

Development of hybridomas and monoclonal anti-human CD26 antibodies

The methods for the development of hybridoma were detailed previously [29]. Hybridoma
supernatants were first screened for murine IgG production by enzyme-linked immunosor-
bent assay (ELISA) utilizing Mouse IgG total Ready-SET-Go! ELISA set (eBioscience, San
Diego, CA). The supernatants containing high levels of murine IgG (more than 2 ug/ml) were
next screened for immunostaining of FFPE cell block and tissue sections. The hybridomas
were cloned by limiting dilution. Monoclonal antibodies were purified from the supernatants
using Protein A IgG Purification Kit (Pierce, Rockford, IL).

Immunostaining of cell block or tissue specimens

The cultured cell lines were fixed in 10% neutral buffered formalin for 48 hours at RT, and
subsequently embedded in paraffin. MSTO parent, MSTO-CD26 or JMN cells (1 x 10°, each)
were implanted subcutaneously (s.c.) in the flank of SCID mice. Tumor volumes were mea-
sured along three orthogonal areas (a, b and c) by digital vernier calipers (Mitutoyo Corpora-
tion, Kanagawa, Japan), and calculated as tumor volume = abc/2 (mm?). Tumor volumes were
monitored twice a week, and after 8 weeks of implantation (when the tumor volume reached
around 500 mm?), mice were sacrificed by cervical dislocation and the tumors in the flank
were excised and fixed in 10% neutral buffered formalin at RT, and subsequently embedded in
paraffin. In this experiment, tumor size was not sufficiently large to impact survival, overall
weight and locomotor activity of mice. FFPE tissue specimens of human MPM and normal
liver, kidney and prostate were used for positive controls. For the analysis of normal human
bone and bone marrow tissue, or bone with metastatic cancer, formalin-fixed samples were
decalcified in 10% formic acid at RT or 10% EDTA in Tris buffer, and subsequently embedded
in paraffin. FFPE cell block or tissue specimens were cut into 4-6 pm sections and deparaffi-
nized. For histology, sections were stained with hematoxylin and eosin. The methods for
immunohistochemistry were detailed previously [29]. To confirm the binding specificity of
mADbs to human CD26, 100 pl of anti-human CD26 mAb solution (10 pg/ml in PBS) was
gently rotated with 1 mg/ml of sCD26 at 4°C overnight, and after centrifugation, the superna-
tant was used instead of the primary anti-human CD26 antibody (Ab).

Western blotting

The cultured cell lines were collected and lysed in RIPA buffer supplemented with 2% protease
inhibitor cocktail (Sigma-Aldrich) for 1 hour at 4°C. Following addition of Laemmli 4x SDS
sample buffer and DTT, whole cell lysates were boiled for 5 min at 95°C. Each sample was
electrophoretically separated on 4-20% Mini-PROTEAN TGX precast gels (Bio-Rad, Hercu-
les, CA) with Tris/glycine buffer, and transferred to PVDF membrane. After blocking with 5%
skim milk in TBS for 45 min at RT, membranes were incubated with purified mouse anti-
human CD26 mAb (19-32: 5 ug/ml, U16-3: 0.2 pg/ml, U38-8: 0.5 pg/ml) or goat anti-human
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CD26 pAb (1 pg/ml) in 5% skim milk-TBS at 4°C overnight. The membranes were washed
with TBS containing 0.1% Tween-20 (TBS-T) and incubated with horseradish peroxidase
(HRP)-conjugated sheep anti-mouse IgG Ab (GE Healthcare, Buckinghamshire, UK) or HRP-
conjugated donkey anti-goat IgG Ab (Santa Cruz Biotechnology, Santa Cruz, CA) in 5% skim
milk-TBS for 1 hour at RT. Proteins were detected with enhanced chemiluminescence using
the Western Lightning Plus-ECL (Perkin Elmer, Waltham, MA). 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). For reprobing, the same mem-
branes were treated with stripping solution. After blocking with 5% skim milk in TBS, the
membranes were reblotted with mouse anti-B-actin mAb (clone AC-15, Sigma-Aldrich) in 5%
skim milk-TBS for 1 hour at RT, and subsequently incubated with HRP-conjugated sheep
anti-mouse IgG Ab in 5% skim milk-TBS for 1 hour at RT. Protein detection was performed as
described above.

Flow cytometry

The methods for flow cytometry were detailed previously [29]. In brief, The cultured cell lines
were incubated with 10 pug/ml of purified mouse anti-human CD26 mAb (19-32, U16-3 or
U38-8) or goat anti-human CD26 pAb or isotype controls for 25 min at 4°C, and subsequently
stained with PE-conjugated goat anti-mouse Ig pAb (BD Biosciences, San Jose, CA) or PE-
conjugated donkey anti-goat IgG Ab (Santa Cruz Biotechnology) for 25 min at 4°C. PE-labeled
mouse anti-human CD26 mAbD (clone M-A261, BD Biosciences) was utilized as a positive con-
trol. PE-labeled or unlabeled mouse IgG;,x isotype control (clone MOPC-21, BD Biosciences)
and normal goat polyclonal IgG (AB-108-C, R&D Systems) were utilized as negative controls.

ELISA

For the preparation of denatured sCD26 used for ELISA, purified sCD26 protein was boiled
for 10 min at 95°C in PBS. The 96-well immunoplates (NUNC, Roskilde, Denmark) were
coated with native (undenatured) sCD26 or denatured sCD26 in carbonate bicarbonate buffer
(12.5, 25, 50, 100, 200 ng/well, respectively) or buffer alone as a negative control at 4°C over-
night. Each well of the plate was blocked with 2% BlockAce (DS Pharma Biomedical, Osaka,
Japan) in deionized distilled water for 1 hour at RT, and then incubated with 2 ug/ml of puri-
fied mouse anti-human CD26 mAb (5F8, 1F7, 19-32, U16-3 or U38-8) or goat anti-human
CD26 pAb in 1% BlockAce solution for 1 hour at RT, and subsequently incubated with HRP-
conjugated goat anti-mouse Ig pAb (BD Biosciences) or HRP-conjugated donkey anti-goat
IgG Ab (Santa Cruz Biotechnology) in 1% BlockAce solution for 1 hour at RT. Colorimetric
methods and data analysis were detailed previously [29].

Ethics approval and consent to participate

Animal experiments were conducted following protocols approved by the Animal Care and
Use Committee at Juntendo University (Authorization Numbers: 250170 and 290131). For the
use of human materials, experimental procedures and study protocols were approved by the
Saitama Medical University ethical review board (Authorization Number: 794), the Keio Uni-
versity School of Medicine ethical review board (Authorization Number: 2012-0100) and the
Juntendo University School of Medicine ethical review board (Authorization Number:
2014029), and the purpose of the study was explained to all patients and their written informed
consent was obtained. The use of human samples from autopsy cases was generously permitted
by the written informed consent obtained from the next of kin. All studies on human subjects
were carried out according to the principles set out in the Declaration of Helsinki.
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Results
Development of novel anti-CD26 mAbs

Following the development of a mouse anti-human CD26 mAb, clone 19-32, capable of
detecting denatured CD26 in FFPE tissue sections [29], we attempted to establish the compan-
ion diagnostic kit utilizing this mAb. The control slides containing samples from a set of FFPE
cell lines expressing CD26 or CD26-negative cell lines are included in the kit as positive or neg-
ative controls for immunostaining, respectively. For this purpose, we selected the human
CD26-negative lung cancer cell line A549 and 3 pairs of human CD26-positive or negative
tumor cell lines (MSTO, JMN and Jurkat cells) which have been previously characterized by
our group [2, 16, 23]. To confirm mRNA and cell surface protein expression of human CD26
in these cell lines, we conducted real-time RT-PCR and flow cytometry analyses. MSTO par-
ent, A549 and Jurkat parent were endogenous human CD26-deficit cell lines, and neither
mRNA nor cell surface protein expression was detected in these cells, while both MSTO-CD26
and Jurkat-CD26 which were stably transfected with a full-length human CD26 expressed
CD26 at both mRNA and protein levels (S1A and S1B Fig). On the other hand, stable siRNA
knockdown of CD26 in JMN, an endogenous human CD26-positive cell line, markedly
reduced the expression at both mRNA and protein levels as compared with JMN ctrl-shRNA
cells (S1A and S1B Fig). We next prepared the FFPE cell block of these tumor cell lines (the
results of H&E staining of each tumor cell line were shown in Fig 1A-i), and examined immu-
nostaining with 19-32 mAb. However, although FFPE tissue specimens of normal liver, kid-
ney, prostate, and malignant mesothelioma stained with 19-32 mAb exhibited reliable
staining pattern and intensity [29], specimens from both CD26-positive MSTO-CD26 and
JMN ctrl-shRNA cells as well as CD26-negative MSTO parent, JMN CD26-shRNA and A549
cells were all unexpectedly stained with 19-32 mAb (Fig 1A-ii). Meanwhile, cell block speci-
mens stained with anti-CD26 pAb purchased from R&D Systems (control pAb) exhibited a
clear staining pattern of CD26, (Fig 1A-iii), revealing 19-32 mAb to be inappropriate for the
detection of denatured CD26 expression in FFPE clinical tumor samples.

Given these observations, we again attempted to develop novel anti-human CD26 mAbs
that are useful for the analysis of tumor CD26 expression in the clinical setting. To achieve this
objective, we improved the hybridoma screening methods that are summarized in Table 1.

The host mice, preparation of immunogen, and the immunization method used for our
current study were exactly the same as in our previous study [29]. In our previous study, the
hybridoma supernatants were screened for selective reactivity with human CD26. As a result
of the screening, 31 clones that secreted anti-human CD26 mAbs were evaluated by both flow
cytometry and ELISA. After testing the hybridoma supernatants from the 31 clones for immu-
nostaining of CD26 in FFPE tissue sections, we finally obtained 19-32 mAb [29]. On the other
hand, in the present study, hybridoma cells were first screened for murine IgG production by
ELISA, since it is possible that mAbs suitable for immunostaining of denatured human tumor
CD26 in FFPE cell block and tissue specimens would not react well to native (undenatured)
CD26 or urea-treated CD26 protein, as analyzed by flow cytometry or ELISA.

Immunostaining with novel anti-CD26 mAbs

The positive supernatants containing high levels of murine IgG were next screened for immu-
nostaining of CD26 in FFPE cell block of various human CD26-positive or negative tumor cell
lines as described above. After testing the hybridoma supernatants from a total of 429 clones
for immunostaining of FFPE cell block, we finally obtained 5 clones capable of staining CD26
in CD26-positive tumor cell lines without any non-specific staining in CD26-negative tumor
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Fig 1. Representative results of immunostaining of FFPE cell block with novel anti-CD26 mAbs. A. The cell block sections of MSTO parent,
MSTO-CD26, JMN CD26-shRNA, JMN ctrl-shRNA or A549 cells were stained with hematoxylin and eosin (H&E) (i), or purified mouse anti-human
CD26 mAD (19-32 (ii), U16-3 (iv), U38-8 (v)), or purified goat anti-human CD26 pAb (R&D Systems (iii)). Original magnification, 10x. B. The cell
block sections of MSTO-CD26 or JMN ctrl-shRNA cells were stained with purified novel mouse anti-human CD26 mAbs (U16-3 (i) or U38-8 (ii)) in
the presence of excessive amounts of soluble human CD26 protein (sCD26) or vehicle. Original magnification, 40x. All specimens were
counterstained with hematoxylin.

https://doi.org/10.1371/journal.pone.0218330.9001

cell lines. Among them, two representative clones (clone U16-3 or U38-8) clearly distinguished
CD26-positive cells from CD26-negative cells by immunostaining. As shown in Fig 1A,
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Table 1. A method for development of novel anti-human CD26 monoclonal antibodies.

Host Immunogen 1st screening 2nd screening 3rd screening
The previous BALB/c 8M urea-treated Flow cytometry ELISA Immunostaining
method mice recombinant sCD26° Jurkat-CD26 (CD26") Native sCD26" [Tissue]
(19-32 mAD) (protein) Jurkat parent (CD26-) Urea-treated sCD26* Liver
Kidney
Prostate
Mesothelioma
The present BALB/c 8M urea-treated ELISA Immunostaining Immunostaining
method mice recombinant sCD26" Mouse total IgG [Cell line] [Tissue]
(U16-3 mAD, (protein) MSTO parent (CD26-) Liver
U38-8 mAb) MSTO-CD26 (CD26") Kidney
JMN CD26-sh® (CD26-) Prostate
JMN ctrl-sh® (CD26") Mesothelioma

A549 (CD26-)

# sCD26: soluble human CD26 (the extracellular domain of CD26)
® sh: short hairpin RNA

https://doi.org/10.1371/journal.pone.0218330.t001

MSTO-CD26 and JMN ctrl-shRNA cells stained with the purified U16-3 mAb or U38-8 mAb
exhibited reliable staining intensity comparable to the control pAb, while MSTO parent, JMN
CD26-shRNA and A549 cells stained with these mAbs showed extremely low background sig-
nals as compared with the control pAb (panels iii, iv, v). In addition, to determine the optimal
Ab concentration for immunostaining, we evaluated the Abs in concentrations ranging from
0.1 pg/ml to 10 pg/ml of U16-3 mAb, U38-8 mAb or control pAb. As a result of this evaluation,
staining of FFPE cell block with 0.2-0.5 pg/ml of U16-3 mAb or 0.5-1 pg/ml of U38-8 mAb
resulted in similar staining intensity as compared with those stained with 1-2 ug/ml of control
pAD (Fig 1A-iii, 1A-iv and 1A-v), strongly suggesting that the newly developed mAbs have a
higher binding affinity for denatured human CD26 in FFPE sections than that of control pAb.
To further confirm the binding specificity of these novel mAbs to human CD26, the FFPE cell
block of MSTO-CD26 and JMN ctrl-shRNA cells was treated with U16-3 mAb or U38-8 mAb
preincubated with excessive amounts of native (undenatured) sCD26 or vehicle. As shown in
Fig 1B, the binding of these mAbs was completely inhibited by sCD26 (panels i, ii).

Moreover, we examined immunohistochemical staining of in vivo tumor samples with
U16-3 mAb or U38-8 mAb. For this purpose, MSTO parent, MSTO-CD26 or JMN cells were
implanted s.c. in the flank of SCID mice, and the tumors in the flank were excised from those
mice. Histology of mesothelioma formed by MSTO parent, MSTO-CD26 or JMN cells was
shown in H&E staining of each tumor sample (Fig 2A-i). Staining of tumors derived from
MSTO-CD26 and JMN cells with U16-3 mAb or U38-8 mAb showed more bright staining
intensity than control pAb, while no apparent staining was observed in MSTO parent-derived
tumors stained with these two mAbs (Fig 2A-iii, 2A-iv and 2A-v). Meanwhile, not only tumors
derived from MSTO-CD26 and JMN cells but also tumors derived from MSTO parent cells
were all stained with 19-32 mAb (Fig 2A-ii), which was similar with the results of cell block
shown in Fig 1A-ii.

Finally, we examined immunohistochemical staining of CD26 in FFPE tissue specimens of
normal liver, kidney, prostate, and MPM with U16-3 mAb or U38-8 mAb. The staining pat-
tern of CD26 in these tissues was detailed previously [29]. As shown in Fig 2B, the surface
membrane of bile canaliculi, the brush border of renal proximal tubular epithelial cells and
prostate epithelial cells were specifically stained with extremely low background (panels i, ii).
The specific staining of CD26 in epithelioid type of MPM was also observed with the use of
U16-3 mAb or U38-8 mAb. Of note, although both cell surface and cytoplasm of MPM cells
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Fig 2. Representative results of immunostaining of FFPE tissue specimens with novel anti-CD26 mAbs. A. MSTO parent, MSTO-CD26 or JMN
cells were implanted subcutaneously (s.c.) in the flank of SCID mice. The in vivo tumor samples were stained with hematoxylin and eosin (H&E) (i),
or purified mouse anti-human CD26 mAb (19-32 (ii), U16-3 (iv), U38-8 (v)), or purified goat anti-human CD26 pAb (R&D Systems (iii)). Original
magnification, 20x. B. The tissue specimens of liver, kidney, prostate or two cases of malignant mesothelioma were stained with purified novel mouse
anti-human CD26 mAbs (U16-3 (i) or U38-8 (ii)). Original magnification, 4x. All specimens were counterstained with hematoxylin.

https://doi.org/10.1371/journal.pone.0218330.9002

were stained with U16-3 mAb or U38-8 mAb, cell surface membrane was stained more
intensely than cytoplasm. This staining pattern of CD26 in MPM cells was similar with the

staining results of control pAb [29].
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Taken together, these data indicate that U16-3 mAb and U38-8 mAb were capable of
detecting denatured human CD26 in FFPE non-tumor and tumor tissue sections and tumor
cell blocks with reliable staining pattern comparable to the control pAb. Importantly, with
respect to signal-to-noise ratio, the newly developed mAbs were superior to the commercial
anti-CD26 pAb in immunostaining of FFPE samples.

Characteristics of novel anti-CD26 mAbs

To further analyze the binding specificity and affinity of novel anti-CD26 mAbs for denatured
or undenatured human CD26, we next conducted Western blot analysis utilizing the same
human CD26-positive or negative tumor cell lines described above. We used the same
enhanced chemiluminescence reagent, and the images were taken at the same exposure time
to compare the detection sensitivity of anti-CD26 Abs. As shown in Fig 3, when each sample
was immunoblotted with U38-8 mAD, clear bands were detected in the whole cell lysate of
MSTO-CD26, JMN ctrl-shRNA and Jurkat-CD26 in molecular mass regions around 110 kDa,
while these bands were not observed in the lysate of MSTO parent, JMN CD26-shRNA, A549
or Jurkat parent (panel iii). Importantly, no other non-specific bands were ever observed in all
of the samples. The band intensity of Jurkat-CD26 was the most prominent, whereas the band
intensity of JMN ctrl-shRNA was considerably weaker compared with those of Jurkat-CD26
and MSTO-CD26. These results correlated with the mRNA and cell surface protein expression
levels of human CD26 in these cell lines, as shown in S1 Fig. In addition, U16-3 mAb or the
control pAb detected CD26 expression in Jurkat-CD26 and MSTO-CD26, while the CD26
band was only slightly detected in whole cell lysate of JMN ctrl-shRNA (Fig 3-ii and 3-iv).
Meanwhile, when each sample was immunoblotted with 19-32 mAb, the clear band was only
observed in Jurkat-CD26 (Fig 3-i). When images were obtained at longer exposure times, sev-
eral non-specific bands in molecular mass regions other than 110 kDa were observed in each
sample when immunoblotted with 19-32 mAb. As was the case with immunostaining assay,
we evaluated the Abs in concentrations ranging from 0.1 pg/ml to 10 pg/ml of anti-CD26 Abs

Lane: 1. MSTO parent 5. A549
2. MSTO-CD26 6. Jurkat parent
3. JMN CD26-shRNA 7. Jurkat-CD26
4. JMN ctrl-shRNA

Blot: ()19-32 (i) U16-3 (i) U38-8 (iv) R&DpAb
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Fig 3. Western blotting analysis with novel anti-CD26 mAbs. Whole cell lysates of MSTO parent, MSTO-CD26, JMN CD26-shRNA, JMN ctrl-shRNA, A549, Jurkat
parent or Jurkat-CD26 cells were separated by SDS-PAGE (each, 20 pg), and CD26 was detected by immunoblotting with purified mouse anti-human CD26 mAb (19-
32 (i), U16-3 (ii), U38-8 (iii)), or purified goat anti-human CD26 pAb (R&D Systems (iv)). The same blots were stripped and reprobed with antibodies specific for -
actin as a loading control. Data shown are representative of three independent experiments, and similar results were obtained in each experiment.

https://doi.org/10.1371/journal.pone.0218330.9003
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Fig 4. Flow cytometry analysis with novel anti-CD26 mAbs. MSTO parent, MSTO-CD26, JMN CD26-shRNA, JMN ctrl-shRNA, A549, Jurkat parent or Jurkat-CD26
cells were incubated with unlabeled isotype control or purified mouse anti-human CD26 mAb (19-32, U16-3 or U38-8) or purified goat anti-human CD26 pAb (R&D
Systems), and subsequently stained with PE-labeled goat anti-mouse Ig pAb or PE-labeled donkey anti-goat IgG Ab, and analyzed by flow cytometry. PE-labeled
commercial mouse anti-human CD26 mAb (BD Biosciences, clone M-A261) was utilized as a positive control. Representative data of three independent experiments are
shown as mean * S.D. of the mean fluorescence intensity (MFI) from triplicate samples, and similar results were obtained in each experiment.

https://doi.org/10.1371/journal.pone.0218330.9004

to determine the optimal Ab concentration for Western blotting. This evaluation demon-
strated that immunoblotting with 0.2 ug/ml of U16-3 mAb or 0.5 pg/ml of U38-8 mAb
resulted in greater band intensity than that obtained following immunoblotting with 1 pg/ml
of control pAb or 5 ug/ml of 19-32 mAb (Fig 3). These results indicate that the newly devel-
oped mAbs exhibited significantly greater binding specificity and affinity for denatured
human CD26 protein in boiled Western blot samples as compared with those of control pAb
or 19-32 mAb.

We next conducted flow cytometry analysis to analyze the binding affinity of novel anti-
CD26 mAbs for native (undenatured) human CD26 protein. Human CD26-positive or nega-
tive tumor cell lines were incubated with a sufficient amount (10 pg/ml) of unlabeled mouse
anti-human CD26 mAb (19-32, U16-3 or U38-8) or control pAb or isotype controls, and sub-
sequently stained with PE-labeled anti-mouse Ig pAb or PE-labeled anti-goat IgG Ab. PE-
labeled commercial anti-CD26 mAb purchased from BD Biosciences or isotype control was
utilized as a positive or negative control. As shown in Fig 4 (representative histograms are
shown in 52 Fig), anti-CD26 mAb purchased from BD Biosciences, 19-32 mAb or control
PAD could stain MSTO-CD26, JMN ctrl-shRNA or Jurkat-CD26 while MSTO parent, JMN
CD26-shRNA, A549 or Jurkat parent showed no staining with these anti-CD26 Abs. In con-
trast, both U16-3 mAb and U38-8 mAb did not stain any of the tumor cell lines, similar to the
results obtained with isotype controls (Fig 4). We also evaluated staining with directly fluoro-
chrome-labeled U16-3 mAb or U38-8 mAb, and again these two mAbs did not stain any of the
tumor cell lines. These data demonstrate that these novel anti-CD26 mAbs cannot bind to
native (undenatured) human CD26 protein on the cell surface.

To further confirm the binding affinity of the novel anti-CD26 mAbs for denatured or
undenatured human CD26, we next conducted ELISA assay. To prepare denatured sCD26,
purified sCD26 protein was boiled for 10 min at 95°C. The 96-well immunoplates were coated
with native (undenatured) sCD26 or denatured sCD26, and the reactivity of anti-CD26 Abs to
these proteins was analyzed. Mouse anti-human CD26 mAbs 5F8 and 1F7, which were
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Fig 5. ELISA analysis with novel anti-CD26 mAbs. Immobilized native (undenatured) soluble human CD26 protein (sCD26) (i) or boiled (denatured)
sCD26 (ii) was incubated with purified mouse anti-human CD26 mAb (5F8, 1F7, 19-32, U16-3 or U38-8) or purified goat anti-human CD26 pAb (R&D
Systems). The absorbance at 450 nm/570 nm was measured. Representative data of three independent experiments are shown as mean + S.D. of triplicate
samples, and similar results were obtained in each experiment.

https://doi.org/10.1371/journal.pone.0218330.g005

previously developed by our group as described in Materials and methods, were used as con-
trols. Both 5F8 mAb and 1F7 mAb exhibited strong binding affinity to native (undenatured)
human CD26 as confirmed by flow cytometry and ELISA, whereas these mAbs did not recog-
nize denatured human CD26 in the FFPE tissue specimens (representative results are shown
in S3 Fig). As shown in Fig 5, all the anti-CD26 Abs tested reacted well to the native sCD26,
and the absolute value of absorbance was increased in an antigen dose-dependent manner
(panel i). On the other hand, when sCD26 was denatured, the absorbance of 5F8 mAb, 1F7
mADb and 19-32 mAb was markedly reduced, while the absorbance of control pAb was main-
tained (Fig 5-ii). However, intriguingly, the absolute value of absorbance to the denatured
sCD26 incubated with U16-3 mAb or U38-8 mAb appeared to be higher than the absorbance
to the native sCD26 incubated with U16-3 mAb or U38-8 mAb, and the observed difference
was particularly prominent at the low antigen doses (Fig 5). Moreover, the absolute value of
absorbance to the denatured sCD26 incubated with U16-3 mAb or U38-8 mAb was much
higher than that of control pAb. We next evaluated the potential suitability of U16-3 mAb or
U38-8 mADb for sandwich ELISA. For this purpose, we selected 5 mouse anti-human CD26
mAbs (19-32, 1F7, 5F8, 16D4B or 9C11) and a humanized anti-CD26 mAb (YS110) which
were all previously developed in our laboratory. We have previously shown that these mAbs
recognized distinct CD26 regions [26, 29]. All of these mAbs were labeled with biotin or HRP,
and we tested all possible combinations of U16-3 mAb and other mAb, or U38-8 mAb and
other mAb. However, the absolute value of absorbance was nearly at blank level for all of the
combinations, suggesting that both U16-3 mAb and U38-8 mAb are not suitable for sandwich
ELISA, and that these two mAbs hardly recognize native sCD26 in the liquid phase.

Taken together, our results obtained from immunostaining, Western blotting, flow cytome-
try and ELISA assays demonstrate that the newly developed mAbs exhibit significant binding
specificity and affinity for denatured human CD26 protein in FFPE cell block and tissue speci-
mens or boiled Western blot samples and recombinant sCD26 protein, as compared with
those of control pAb or 19-32 mAb.
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Advances in future CD26-related research

Since our data reveal that the newly developed anti-CD26 mAbs can specifically stain dena-
tured human CD26 in FFPE tumor cells with reliable clarity and intensity, we then conducted
immunohistochemical staining of FFPE CD26-expressing tumor tissues of hepatocellular car-
cinoma, renal cell carcinoma, prostate adenocarcinoma, colon adenocarcinoma, and lung ade-
nocarcinoma with U16-3 mAb or U38-8 mAb. As shown in Fig 6A, each tumor tissue stained
with U16-3 mAb or U38-8 mAb (panels i and ii) exhibited stronger and broader staining pat-
terns as compared with staining with control pAb [29]. Results from the immunostaining stud-
ies indicate that CD26 can be detected both on the cell surface as well as in the cytoplasm of
these carcinoma tissues.

A Hepatocellular Renal cell Prostate Colon Lung
carcinoma carcinoma adenocarcinoma adenocarcinoma adenocarcinoma

i) U16-3 P
@ "
A g@? .
DRSS -
(ii) U38-8
B Bone Marrow C Bone metastasis of D Primary
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(ii) U16-3
(iii) U38-8

Fig 6. Novel anti-CD26 mAbs exhibit a reliable staining pattern and intensity for various tumors and decalcified specimens. A. The tissue specimens of
hepatocellular carcinoma, renal cell carcinoma, prostate adenocarcinoma, colon adenocarcinoma or lung adenocarcinoma were stained with purified novel
mouse anti-human CD26 mAbs (U16-3 (i) or U38-8 (ii)). Original magnification, 40x. B, C, D. The EDTA-decalcified (left panels) or formic acid-decalcified
(right panels) tissue specimens of normal human bone and bone marrow (B), formic acid-decalcified tissue specimens of metastatic thyroid carcinoma in the
bone (C), or the tissue specimens of primary thyroid carcinoma without decalcification (D) were stained with purified goat anti-human CD26 pAb (R&D
Systems (i)) or purified novel mouse anti-human CD26 mAbs (U16-3 (ii) or U38-8 (iii)). Original magnification, 10x (B, left panels of C, D) or 40x (right
panels of C). All specimens were counterstained with hematoxylin.

https://doi.org/10.1371/journal.pone.0218330.9006
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Staining of decalcified specimens with reliable clarity and intensity is well-known to be
challenging since proteins are further denatured and/or degenerated in the process of decalci-
fication. Since our results demonstrate that the novel anti-CD26 mAbs have a higher binding
affinity for denatured human CD26 protein than that of commercial anti-CD26 pAb (Figs 1, 2,
3 and 5), we proceeded to conduct immunohistochemical staining of decalcified specimens
with U16-3 mAb or U38-8 mAb. As shown in Fig 6B, both EDTA-decalcified and formic acid-
decalcified normal human bone and bone marrow tissue specimens stained with U16-3 mAb
or U38-8 mADb exhibited a bright staining pattern of CD26, with even the distinct vasculature
of marrow being specifically stained with reliable intensity, while control pAb could not stain
decalcified bone tissue with reliable clarity and intensity (panels i, i, iii). Moreover, we stained
decalcified specimens of metastatic thyroid carcinoma in the bone. CD26 expression was
clearly visible on the cell surface and in the cytoplasm of carcinoma cells when stained with
U16-3 mAb or U38-8 mAb following decalcification (Fig 6C-ii and 6C-iii). On the other hand,
staining of decalcified specimens with control pAb was only faintly observed in colloid space
whereas bright staining was observed in the specimens of primary thyroid carcinoma without
decalcification (Fig 6C-i and 6D-i). Taken together, these data strongly suggest that the newly
developed anti-CD26 mAbs are potentially useful as companion diagnostic agents to analyze
tumor CD26 expression in the clinical setting, while advancing future CD26-related research.

Discussion

Although it is difficult to develop anti-human CD26 mAbs that can clearly detect denatured
CD26 in FFPE tissues, the anti-CD26 pAb purchased from R&D Systems is able to stain CD26
with reliable clarity and intensity. However, since treatment with targeted therapeutic agents is
dependent on detection of the appropriate target antigens on clinical samples, uniformity of
the diagnostic reagents is critical, suggesting that mAbs are desirable for diagnostic uses in the
clinical setting. In the present study, we have improved the screening methods and succeeded
in developing novel anti-human CD26 mAbs that can potentially be used as diagnostic
reagents clinically.

CD26 is highly expressed on the surface of MPM cells, especially tumors of the epithelioid
and biphasic types, but not on benign mesothelial tissues [21, 28]. We have previously evalu-
ated the prognostic significance of CD26 membrane expression on MPM cells and other clini-
copathological factors in those patients, and concluded that the CD26 molecule is a reliable
biomarker for predicting potential therapeutic outcome of MPM patients following chemo-
therapy [28]. Our previous study showed that CD26 is associated with high proliferative activ-
ity and invasiveness of MPM cells [22, 23, 28]. Although the exact role of CD26/DPPIV in
other cancers remains to be elucidated, CD26 serves as a prognostic marker in multiple
tumors. Significantly higher CD26 expression has been shown to be correlated with poorly dif-
ferentiated CRC, late tumor node metastasis stage, and development of metastasis [10]. In
addition, a high CD26 expression level is a predictor of poor outcome after resection of CRC.
The disease-free survival of patients with CD26-positive GIST of the stomach is worse than
that of patients with CD26-negative GIST [11]. CD26, secretogranin V (SCG5) and carbonic
anhydrase XII (CA12) are a three-gene signature that can distinguish malignant thyroid can-
cers, and is useful for preoperative diagnosis of thyroid cancer [12]. The mRNA level of CD26
is significantly upregulated in advanced-stage urothelial carcinoma and the upregulation of
CD26 is most significantly associated with clinical aggressiveness [13]. CD26 expression level
in prostate cancer tissues is higher than that of normal prostatic tissues, and is enhanced with
prostate cancer stage advancement [14]. These observations strongly suggest that immunohis-
tochemical staining of CD26 in FFPE tumor tissues is important for diagnosis and prognosis
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of multiple tumors. Also, more detailed analysis regarding the localization and quantification
of CD26 expression may provide additional benefit in the clinical setting.

Specific binding with its target molecule is a well-known characteristic of antibody. How-
ever, in Western blot assay, several non-specific bands may often be observed in each sample
when immunoblotted with commercial Abs. Similarly, a FFPE negative control sample is often
non-specifically stained with the Abs. Under denaturing conditions, the conformation of pro-
teins is changed, and conformational amino acid sequences that do not exist in the physiologi-
cal condition are generated. If the generated amino acid sequences are similar to the epitope of
the Abs, these Abs react with several proteins in the denaturing conditions. Different denatur-
ing conditions such as FFPE treatment, urea treatment and boiling may result in different con-
formational amino acid sequences. Our previous 19-32 mAb was first screened for selective
reactivity with native (undenatured) human CD26 by flow cytometry and ELISA, and we con-
firmed that 19-32 mAb did not stain Jurkat parent cells by flow cytometry and did not react
with blocking protein by ELISA (Fig 4, S2 Fig, Fig 5-1). In addition, we have conducted immu-
nohistochemical staining of nearly one hundred FFPE MPM tissue specimens with 19-32
mAD, and found that not all of the MPM samples were stained with 19-32 mAb. However, on
the other hand, FFPE cell block specimens of CD26-negative tumor cell lines were all unex-
pectedly stained with 19-32 mAb (Fig 1A-ii), suggesting that 19-32 mAb binds with human
CD26 as well as denatured antigen(s) commonly expressed in tumor cell lines. Selection of
screening methods is crucially important for the development of novel mAb designed to serve
specific purpose. In the present study, hybridomas producing high levels of murine IgG were
all screened for immunostaining of FFPE cell blocks. From a total of 429 clones, we obtained
only 5 clones capable of distinguishing CD26-positive cells from CD26-negative cells by
immunostaining. These screening methods utilizing a set of various human CD26-positive or
negative tumor cell lines are useful for selecting mAbs that specifically recognize denatured
CD26 with a high signal-to-noise ratio.

Meanwhile, results from flow cytometry showed that both U16-3 mAb and U38-8 mAD did
not bind to native (undenatured) human CD26 on the cell surface (Fig 4, S2 Fig). Moreover,
although both U16-3 mAb and U38-8 mAD exhibited strong binding affinity to the immobi-
lized native sCD26 protein (Fig 5-i), these two mAbs barely recognized native sCD26 protein
in the liquid phase as confirmed by sandwich ELISA. In contrast, the antibody-absorption test
showed that staining of MSTO-CD26 and JMN ctrl-shRNA cells with U16-3 mAb or U38-8
mAb was completely inhibited by native sCD26 protein (Fig 1B). In that experiment, 6.67
pmol of U16-3 mAb or U38-8 mAb was preincubated with 909 pmol of native sCD26 protein.
More than one hundred times larger amount of antigen was needed for the antibody-absorp-
tion test, suggesting that these two mAbs did not react well with native sCD26 protein.
Although the precise difference in the conformation of CD26 protein on the cell surface and
that of sCD26 protein in the liquid phase is not elucidated, our data strongly suggest that these
novel anti-CD26 mAbs do not have strong binding affinity to native human CD26. We have
previously shown that the epitopes of human CD26 defined by anti-CD26 mAbs were roughly
categorized by 5 separate groups utilizing human CD26 deletion mutant- or human-rat CD26
swap mutant-transfected cells [26]. Cross-blocking studies such as flow cytometry or sandwich
ELISA using several anti-CD26 mAbs, the binding regions of which were already character-
ized, enabled us to speculate on the epitope defined by 19-32 mAb [29]. However, both U16-3
mAb and U38-8 mAb cannot be used for flow cytometry and sandwich ELISA. Moreover, it is
quite difficult to prepare denatured CD26 protein that can exactly replicate the conformation
of CD26 in FFPE section or in decalcified tissue section. These limitations have limited our
ability to analyze the precise epitopes defined by the novel anti-CD26 mAbs. However, accu-
mulating evidences regarding the conformational change of denatured proteins are found in
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the protein database, and we have already obtained data regarding the amino acid sequence of
the variable region in both heavy chain and light chain of U16-3 mAb and U38-8 mAb, utiliz-
ing the 5-RACE PCR method. We are currently examining in silico predictions of the three-
dimensional structure of an antigen-antibody complex utilizing such program as Rosetta [32].

The mAbs capable of staining target molecules with reliable clarity and intensity in decalci-
fied specimens are valuable. We have recently reported that CD26 is expressed on normal
human osteoclasts, with its expression being enhanced following activation [33]. CD26 expres-
sion is increased in the process of osteoclast differentiation, and may be involved in p38
MAPK signaling. Interestingly, the humanized anti-CD26 mAb (YS110) inhibits early osteo-
clast precursor differentiation into osteoclasts [33]. Since our present data indicate that both
U16-3 mAb and U38-8 mAb can clearly stain CD26 in the bone or on tumor cells in calcified
tissues (Fig 6B and 6C), these mAbs are expected to contribute to future CD26-related research
involving normal tissues and tumor/inflammatory lesions accompanied by calcification. Fur-
thermore, these mAbs are potentially useful for the analysis of CD26 expression in cancer
patients with bony metastasis, and may help decide the appropriateness of YS110 therapy for
future cancer patients.

Supporting information

S1 Fig. mRNA and cell surface protein expression of CD26 in the human tumor cell lines
used in this study. A. Total RNA was extracted from the indicated cell lines by the use of
Rneasy Mini Kit according to the manufacturer’s instructions (QIAGEN, Valencia, CA), and
c¢DNA was produced by using PrimeScript II 1st strand cDNA Synthesis Kit (TaKaRa Bio,
Shiga, Japan) with oligo dT primer. 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 1 (HPRT1) expression. The PCR was
performed using the following primers: CD26 forward primer, 5’ ~GTACACAGAACGTTACA
TGGGTCTC-3"; reverse primer, 5’ ~-TCAGCTCTGCTCATGACTGTTG-3"; HPRT1 forward
primer, 5’ ~-CAGTC AACAGGGGACATAAAAG-3';reverse primer, 5’ ~-CCTGACCAAGGAAA
GCAAAG-3'. Data are shown as mean * S.D. of triplicate samples.

B. The indicated cells were incubated with PE-labeled isotype control (BD Biosciences, clone
MOPC-21 (i)) or PE-labeled commercial mouse anti-human CD26 mAb (BD Biosciences,
clone M-A261 (ii)), and cell surface expression of CD26 was analyzed by flow cytometry. Two-
dimensional dot plot (horizontal axis: CD26, longitudinal axis: non-staining) gated for viable
cells is shown. A representative plot of three independent experiments is shown, and similar
results were obtained with each experiment.

Among cell lines used in this study, mRNA and cell surface protein expression of CD26 in Jur-
kat-CD26 is the most prominent, and the expression levels of MSTO-CD26 are higher than
those of JMN ctrl-shRNA cells, whereas CD26 is hardly expressed even at mRNA level in
MSTO parent, JMN CD26-shRNA, A549 and Jurkat parent.

(PDF)

S2 Fig. Representative results of flow cytometry with novel anti-CD26 mAbs. MSTO par-
ent, MSTO-CD26, JMN CD26-shRNA, JMN ctrl-shRNA, A549, Jurkat parent or Jurkat-CD26
cells were incubated with unlabeled isotype control or purified mouse anti-human CD26 mAb
(19-32 (ii), U16-3 (iii) or U38-8 (iv)) or purified goat anti-human CD26 pAb (R&D Systems
(v)), and subsequently stained with PE-labeled goat anti-mouse Ig pAb or PE-labeled donkey
anti-goat IgG Ab, and analyzed by flow cytometry. PE-labeled commercial mouse anti-human
CD26 mAb (BD Biosciences, clone M-A261 (i)) was utilized as a positive control. Data are
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shown as histogram of CD26 intensity (red lines), and the gray area in each histogram shows
data of the isotype control. A representative histogram of three independent experiments is
shown, and similar results were obtained in each experiment.

PE-labeled anti-CD26 mAb purchased from BD Biosciences, 19-32 mAb or anti-CD26 pAb
purchased from R&D Systems could stain MSTO-CD26, JMN ctrl-shRNA or Jurkat-CD26
while MSTO parent, JMN CD26-shRNA, A549 or Jurkat parent did not demonstrate staining
with these anti-CD26 Abs. In contrast, both U16-3 mAb and U38-8 mAb did not stain any of
the tumor cell lines (similar to results seen with isotype controls).

(PDF)

$3 Fig. Immunohistochemical staining with anti-CD26 mAbs incapable of detecting dena-
tured human CD26. The tissue specimens of liver, kidney, prostate or two cases of malignant
mesothelioma were stained with purified mouse anti-human CD26 mAbs (1F7 (i) or 5F8 (ii)),
which were previously developed in our laboratory. Original magnification, 4x. All specimens
were counterstained with hematoxylin.

No apparent staining of CD26 was observed in the formalin-fixed paraffin-embedded tissue
specimens stained with 1F7 mAb or 5F8 mAb.

(PDF)
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ABSTRACT ARTICLE HISTORY
Interleukin (IL)-26, known as a Th17 cytokine, acts on various cell types and has multiple biological functions. Received 14 June 2019
Although its precise role still remains to be elucidated, IL-26 is suggested to be associated with the Revised 25 July 2019
pathology of diverse chronic inflammatory diseases such as psoriasis, inflammatory bowel diseases and Accepted 6 August 2019
rheumatoid arthritis. To develop novel neutralizing anti-human IL-26 monoclonal antibodies (mAbs) for KEYWORDS
therapeutic use in the clinical setting, we immunized mice with human IL-26 protein. Hybridomas producing Interleukin-26; monoclonal
anti-IL-26 mAbs were screened for various in vitro functional assays, STAT3 phosphorylation and antibiotic antibody; neutralization;
assays. Although the IL-20RA/IL-10RB heterodimer is generally believed to be the IL-26 receptor, our data chronic inflammatory
strongly suggest that both IL-20RA-dependent and -independent pathways are involved in IL-26-mediated diseases; psoriasis
stimulation. We also investigated the potential therapeutic effect of anti-IL-26 mAbs in the imiquimod-

induced psoriasis-like murine model using human /L-26 transgenic mice. These screening methods enabled

us to develop novel neutralizing anti-human IL-26 mAbs. Importantly, administration of IL-26-neutralizing

mAb did not have an effect on the antimicrobial activity of IL-26. Taken together, our data strongly suggest

that our newly developed anti-human IL-26 mAb is a potential therapeutic agent for the treatment of diverse

chronic inflammatory diseases including psoriasis.

Introduction Studies on the effect of IL-26 on IL-20RA-expressing cells have
shown that IL-26 regulates production of IL-8 from keratinocytes,
and enhances the production of IL-10, IL-8, and tumor necrosis
factor (TNF) and the surface expression of CD54 (ICAM-1) on
intestinal epithelial cells.'>"" Although the expression of IL-20RA
is not observed in human peripheral blood T cells, B cells, NK cells
and monocytes,” IL-26 effects on human monocytes and NK cells
have also been reported recently. IL-26 acts on human monocytes
and NK cells to induce the production of inflammatory cytokines
and to enhance cell surface TRAIL expression.”'* Moreover, we
have recently shown that IL-26 directly acts on vascular endothe-
lial cells to promote proliferation and tube formation at a similar
level as vascular endothelial growth factor (VEGF) regardless of
the deficiency of IL-20RA expression in vascular endothelial
cells.” These findings strongly implicate the existence of
a distinct IL-26 receptor other than the IL-20RA/IL-10RB hetero-
dimer. In addition to its immunological effects, IL-26 exerts anti-
microbial activity and contributes to host defense against both
extracellular and intracellular bacteria.'*'> However, the antimi-
crobial activity of IL-26 seems to be inefficient in hidradenitis
suppurativa patients, a chronic inflammatory skin disorder
accompanied by severe and recurrent skin infections, suggesting

Originally discovered in herpesvirus saimiri-transformed T
cells,' human interleukin (IL)-26 is a 171-amino acid protein
that belongs to the IL-10 family of cytokines, a family that
includes IL-10, IL-19, IL-20, IL-22 and IL-24.>* Human IL-26
protein is encoded by the IL26 gene located on chromosome
12q15 between the genes for interferon (IFN)-y and IL-22, and is
conserved in several vertebrate species but not found in mice and
rats.” Production of IL-26 was first reported from memory CD4"
T cells and natural killer (NK) cells,” and IL-26 is now known as
a Th17 cytokine.® Recently, production of IL-26 by various cell
types, such as synoviocytes from rheumatoid arthritis patients,
alveolar macrophages and bronchial epithelial cells, has been
reported.””” Tt is generally believed that the IL-20RA/IL-10RB
heterodimer is the IL-26 receptor. Binding of IL-26 to IL-20RA/
IL-10RB results in functional activation via STAT3
phosphorylation.'” While IL-10RB is ubiquitously expressed in
various cells, expression of IL-20RA, the key IL-26 receptor
subunit that mediates IL-26 signaling, is observed in epithelial
cell types such as keratinocytes, intestinal and lung epithelial
cells, strongly suggesting that IL-26 likely plays important roles
in cutaneous and mucosal immunity.
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that cutaneous antimicrobial incompetence in hidradenitis sup-
purativa may be related to IL-26."

Due to the deficiency of the gene encoding IL-26 in mice, the
precise functions and identification of target cells of IL-26 in
inflammatory disorders remain to be elucidated. Meanwhile,
recent studies have demonstrated that IL-26 is locally expressed
at inflammatory sites, and its expression level is increased in
serum, sputum, synovial fluid, bronchoalveolar lavage fluid and
cerebrospinal fluid of patients with diverse chronic inflammatory
diseases such as psoriasis, inflammatory bowel diseases, rheuma-
toid arthritis, spondyloarthritis, multiple sclerosis, pediatric
asthma, Behcet’s disease, allergic contact dermatitis and chronic
obstructive pulmonary disease.>”'"'”"** Our group has used
human IL-26 bacterial artificial chromosome (BAC) transgenic
(hIL-26Tg) mice*** or human T cell-transplanted immuno-
deficient mice to elucidate the role of IL-26 in inflammatory
disorders. We recently showed that IL-26 activates both human
and murine fibroblasts, leading to increased collagen production,
and that human IL-26-producing CD4 T cells are deeply involved
in the pathophysiology of pulmonary chronic graft-versus-host
disease (GVHD).***” More recently, we found that vasculariza-
tion and immune cell infiltration were dramatically enhanced in
hIL-26Tg mice in the imiquimod (IMQ), a potent agonist of Toll-
like receptor (TLR) 7 and TLRS, -induced psoriasis-like murine
model."” These findings strongly suggest that IL-26 may represent
a novel promising therapeutic target for refractory chronic inflam-
matory diseases, for which currently available drugs cannot yet
achieve the desired therapeutic outcome.

Although several anti-human IL-26 monoclonal antibodies
(mAbs) are commercially available, these mAbs are designated
as research reagents for Western blotting, flow cytometry or
enzyme-linked immunosorbent assay (ELISA), not for neutrali-
zation. We and other groups showed that polyclonal antibodies
(pAb) purchased from R&D Systems completely blocked IL-26
stimulation in vitro while also having in vivo functions.'®'>*®
However, pAbs are not the ideal reagents for therapeutic use in
the clinical setting. Selection of the appropriate screening meth-
ods is crucially important for the development of novel mAbs
designed to serve specific purposes. In contrast with the mAbs
that are only suitable for flow cytometry or ELISA, anti-human
IL-26 mAbs useful for neutralization can recognize specific
regions of IL-26 that are essential for binding with its receptor.
Although the number of uncharacterized receptors involved in
IL-26-mediated activation is not yet known, the binding regions
of IL-26 to these receptors would be different from the IL-26
binding domain for IL-20RA/IL-10RB, and the inhibitory effect
of anti-IL-26 neutralizing mAbs on the binding of IL-26 to its
receptors would be different, depending on the kind of receptor.

For these reasons, to accurately evaluate the neutralizing
capacity of mAbs in the this study, our chosen screening
methods included both in vitro functional assays utilizing
various cell types and in vivo evaluation of the potential
therapeutic effect, resulting in the successful development of
novel neutralizing anti-human IL-26 mAbs. Our data strongly
suggest that the newly developed anti-human IL-26 mAbs
may represent a novel promising therapeutic strategy for the
treatment of diverse chronic inflammatory diseases including
psoriasis and chronic GVHD.
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Results

Development of novel neutralizing anti-human IL-26
mAbs

To develop novel anti-human IL-26 neutralizing mAbs for
therapeutic use, we immunized mice with recombinant
human IL-26 protein. After the fusion of splenocytes of
immunized mice and P3U1 myeloma cells, the culture super-
natant was first screened by ELISA for selective reactivity with
human IL-26. In the first screening, 40 ng of recombinant
human IL-26 was coated per well. To exclude the possibility of
non-specific binding to the blocking proteins, we prepared the
wells coated with carbonate bicarbonate buffer alone (without
recombinant human IL-26), subsequently blocked with block-
ing proteins and incubated with hybridoma supernatants.
From our examination of various blocking proteins such as
bovine serum albumin, fetal bovine serum (FBS) and milk
proteins, BlockAce containing milk proteins was the best
blocking buffer to reduce the background absorbance. If the
absorbance to human IL-26 was higher than 0.5, the clone was
judged to be sufficiently reactive to human IL-26. As a result
of the first screening, more than 80 clones were selected for
the next screening.

Binding with the IL-20RA/IL-10RB heterodimer resulting in
functional activation via STAT3 phosphorylation is a well-
known characteristic of IL-26. Therefore, to screen for anti-
human IL-26 mAbs suitable for neutralization of IL-26, in vitro
functional assays utilizing IL-20RA-expressing cells were con-
ducted for the next round of screening. We examined mRNA
and cell surface protein expression of IL-20RA and IL-10RB in
several cell lines by real-time RT-PCR and flow cytometry,
respectively. As reported previously,”'>'"*®* mRNA expression
of IL-20RA was detected in the human keratinocyte cell line
HaCaT, human colon cancer cell lines COLO205, LoVo, HT-29
and human gastric cancer cell line MKN45 (Figure S1(a)).
Among them, the expression of IL-20RA in COLO205 was the
most prominent at both mRNA and cell surface protein levels. In
contrast, neither mRNA nor cell surface protein expression was
detected in human umbilical vein endothelial cells (HUVEC)
(Figure S1). The expression of IL-10RB was detected at both
mRNA and cell surface protein levels in all the cells. Although
multiple biological effects of IL-26 on various cell types have
been reported, we focused on ICAM-1 expression on COLO205
following IL-26 stimulation. COLO205 was then stimulated with
IL-26 in the presence of the culture supernatant from more than
80 clones, and cell surface ICAM-1 expression on COLO205 was
analyzed by flow cytometry. The clones that had the potential to
inhibit ICAM-1 expression on IL-26-stimulated COLO205 were
screened, and the neutralizing capacity of each clone was reex-
amined following purification of mAbs from culture superna-
tants. As a result of the second screening utilizing COLO205, we
obtained 4 clones with the potential to neutralize human IL-26.

The reactivity of the representative 4 clones to human IL-26
was confirmed by ELISA. As shown in Figure 1(a), all the novel
anti-IL-26 mAbs reacted well to the immobilized IL-26, and the
absolute value of absorbance increased in an antigen dose-
dependent manner. Among them, the absolute value of absor-
bance to IL-26 incubated with 20-3 mAb or 69-10 mAb was
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Figure 1. Representative results of ELISA analysis with novel anti-IL-26 mAbs.

Immobilized recombinant human IL-26 (rhIL-26) (a) or IL-10 (rhIL-10) (b) was incubated with purified novel mouse anti-human IL-26 mAb (2-2, 20-3, 31-4 or 69-10)
or commercial mouse anti-human IL-26 mAb (R&D Systems). The absorbance at 450 nm/570 nm was measured. Representative data of three independent
experiments are shown as mean + S.D. of triplicate samples, and similar results were obtained in each experiment.

particularly higher than the absorbance to IL-26 incubated with
the commercially available anti-IL-26 mAb (Figure 1(a)). Since
human IL-26 has been categorized into the IL-10 family, with
approximately 25% homology and 47% similarity to human IL-
10,2 the reactivity of the novel anti-IL-26 mAbs to immobilized
human IL-10 was analyzed. No non-specific binding to human
IL-10 was observed in the 4 mAbs and commercially available
anti-IL-26 mAb (Figure 1(b)).

The inhibitory effect of the novel anti-IL-26 mAbs on cell
surface ICAM-1 expression on IL-26-stimulated COLO205 cells

Although we could not obtain mAb that completely suppressed
ICAM-1 expression on IL-26-stimulated COLO205, the addition
of 2-2 mAb, 20-3 mAb, 31-4 mAb or 69-10 mAb partially

inhibited ICAM-1 expression on IL-26-stimulated COLO205
(Figure 2(a)). Of note, while addition of the commercially available
anti-IL-26 pAb completely inhibited ICAM-1 expression on IL-
26-stimulated COLO205 to a level similar to unstimulated
COLO205, addition of the commercially available anti-IL-20RA
pAb only partially inhibited ICAM-1 expression on IL-26-stimu-
lated COLO205 to a level similar to 69-10 mADb (Figure 2(a)).
Addition of the commercially available anti-IL-10RB pAb hardly
affected ICAM-1 expression on IL-26-stimulated COLO205
(Figure 2(a)).

We also examined the inhibitory effect of a combination of
novel anti-IL-26 mAbs on ICAM-1 expression. As shown in
Figure 2(b), a combination of 69-10 mAb and 2-2 mAb additively
inhibited ICAM-1 expression on IL-26-stimulated COLO205
compared with 69-10 mAb alone. Moreover, addition of 20-3
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Figure 2. Addition of novel anti-IL-26 mAbs inhibits cell surface ICAM-1 expression on IL-26-stimulated COLO205 cells.

COLO205 cells were stimulated with recombinant human IL-26 (20 ng/ml) for 24 hr. Cell surface ICAM-1 gated for viable cells was detected by flow cytometry. (a) Prior to the
onset of stimulation, the indicated Ab or isotype control Ab (isotype ctrl) was added to the culture wells to give a final concentration of 20 pg/ml each. (b) Prior to the onset
of stimulation, isotype control mAb (5 ug/ml), 69—10 mAb alone (5 ug/ml) or the combination of 69-10 mAb and 2—-2 mAb, 20-3 mAb, 31-4 mAb (5 pg/ml, respectively) was
added to the culture wells. (c) Prior to the onset of stimulation, the indicated concentrations of isotype control mAb, 69—10 mAb alone or the combination of 4 mAbs were
added to the culture wells. (a-c) The dashed line is the standard value of unstimulated cells (vehicle). Representative data of five independent experiments are shown as
mean * S.D. of mean fluorescence intensity (MFI) from triplicate samples, comparing values in each Ab to those in isotype control (* p < 0.01), and similar results were
obtained in each experiment. (d) Data are shown as histogram of ICAM-1, and are representative of five independent experiments. The thin black lines in each histogram
show the data of ICAM-1 expression on unstimulated cells. The bold black line (i) and the dotted lines (ii, iii) in each histogram show the data of ICAM-1 expression on IL-26-
stimulated cells in the presence of the indicated Abs (40 ug/ml each). The gray areas in each histogram show the data of the PE-labeled isotype control.

mAb and 31-4 mAb further suppressed ICAM-1 expression
on IL-26-stimulated COLO205. (Figure 2(b)). As shown in
Figure 2(c) (representative histograms are shown in Figure 2(d)),
ICAM-1 expression on IL-26-stimulated COLO205 was inhibited
in an antibody dose-dependent manner, and the combination of 4
mAbs almost completely inhibited ICAM-1 expression on IL-26-
stimulated COLO205 to a level nearly identical to the commer-
cially available anti-IL-26 pAb.

The inhibitory effect of the novel anti-IL-26 mAbs on
STAT3 phosphorylation in IL-26-stimulated COLO205 cells

We next analyzed the inhibitory effect of the novel anti-IL-26
mAbs on STAT3 phosphorylation in IL-26-stimulated COLO205.
We first examined the phosphorylation level of STAT3 in
COLO205 following IL-26 stimulation by Western blotting, with
recombinant human IL-22 and IL-6 used as positive controls. As
shown in Figure 3(a), stimulation with IL-26 resulted in the
prominent phosphorylation of STAT3 in COLO205 with a peak
around 10 min. The peak intensity of STAT3 phosphorylation in
COLO205 following IL-26 stimulation was stronger than IL-6
stimulation, a well-known inducer of STAT3 phosphorylation,
although the intensity was further amplified following IL-22

stimulation for 10 min (Figure 3(a)). We then examined the effect
of anti-IL-26 mAbs on STAT3 phosphorylation in COLO205
following IL-26 stimulation for 10 min. Similar to the results
obtained with the ICAM-1 expression assays, addition of 2-2
mAb, 20-3 mAb, 31-4 mAb or 69-10 mAb partially inhibited
STATS3 phosphorylation in IL-26-stimulated COLO205, while the
commercially available anti-IL-26 pAb completely blocked
STAT3 phosphorylation to a level seen in unstimulated
COLO205 (Figure 3(b)). The combination of 4 mAbs resulted in
a deeper level of inhibition compared with anti-IL-26 mAb alone,
one which was similar to that observed with the commercially
available anti-IL-20RA pAb (Figure 3(b)). Considering that the
combination of 4 mAbs markedly suppressed ICAM-1 expression
on IL-26-stimulated COLO205 as compared with anti-IL-20RA
pADb (as shown in Figure 2(a,c)), our data strongly suggest that IL-
20RA and STAT3-independent pathways are involved in ICAM-1
expression on COLO205 following IL-26 stimulation.

The inhibitory effect of the novel anti-IL-26 mAbs on
FGF7 and VEGF expression in IL-26-stimulated HaCaT
cells

Since keratinocytes expressing IL-20RA are thought to be one of
the primary targets of IL-26, we examined the inhibitory effect of
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Figure 3. Addition of novel anti-IL-26 mAbs inhibits phosphorylation of STAT3 in IL-26-stimulated COLO205 cells.

(a) COLO205 cells were stimulated with recombinant human IL-26 (20 ng/ml) for the indicated times, or stimulated with recombinant human IL-6 (20 ng/ml) or IL-22
(20 ng/ml) for 10 min. (b) COLO205 cells were stimulated with recombinant human IL-26 (20 ng/ml) for 10 min in the presence of the indicated Ab or isotype control
Ab (isotype ctrl) (20 pg/ml, respectively). (a, b) Whole cell lysates were separated by SDS-PAGE (each, 25 pg), and phospho(p)-STAT3 was detected by
immunoblotting. The same blots were stripped and reprobed with antibodies specific for pan STAT3. Data shown are representative of three independent
experiments with similar results. Band intensity of p-STAT3 was normalized to pan STAT3, and relative intensity compared with unstimulated cells was indicated
in the bottom graph (b). The dashed line is the standard value of unstimulated cells (vehicle). Data are shown as mean * S.E. of relative intensity from three
independent experiments, comparing values in each Ab to those in isotype control (* p < 0.01).

the novel anti-IL-26 mAbs on keratinocytes activation following
IL-26 stimulation. We have recently shown that IL-26 upregu-
lates the expression of fibroblast growth factor (FGF)-1 and
FGF2 in primary human keratinocytes."> Considering the uni-
formity of the assay, the human keratinocyte cell line HaCaT was
used in this study. Although we examined mRNA expression
levels of FGF1 and FGF2 in HaCaT following IL-26 stimulation,
significant increase was not observed as compared with unsti-
mulated HaCaT (data not shown). On the other hand, IL-26
enhanced mRNA expression levels of FGF7 and VEGF in
HaCaT (Figure 4(a,b)). We then examined the effect of anti-IL
-26 mAbs on FGF7 and VEGF expression in HaCaT following
IL-26 stimulation. As shown in Figure 4(a), addition of 2-2
mAb, 20-3 mAb, 31-4 mAb or 69-10 mAb inhibited FGF7
expression in IL-26-stimulated HaCaT. Of note, the inhibitory
effect of each mAb, particularly 31-4 mAb and 69-10 mAb, on
FGF7 expression in HaCaT was much more prominent com-
pared with ICAM-1 expression or STAT3 phosphorylation in
IL-26-stimulated COLO205 (as shown in Figures 2 and 3).
Addition of 31-4 mAb or 69-10 mADb almost completely inhib-
ited FGF7 expression in IL-26-stimulated HaCaT to a level seen
in unstimulated HaCaT, whereas the commercially available

anti-IL-20RA pAb only slightly inhibited FGF7 expression in
IL-26-stimulated HaCaT (Figure 4(a)). Similar results were also
obtained regarding VEGF expression in IL-26-stimulated
HaCaT (Figure 4(b)).

The inhibitory effect of the novel anti-IL-26 mAbs on
proliferation and tube formation of IL-26-stimulated
HUVEC

Given the fact that IL-20RA may be differentially involved in IL-
26-mediated stimulation depending on cell types, we next exam-
ined the inhibitory effect of the novel anti-IL-26 mAbs on vascular
endothelial cells activation following IL-26 stimulation. We
recently found that IL-26 directly acts on HUVEC to promote
proliferation and tube formation at a level similar to VEGF
regardless of the lack of IL-20RA expression.”> We therefore
examined the effect of the anti-IL-26 mAbs on proliferation and
tube formation of HUVEC following IL-26 stimulation. As shown
in Figure 5(a,b), addition of 2-2 mAb, 20-3 mAb, 31-4 mAb or
69-10 mAD inhibited both proliferation and tube formation of IL-
26-stimulated HUVEC. Similar to the results obtained with IL-26-
stimulated HaCaT shown in Figure 4, addition of the anti-IL-26
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Figure 4. Addition of novel anti-IL-26 mAbs inhibits the expression of FGF7 and VEGF in IL-26-stimulated HaCaT cells.

HaCaT cells were stimulated with recombinant human IL-26 (20 ng/ml) for 6 hr. Prior to the onset of stimulation, the indicated Ab or isotype control Ab (isotype ctrl)
was added to the culture wells to give a final concentration of 30 pg/ml each. mRNA expression of FGF7 (a) and VEGF (b) was quantified by real-time RT-PCR. Each
expression was normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT1). The dashed line is the standard value of unstimulated cells (vehicle).
Representative data of three independent experiments are shown as mean * S.D. of triplicate samples, comparing values in each Ab to those in isotype control

(* p < 0.01), and similar results were obtained in each experiment.

mAb, particularly 31-4 mAb and 69-10 mAb, strongly inhibited
proliferation and tube formation of IL-26-stimulated HUVEC to
a level nearly identical to that seen in unstimulated HUVEC. In
contrast, the commercially available anti-IL-20RA pAb and anti-
IL-10RB pAb hardly affected proliferation and tube formation of
IL-26-stimulated HUVEC (Figure 5(a,b)). Taken together, our
data indicate that both IL-20RA-dependent and -independent
pathways are involved in IL-26-mediated stimulation, and
strongly suggest the existence of distinct receptor(s) other than
the IL-20RA/IL-10RB heterodimer.

Lack of effect on the antimicrobial activity of IL-26 by the
novel anti-IL-26 mAbs

IL-26 has been reported to have a multitude of biological functions.
Due to its cationic amphipathic feature, similar to that seen with

antimicrobial peptides, IL-26 exerts its killing effect on extracellular
bacteria via membrane-pore formation and appears to have an
important role in host defense.'* Therefore, the development of
novel anti-IL-26 mAb-targeted therapy for chronic inflammatory
diseases should also include investigation into its effect on IL-26-
mediated antimicrobial activity. Binding assays revealed that both
lipopolysaccharide (LPS) from gram-negative bacteria (Escherichia
coli O111:B4) and lipoteichoic acid (LTA) from gram-positive bac-
teria (Staphylococcus aureus) strongly bound to recombinant human
IL-26 in a dose-dependent manner as compared with recombinant
human IL-10 and IL-22 (other IL-10 family cytokines) (Figure 6(a)).

We next examined the antimicrobial capacity of IL-26
through the use of Escherichia coli (ATCC 8739), and
Staphylococcus aureus (ATCC 29213) as representative gram-
negative and gram-positive bacteria, respectively. Representative
antimicrobial peptides LL-37 and human B-defensin 3 (hBD3)
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Figure 5. Addition of novel anti-IL-26 mAbs inhibits proliferation and tube formation of IL-26-stimulated HUVEC.

HUVEC were stimulated with recombinant human IL-26 (10 ng/ml) for 48 hr (a) or 9 hr (b). Prior to the onset of stimulation, the indicated Ab or isotype control Ab
(isotype ctrl) was added to the culture wells to give a final concentration of 20 pg/ml each. (a) Proliferation was assessed by cell confluence. (b) Tube formation was
assessed by cell sprouts formation. Representative images are shown in the right panels. Scale bar, 300 um. Quantification of tube length is demonstrated in the
graph in the left panel. (a, b) The dashed line is the standard value of unstimulated cells (vehicle). Representative data of three independent experiments are shown
as mean =+ S.D. of triplicate samples, comparing values in each Ab to those in isotype control (¥ p < 0.01), and similar results were obtained in each experiment.

were used for comparison. Growth kinetics analysis showed that
10 uM human IL-26 substantially inhibited and delayed the
growth of Escherichia coli, although this antimicrobial activity
was not as prominent as that seen with hBD3 and LL-37 in our
assay system (Figure 6(b)). hBD3 exhibited the strongest anti-
microbial capacity, with 10 uM hBD3 being able to completely
eradicate both Escherichia coli and Staphylococcus aureus, while
10 uM human IL-26 or LL-37 only slightly delayed the growth
of Staphylococcus aureus, and no inhibition was observed with 5
uM human IL-26 or LL-37 (Figure 6(c)).

Since the growth of Escherichia coli incubated with vehicle
reached saturation level from 6 to 8 hrs of incubation, the
difference in the number of bacteria incubated with vehicle
and 10 uM human IL-26 was most prominently observed
after 6 hrs of culture. We thus investigated the effect of anti-
IL-26 mAbs on antimicrobial activity of IL-26 under the experi-
mental conditions described in the Materials and methods
section. Considering the clinically effective dose range of ther-
apeutic antibody in the blood, we examined the effect of anti-IL
-26 Ab up to 150 pg/ml, equivalent to 1 uM. As shown in Figure
6(d), addition of 2-2 mAb, 20-3 mAb, 31-4 mAb or 69-10
mAb hardly affected the antimicrobial activity of IL-26. Even
the commercially available anti-IL-26 pAb showed little effect
on the antimicrobial activity of IL-26, strongly suggesting that 1
uM of antibody is insufficient to neutralize 10 uM human IL-
26. Taken together, these results strongly suggest that at least at
physiological doses, the novel anti-human IL-26 mAb does not
inhibit the antimicrobial activity of IL-26.

Anti-IL-26 mAb administration suppresses skin
inflammation by inhibiting angiogenesis and infiltration
of inflammatory cells in psoriatic lesions of IMQ-treated
hIL-26Tg mice

Since the IL-26 gene is absent in rodents,” we recently examined
the role of IL-26 in angiogenesis and skin inflammation utilizing
hIL-26Tg mice.”” In this study, we conducted in vivo experi-
ments to determine the potential therapeutic effect of the newly
developed anti-IL-26 mAbs. Importantly, although the IL-26
gene is absent in mice, the IL-20RA and IL-10RB subunits that
are part of the receptor complex of the other IL-10 cytokine
family members are also expressed in mice.'” In addition, our
recent report showed that human IL-26 functions in both
human and murine fibroblasts and vascular endothelial
cells.'>*® For the in vivo studies, Aconserved noncoding
sequence (CNS)-77 Tg mice (control BAC Tg mice with deleting
human IL-26 transcription) were used as controls. The thera-
peutic effect of anti-IL-26 mAbs was assessed in the low dose
(20 mg) IMQ-induced psoriasis model, since scaling and thick-
ness of the back skin were prominent even in the human IL-26
transcription-lacking ACNS-77 Tg mice treated with high dose
(more than 40 mg) IMQ."> We previously confirmed that the
expression of human IL-26 was increased at both mRNA and
protein levels in the skin lesions of hIL-26Tg mice following
daily application of IMQ cream, while no expression of human
IL-26 was detected in the skin of ACNS-77 Tg mice."

As shown in Figure 7(a,b), the back skin of hIL-26Tg mice
injected with isotype control mAb appeared markedly affected
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Figure 6. Addition of novel anti-IL-26 mAbs hardly affects the antimicrobial activity of IL-26.

(@) Immobilized recombinant human IL-10 (rhIL-10), IL-22 (rhIL-22), IL-26 (rhIL-26) or vehicle (PBS) alone was incubated with the indicated concentrations of purified
LPS (left panel) or LTA (right panel). The absorbance at 450 nm/570 nm was measured. Representative data of three independent experiments are shown as mean +
S.D. of triplicate samples, and similar results were obtained in each experiment. (b, ¢) Growth kinetics of Escherichia coli (b) and Staphylococcus aureus (c) cultured
with 10 uM (left panels) or 5 uM (right panels) rhiL-26, LL-37 or human B-defensin 3 (hBD3). (d) Escherichia coli was cultured with 10 uM rhIL-26 for 6 hr. Prior to the
onset of culture, the indicated Ab or isotype control Ab (isotype ctrl) was added to the culture wells to give a final concentration of 150 pg/ml each. (b-d) Serial
dilutions of bacterial cultures were plated onto agar plates, and the number of colonies was counted. Representative data of three independent experiments are
shown as mean + S.D. of triplicate samples, and similar results were obtained in each experiment.

as compared with ACNS-77 Tg mice, and the scores of mice. In contrast, the clinical symptoms of erythema, scaling
erythema, scaling and thickness in isotype control-injected and thickening of the skin lesion were all remarkably sup-
hIL-26Tg mice were all higher than those of ACNS-77 Tg pressed in the hIL-26Tg mice treated with 69-10 mAb or the
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Figure 7. Anti-IL-26 mAb treatment suppresses IMQ-induced skin inflammation via inhibition of angiogenesis and infiltration of inflammatory cells.

Data are shown from IMQ (20 mg)-treated back skin in ACNS-77 Tg mice, hIL-26Tg mice treated with anti-IL-26 mAb (69-10 mAb alone or the combination of 4 mAbs) or
isotype control mAb. (a) Phenotypical representation of each group. Representative images are shown (n = 6 mice for each group at each time point). (b) Time course of PASI
scores (erythema, scaling and thickness were scored daily on a scale from 0 to 4, respectively) in each group (n = 6 mice for each group at each time point). Data are shown
as mean + S.D. of each group, comparing values in hIL-26Tg mice treated with anti-IL-26 mAb to those in hIL-26Tg mice injected with isotype control mAb or those in ACNS-
77 Tg mice (* p < 0.01). NS denotes ‘not significant’. Data represent the combined results of two independent experiments. (c) H&E staining of skin lesions from each group
on day-5. Higher magnification images show inflammatory cell infiltration. Original magnification x100. Scale bar, 200 pm. (d) Subcutaneous vascular formation of each
group on day-5. (e) Immunofluorescence staining of skin lesions from each group on day-5 using anti-CD31 pAb. Positive cells were shown in green. All sections were stained
with DAPI to mark the nuclei (blue). Original magnification x100. Scale bar, 200 um. (c-e) Representative images are shown with similar results (for each, n = 6 mice). (f)
mRNA expression levels of FGF1, FGF2 and FGF7 in skin lesions from each group on day-3 (n = 6 mice for each group). Each expression was normalized to hypoxanthine
phosphoribosyltransferase (HPRT). The dashed line is the mean value of non-treated mice. Data are shown as mean + S.D. of each group, comparing values in hIL-26Tg mice
treated with anti-IL-26 mAb to those in hIL-26Tg mice injected with isotype control mAb (* p < 0.01).

combination of 4 mAbs, as compared with the hIL-26Tg mice therapeutic effect of 31-4 mAb, and similar results with those
injected with isotype control mAb, with Psoriasis Area and obtained with 69-10 mAb were observed (data not shown).

Severity Index (PASI) score of the hIL-26Tg mice treated with Histologic studies of the skin showed the development of
anti-IL-26 mAD being at almost the same level as the ACNS-  psoriasis-like skin inflammation characterized by acanthosis,
77 Tg mice (Figure 7(a,b)). We also examined the potential parakeratosis, papillomatosis, infiltration of inflammatory cells



and altered dermal vascularity,”® in the hIL-26Tg mice injected
with isotype control mAb, while anti-IL-26 mAb-treated mice had
similar appearance as ACNS-77 Tg mice (Figure 7(c)). Excessive
blood vessel formation and vascular invasion were observed in
subcutaneous tissues of isotype control-injected hIL-26Tg mice
compared to ACNS-77 Tg mice, whereas blood vessel formation
was significantly suppressed in the subcutaneous tissue of anti-IL
-26 mAb-treated hIL-26Tg mice (Figure 7(d)). To further exam-
ine the vascular invasion, we conducted immunofluorescence
staining for CD31 in the back skin sections of each mouse. As
shown in Figure 7(e), levels of CD31-positive cells in the lower
dermis were clearly decreased in the hIL-26Tg mice treated with
anti-IL-26 mAb as compared with isotype control-injected mice.
Moreover, expression levels of FGF1, FGF2 and FGF7, key angio-
genic factors in this model,"® were all increased in the skin of
isotype control-injected hIL-26Tg mice, and they were remarkably
suppressed in the subcutaneous tissue of anti-IL-26 mAb-treated
hIL-26Tg mice, resulting in expression levels similar to those seen
in ACNS-77 Tg mice (Figure 7(f)).

We also examined the kinetics of mRNA expression of the
major effector cytokines involved in psoriasis pathogenesis.
The mRNA expression levels of IL-13 and IL-6 were signifi-
cantly increased in the skin lesions from hIL-26Tg mice as
compared with ACNS-77 Tg mice, while there was no marked
difference in the expression levels of TNF, IL-17A, IL-23 p19
and IL-12 p40 between hIL-26Tg mice and control mice
(Figure S2(a)). Similar with the results of FGF1, FGF2 and
FGF7, expression levels of IL-1p and IL-6 were prominently
suppressed in the subcutaneous tissue of anti-IL-26 mAb-
treated hIL-26Tg mice to levels nearly identical to those seen
in ACNS-77 Tg mice (Figure S2(b)). Taken together, our
results strongly suggest that administration of novel neutraliz-
ing anti-IL-26 mAb (31-4 mAb and 69-10 mAb) provides
a novel therapeutic approach for psoriasis by regulating
angiogenesis and skin inflammation.

Discussion

Although its precise function in inflammatory disorders is not
fully understood, IL-26 is thought to play a role in the pathol-
ogy of diverse chronic inflammatory diseases such as psoria-
sis, inflammatory bowel diseases, rheumatoid arthritis and
chronic GVHD. In this study, we used precise screening
methods that incorporated both IL-20RA-expressing and -
deficient cells, as well as assays examining potential in vivo
therapeutic effects, to develop novel neutralizing anti-human
IL-26 mAbs that may be of future use as therapeutic agents
for the treatment of diverse chronic inflammatory diseases.
Selection of the appropriate screening methods is crucially
important for the development of novel mAb designed to
serve specific purposes. Although multiple biological effects
of IL-26 on various cell types have been reported, we focused
on ICAM-1 expression on COLO205 following IL-26 stimula-
tion. The key points of this assay were its reproducibility and
simplicity. Cell surface expression of ICAM-1 on COLO205
was enhanced following IL-26 stimulation at similar levels in
all of the independent experiments. Moreover, when
COLO205 was stimulated with IL-26 in triplicates or more,
the standard deviation of the mean ICAM-1 expression in
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each group was extremely small, which is critical for the
evaluation of the neutralizing capacity of each mAb.
Furthermore, COLO205 can be collected without trypsin
treatment and the expression level of ICAM-1 can be easily
and promptly analyzed shortly after acquisition of data, which
is crucially important for evaluating the neutralizing capacity
of a multitude of candidate clones. From these reasons, we
chose this screening method as the first in vitro functional
assay.

IL-20RA/IL-10RB heterodimer is generally believed to be the
IL-26 receptor. Previous work has demonstrated that IL-26
binding to IL-20RA/IL-10RB results in functional activation
via STAT3 phosphorylation.'” However, although commercially
available anti-IL-20RA pAb and the combination of 4 novel anti-
IL-26 mAbs strongly suppressed STAT3 phosphorylation in IL-
26-stimulated COLO205 at similar levels (Figure 3(b)), anti-IL
-20RA pAb only partially inhibited ICAM-1 expression on IL-
26-stimulated COLO205, a much less inhibitory effect than that
seen with the combination of 4 mAbs (Figure 2(a,c)). In addi-
tion, anti-IL-20RA pAb exhibited only a slight or no inhibitory
effect on IL-26-stimulated HaCaT or HUVEC, respectively
(Figures 4 and 5). These results strongly suggest that both IL-
20RA-mediated signals and the hitherto uncharacterized
receptor(s)-mediated signals are involved in IL-26-mediated
stimulation, and that the relative involvement of each receptor
in IL-26-mediated stimulation would depend on cell types due to
differences in expression levels and binding affinities of those
receptors. Our data indicate that blockade of IL-20RA with anti-
IL-20RA antibody is insufficient to inhibit IL-26-mediated sti-
mulation. Moreover, IL-20RA not only forms IL-20RA/IL-10RB
heterodimer, but also is able to form IL-20RA/IL-20RB hetero-
dimer, a receptor for IL-19, IL-20 and 1L-24,% suggesting that
blockade of IL-20RA may interfere with these signaling path-
ways. These findings indicate that IL-20RA may not be an
appropriate target for novel IL-26-directed therapeutic
approaches, and neutralization of IL-26 itself may be more
effective than blockade of IL-20RA. To better understand the
precise biological functions of IL-26 and the exact mechanisms
of action of anti-IL-26 mAD, it is essential to identify the
uncharacterized second receptor of human IL-26, and we are
currently examining this important topic.

IL-26 is an unusual cationic and amphipathic cytokine,
with the predominance of cationic residues on one side and
hydrophobic amino acids on the opposite side.'* These char-
acteristics closely resemble the structure of antimicrobial pep-
tides. In fact, Meller et al.'* first reported that IL-26 disrupted
bacterial membranes via pore forming and exhibited direct
bacterial killing effects, similar to other antimicrobial peptides
such as LL-37 and human p-defensin. Their group showed
that recombinant human IL-26 markedly inhibited the growth
of several gram-negative bacterial strains, including
Pseudomonas aeruginosa (ATCC 27853, PA14), Escherichia
coli (O1:K1:H7, O18:K1:H7, O111:B4, O111:K58:H2) and
Klebsiella pneumoniae (O1:K2), as well as gram-positive
Staphylococcus aureus (ATCC 6538), while no inhibition was
observed with Enterococcus faecalis or Candida albicans."*
Our data showed that although 10 pM human IL-26 certainly
inhibited and delayed the growth of Escherichia coli (ATCC
8739), the number of bacteria gradually increased and finally
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reached the same saturation level as seen with bacteria cul-
tured with vehicle only (Figure 6(b)). The difference in the
antimicrobial activity of IL-26 between the previous report'*
and this study may be due to the difference in the bacterial
strains. In addition, there is also a critical difference in the
bacterial culture conditions. Meller et al.'* examined the anti-
microbial activity of IL-26 in relatively unconventional culture
conditions. Bacteria were incubated for 24 hr at 37°C under
low-ionic-strength conditions (water only containing 10 mM
NaCl without any nutrients), and then IL-26 or other anti-
microbial peptides were added to these cultures. Under that
culture condition, growth of bacteria other than Pseudomonas
aeruginosa even cultured with vehicle only was slightly
decreased during the culture period.'* In this study, bacteria
was cultured in Mueller-Hinton broth, the nutrient-rich inter-
national standard culture medium to evaluate antimicrobial
activity of agents, and rapid bacterial growth was observed
during the period of assay (Figure 6(b,c)). An important point
is that 5-10 uM (considering that the molecular weight of
human IL-26 is 19.8 kDa, 5-10 uM is therefore equivalent to
100-200 pg/ml), which is an extremely high concentration, of
IL-26 is needed to exert antimicrobial activity. For in vitro
neutralization assay, to sufficiently block 1-50 ng/ml of cyto-
kines, much higher levels (5-50 pg/ml) of antibodies are
usually used. While the relative local concentrations of
human IL-26 in such tissues as skin, intestine or lung are
unknown, considering the serum dose range of therapeutic
antibody in the clinical setting, it is reasonable to project from
our findings that administered anti-human IL-26 mAb may
hardly affect the antimicrobial activity of IL-26, as shown in
Figure 6(d).

IL-17 is a proinflammatory cytokine that plays a key role in the
pathology of various autoimmune diseases including psoriasis,**~
** inducing hyperproliferation of keratinocytes and stimulating
production of psoriasis-associated molecules such as CCL20,
CXCL8, matrix metalloproteinase 3, and angiogenic factors such
as VEGF, which lead to the chronic skin inflammation of
psoriasis.”>** MAbs directly targeting IL-17, such as secukinumab
(Cosentyx®), have shown very promising results in the treatment
for psoriasis.’>*® However, IL-17 plays a pivotal role in host
defense by enhancing the production of antimicrobial peptides
from keratinocytes and mucosal epithelial cells, and recruiting
neutrophils to inflammation/infection sites.”” As expected, cases
of adverse effects of IL-17-targeting therapy for psoriasis involving
neutropenia and fungal infection, especially Candida infection,
have been reported.*®*** Our study showed that anti-IL-26 mAb
markedly suppressed the pathognomonic symptoms of angiogen-
esis and infiltration of inflammatory cells in IMQ-induced psor-
iatic skin of hIL-26Tg mice (Figure 7). Invasion of blood vessels in
the dermis, which is one of the histological hallmarks of psoriatic
skin lesions, induces the deterioration of psoriatic skin lesions.*’ In
addition, mRNA expression levels of IL-1 and IL-6, key cytokines
for inducing and enhancing Th17 response, were significantly
increased in the skin lesions from hIL-26Tg mice as compared
with ACNS-77 Tg mice (Figure S2(a)). Scala et al.'® have recently
shown similar results through different experimental approaches.
We analyzed the expression levels of cytokines in the skin lesions
of hIL-26 BAC Tg mice, whereas Scala et al. used skin lesions
obtained from hidradenitis suppurativa patients. Addition of

commercial anti-human IL-26 pAb to an ex vivo culture of
human skin samples significantly decreased the expression levels
of IL-1f and IL-6 in the skin, while IL-23 and IL-17A were not
affected. Although we have not identified the main source of IL-1f3
and IL-6 in the skin lesion of IMQ-treated hIL-26Tg mice, mono-
cytes and fibroblasts may be possible candidates from recent
findings.”'”*!

In contrast to IL-1p and IL-6, there was no significant differ-
ence in the expression levels of IL-17A and TNF between hIL-
26Tg mice and control mice, at least in the total skin samples
(Figure S2(a)). To analyze the precise effect of IL-26 on the T cell
phenotype in inflammatory diseases, detailed analyses of T cell
subsets at the inflammatory sites and gene expression profiles
following purification of T cells would be essential for future
studies. Moreover, multiple functions of human IL-26 have been
reported. Due to clustered cationic charges, IL-26 can bind extra-
cellular DNA/RNA released from bacteria or dying cells to form
complexes that are highly protected from degradation by extra-
cellular DNase/RNase and promote DNA/RNA immunogenicity.
These IL-26-DNA complexes trigger IFN-a production from plas-
macytoid dendritic cells via activation of TLRY, and enhance the
expression of IL-1f, IL-6 and IFN-f in monocytes and CXCL8 in
neutrophils in a STING- and inflammasome-dependent
manner.'**! In addition, IL-26 enhances the chemotactic response
of neutrophils toward bacterial stimuli and IL-8.% Moreover, IL-26
is associated with monocyte and NK cell activation.”'* Since IL-26
is broadly associated with innate immune activation, the effects of
neutralizing anti-IL-26 mAb on these functions of IL-26 need to be
investigated in future studies.

In conclusion, our current work indicates that IL-20RA is
differentially involved in IL-26-mediated stimulation depending
on cell types, and anti-IL-20RA blocking antibody is insufficient to
inhibit IL-26-mediated stimulation. Our screening methods
enabled us to develop 4 novel neutralizing anti-human IL-26
mAbs. Among them, both 31-4 mAb and 69-10 mAb clearly
suppressed the excessive angiogenesis and inflammation in the
skin lesions in a IMQ-induced psoriasis-like murine model. Our
data strongly suggest that IL-26-targeted therapy may be an effec-
tive novel therapeutic approach for diverse chronic inflammatory
diseases, including psoriasis and chronic GVHD.

Materials and methods
Cell culture

The human colon cancer cell line COLO205 was purchased
from RIKEN Bioresource Center (Ibaraki, Japan) and grown
in RPMI 1640 medium supplemented with 10% FBS. The
human keratinocyte cell line HaCaT was a kind gift from
Dr. Nobuhiro Nakano (Juntendo University, Tokyo, Japan)
and grown in DMEM medium supplemented with 10% FBS.
HUVEC were purchased from LONZA (Walkersville, MD)
and grown in EGM-2 medium (LONZA). Cells were cultured
at 37°C in a humidified 5% CO, incubator.

Antibodies and reagents

To characterize the novel mouse anti-human IL-26 mAbs, purified
mouse anti-human IL-26 mAb (clone 510414), goat anti-human



IL-26 pAb (AF1375), goat anti-human IL-20RA pAb (AF1176), or
goat anti-human IL-10RB pAb (AF874) purchased from R&D
Systems (Minneapolis, MN) were used for comparison. Mouse
IgG, . isotype control mAb (clone MGI1-45) purchased from
BioLegend (San Diego, CA) or goat IgG isotype control pAb
(AB-108-C) purchased from R&D Systems was used as
a negative control. For Western blot analysis, rabbit anti-human
phospho-STAT3 (Tyr705) pAb (AF4607) was purchased from
R&D Systems. Rabbit anti-human/mouse/rat/monkey STAT3
mAb (clone 79D7) was purchased from Cell Signaling
Technology (Danvers, MA). Horseradish peroxidase (HRP)-
conjugated donkey anti-rabbit IgG was purchased from GE
Healthcare (Buckinghamshire, UK). For immunofluorescence
staining of mouse skin sections, rabbit anti-mouse CD31 pAb
(ab28364) was purchased from Abcam (Cambridge, U.K.). Alexa
Fluor 488-conjugated donkey anti-rabbit IgG pAb (A21206) was
purchased from Thermo Fisher Scientific (Waltham, MA).
Recombinant human IL-26 monomer and dimer were purchased
from R&D Systems. Recombinant human IL-6, IL-10 and IL-22
were purchased from BioLegend. For binding assay, ultra-pure
LPS from Escherichia coli O111:B4 and purified LTA from
Staphylococcus aureus were purchased from InvivoGen (San
Diego, CA). Mouse anti-E. coli and LPS mAb (clone 1C6) pur-
chased from Chondrex, Inc. (Redmond, WA) and mouse anti-
native LTA mAb (clone 55) purchased from Novus Biologicals
(Centennial, CO) were biotinylated utilizing Biotin Labeling Kit-
NH, (Dojindo Laboratories, Kumamoto, Japan). For analyzing
antimicrobial activity of IL-26, LL-37 fragment (18-37 amino
acids) purchased from KareBay Biochem, Inc. (Monmouth
Junction, NJ) and hBD3 purchased from the Peptide Institute,
Inc. (Osaka, Japan) were used for comparison.

Mice

Female BALB/c mice were purchased from CLEA Japan
(Tokyo, Japan). C57BL/6 mice carrying a 190-kb BAC trans-
gene with human IFNG and IL26 gene (hIL-26Tg) and a BAC
Tg-deleting CNS positioned at 77 kb upstream of the IFNG
transcription start site, an enhancer element required for IL-
26 mRNA expression (ACNS-77 Tg) were developed in
Thomas Aune’s laboratory.”*** The hIL-26Tg mice exhibited
production of human IL-26 by CD4 T cells under Thl- or
Th17-polarizing conditions, whereas expression of human IL-
26 was completely abrogated in ACNS-77 Tg mice carrying
human IFNG transgene with deleting IL26 transcription.>® All
mice used in this study were housed in a specific pathogen-
free facility in micro-isolator cages, and used at 8-12 weeks
of age.

Development of hybridomas and monoclonal anti-human
IL-26 antibodies

Forty ug of recombinant human IL-26 monomer per 50 ul of
phosphate-buffered saline (PBS) was emulsified with 50 ul of
adjuvant, TiterMax Gold (TiterMax USA, Norcross, GA).
A 6-wk-old female BALB/c mouse was immunized via sub-
cutaneous administration with 100 pl of the emulsion five
times every two weeks and finally intravenously injected
with half volume of the emulsion. Three days after the final
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immunization, the spleen was removed and 1 x 10® spleen
cells were fused with 1 x 10°® P3U1 myeloma cells by using
polyethylene glycol 4000 (Merck, Darmstadt, Germany) and
were cultured in serum-free GIT medium (Wako Pure
Chemicals, Osaka, Japan), 5% BriClone (NICB, Dublin,
Ireland) and HAT (Invitrogen, Carlsbad, CA) in 96-well flat-
bottom plates (Costar, Corning Incorporated, Corning, NY).
Hybridoma supernatants were first screened for selective reac-
tivity with human IL-26 by ELISA. The supernatants contain-
ing mAbs that were reactive to human IL-26 were next
screened for neutralization assay. The hybridomas were
cloned by limiting dilution. MAbs were purified from the
supernatants using Protein A IgG Purification Kit (Pierce,
Rockford, IL).

ELISA

The 96-well immunoplates (NUNC, Roskilde, Denmark) were
coated with recombinant human IL-26 or IL-10 in carbonate
bicarbonate buffer (2, 5, 10, 20, 50, 100 ng/well) or buffer
alone as a negative control at 4°C overnight. Each well of the
plate was blocked with 2% BlockAce (DS Pharma Biomedical,
Osaka, Japan) in deionized distilled water for 1 hr at room
temperature (RT), and then incubated with 10 pg/ml of pur-
ified novel mouse anti-human IL-26 mAb (2-2, 20-3, 31-4 or
69-10) or commercial mouse anti-human IL-26 mAb in
RPMI 1640 medium for 1 hr at RT, and subsequently incu-
bated with HRP-conjugated goat anti-mouse Ig pAb (BD
Biosciences) in 1% BlockAce solution for 1 hr at RT.
Tetramethylbenzidine (TMB) Peroxidase Substrate (KPL,
Gaithersburg, MD) was finally added to each well and the
reaction was stopped by 2 N H,SO,. The absorbance at
450 nm/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

COLO205 cells (5 x 10%) were stimulated with recombinant
human IL-26 (20 ng/ml) in the presence or absence of neutralizing
or blocking antibody in 120 ul of RPMI 1640 medium in 96-well
flat-bottom plates for 24 hr at 37°C. After stimulation, cells were
collected and washed in PBS containing 1% FBS and 0.1% sodium
azide (FCM bulffer), and stained with phycoerythrin (PE)-labeled
mouse anti-human ICAM-1 mAb (clone 15.2, Bay Bioscience,
Kobe, Japan) or PE-labeled mouse IgG;,k isotype control (clone
MOPC-21, BioLegend) for 25 min at 4°C. Acquisition was per-
formed using FACSCalibur (BD Biosciences) and data were ana-
lyzed with Flow]Jo software (Tree Star, Ashland, OR).

Western blotting

To analyze phosphorylation of STAT3, COLO205 cells (1 x 10°)
were stimulated with recombinant human IL-26 (20 ng/ml), IL-6
(20 ng/ml) or IL-22 (20 ng/ml) in 1.5 ml of RPMI 1640 medium in
12-well plates (Corning) for 5, 10, 30 or 60 min at 37°C. After
stimulation, cells were collected and lysed in RIPA buffer supple-
mented with 2% protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO) and 1x PhosSTOP (Roche Diagnostics, Tokyo,
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Japan), being resolved by SDS-PAGE in reducing condition
(25 pg/Lane) and immunoblotted using anti-phosphorylated
STATS3 antibody. The methods for Western blotting were detailed
previously.*> For reprobing, the membranes were submerged in
a stripping buffer. After a stripping procedure, the membranes
were reprobed with anti-pan STAT3 antibody. The images were
taken wusing luminescent image analyzer LAS 4000 (GE
Healthcare, Pittsburgh, PA), and data were analyzed with image
reader LAS 4000 and Multi Gauge software (GE Healthcare).

Quantitative real-time RT-PCR

HaCaT cells (3 x 10°) were incubated overnight at 37°C in
DMEM medium in 24-well plates (Corning). The next day,
cells were stimulated with recombinant human IL-26 (20 ng/
ml) in the presence or absence of neutralizing antibody in
750 ul of DMEM medium for 6 hr at 37°C. After stimulation,
cells were lysed and total RNA was extracted by the use of
RNeasy Mini kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA). The methods for cDNA synthesis and
quantitative real-time RT-PCR were detailed previously.*
Sequences of primers used in quantitative real-time RT-PCR
analysis are shown in Table S1.

Proliferation assay for HUVEC

HUVEC (5 x 10°) were incubated overnight at 37°C in EGM-
2 medium containing 2% FBS and half volume of adjunctive
growth factors in 96-well flat-bottom plates. The next day,
cells were stimulated with recombinant human IL-26 (10 ng/
ml) in the presence or absence of neutralizing antibody in
EGM-2 medium containing 2% FBS and no growth factors for
48 hr at 37°C. Cell growth was measured as cell confluence
using IncuCyte ZOOM (Essen Biosciense, Ann Arbor, MI).

Tube formation assay

HUVEC (1 x 10°) were incubated overnight at 37°C in EGM-2
medium containing 2% FBS and no growth factors in 100-mm
dish. The next day, cells (1.5 x 10*) were seeded on 50 pl of Cultex
Basement Membrane Extract (R&D Systems) in 96-well flat-
bottom plates. Seeded cells were stimulated with recombinant
human IL-26 (10 ng/ml) in the presence or absence of neutralizing
antibody for 9 hr at 37°C. Cell growth was observed as cell sprouts
formation using IncuCyte ZOOM. Tube form length was mea-
sured using the MetaMorph image analysis system (Molecular
Device, Sunnyvale, CA).

Binding assay

The 96-well immunoplates were coated with 2 pg/ml of
recombinant human IL-10, IL-22 or IL-26 in PBS or PBS
alone as a negative control at 4°C overnight. Each well of
the plate was blocked with 2% BlockAce in deionized distilled
water for 1 hr at RT, and then incubated with ultra-pure LPS
(1, 2, 5 pg/ml) or purified LTA (0.5, 1, 2 pg/ml) in PBS for
2 hr at RT, and next incubated with 1 pg/ml of biotinylated
anti-LPS mAb or 0.2 ug/ml of biotinylated anti-LTA mAb in
PBS for 1 hr at RT, and subsequently incubated with

Streptavidin-HRP (BD Biosciences) in PBS for 1 hr at RT.
Colorimetric methods and data analysis were described in the
ELISA section.

CFU assay

Escherichia coli (ATCC 8739), and Staphylococcus aureus
(ATCC 29213) were cultured overnight at 37°C in trypticase
soy broth (BD Biosciences) in 14-ml polystyrene round-
bottom tube (Corning) to achieve mid-logarithmic phase
growth. Bacterial concentrations were measured by spectro-
photometry at 600 nm and diluted in Mueller-Hinton broth
(BD Biosciences) to a final concentration of 1-2 x 10* CFU/
ml. Fifty ul of the diluted bacterial suspension was cultured in
96-well round-bottom plates (Corning), and then 50 ul of
recombinant human IL-26, LL-37 or hBD3 diluted in
Mueller-Hinton broth was added to these cultures. After 2,
4, 6, 8 or 24 hrs of incubation at 37°C, serial dilutions of
bacterial cultures were plated onto lysogeny broth (LB) agar
plates. The number of colonies formed after overnight incu-
bation was counted by two independent investigators.

IMQ-induced psoriasis model

Mice received a daily topical dose of 20 mg 5% IMQ cream
(Beselna Cream; Mochida Pharmaceutical, Tokyo, Japan) on
their shaved back for 5 consecutive days. For mAb treatment,
IL-26 mAD (31-4 mADb alone, 69-10 mAD alone or combina-
tion of 4 mAbs) or mouse IgG; isotype control was diluted in
sterile PBS at 1 mg/ml and 200 pl (200 pg) was injected
intraperitoneally on day 0 and day 3. The severity of inflam-
mation of the back skin was measured by an objective scoring
system based on the clinical PASI. Erythema, scaling, and
thickness were scored independently on a score from 0 to 4:
0, none; 1, slight; 2, moderate; 3, marked; 4, very marked. The
cumulative score (erythema plus scaling plus thickness) served
as a measure of the severity of inflammation (score 0-12).**
H&E staining and immunofluorescence staining of skin
lesions, and RNA isolation from skin lesions were conducted
as described previously."?

Statistics

Data were analyzed by two-tailed Student ¢ test for two-group
comparison or by one-way ANOVA test with Tukey’s for
multiple comparison testing. The assay was performed in
triplicates, and data are presented as mean + S.D. of triplicate
samples of the representative experiment, or mean + S.E. of
triplicate samples of independent experiments. Significance
was analyzed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA) and values of p < 0.01 were considered
significant and are indicated in the corresponding figures
and figure legends.

Study approval

Animal experiments were conducted following protocols
approved by the Animal Care and Use Committees at
Juntendo University (Tokyo, Japan).



Abbreviations

BAC bacterial artificial chromosome

CNS conserved noncoding sequence
ELISA enzyme-linked immunosorbent assay

FBS fetal bovine serum

FGF fibroblast growth factor

GVHD graft-versus-host disease

hIL-26Tg human IL-26 transgenic

HRP horseradish peroxidase

IFN interferon

IL interleukin

IMQ imiquimod

hBD3 human p-defensin 3

HUVEC  human umbilical vein endothelial cells

LPS lipopolysaccharide

LTA lipoteichoic acid

mAb monoclonal antibody

NK natural killer

pAb polyclonal antibodies

PBS phosphate-buffered saline

RT room temperature

TLR Toll-like receptor

TNF tumor necrosis factor

VEGF vascular endothelial growth factor
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Abstract: Here, we report a novel antibody drug conjugate (ADC) with the humanized anti-CD26
monoclonal antibody YS110 and triptolide (TR-1). YS110 has an inhibitory activity against the
CD26-positive tumor growth via the immunological and direct pathway, such as intra-nuclear
transportation of CD26 and YS110, and suppressed transcription of RNA polymerase II (Pol II)
subunit POLR2A. The ADC conjugated with Y5110 and an antitumor compound triptolide
(TR-1), which is an inhibitor for TFIIH, one of the general transcription factors for Pol II was
developed. YS110 and triptolide were crosslinked by the heterobifunctional linker succinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) and designated Y-TR1. Antitumor efficacy
of Y-TR1 against malignant mesothelioma and leukemia cell lines were assessed by the in vitro
cell viability assay and in vivo assay using xenografted mouse models. Y-TR1 showed significant
cytotoxicity against CD26-positive cell lines but not CD26-negative counterparts in a dose-dependent
manner via suppression of mRNA synthesis by impairment of the Pol II activity. The tumors in
xenografted mice administered Y-TR1 was smaller than that of the unconjugated YS110 treated mice
without severe toxicity. In conclusion, the novel compound Y-TR1 showed antitumor properties
against CD26-positive cancer cell lines both in vitro and in vivo without toxicity. The Y-TR1 is a
unique antitumor ADC and functions against Pol II.

Keywords: antibody drug conjugate; targeted therapy; CD26; triptolide; RNA polymerase II;
malignant mesothelioma
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1. Introduction

CD26 is a type II glycoprotein that has intrinsic dipeptidyl peptidase IV (DPPIV) activity [1] and is
implicated in broad and various physiological processes, including metabolism of glucose, activation of
T lymphocytes, and cell adhesion [2,3]. CD26 has also been known as a cell surface marker associated
with varied malignancies and as a part of cancer stem cells in mesothelioma and colon carcinoma [4-6].
Recent studies suggest that the expression of CD26 is functioned in tumor growth, tumor invasion,
and metastasis [3,7,8].

We have already generated anti-CD26 monoclonal antibodies (mAbs) that have certain inhibitory
effects against the growth of tumor cells and xenografted tumors [9,10]. This humanized anti-CD26
mADb YS110, that binds to the cell membrane-proximal glycosylated region starting at the 20-amino
acid flexible stalk region of human CD26, has showed anti-tumor effects in malignant mesothelioma
(MM) models [4]. Recently, the first-in-human phase 1/2 study of anti-CD26 mAbs in advanced
cases with CD26-expressing mesothelioma and renal cell carcinoma has been done in France. As a
result, anti-CD26 mAbs are well tolerated up to 6 mg/kg Q1W, which has been defined as RP2D, with
encouraging prolonged disease stabilizations observed in a number of patients with advanced/refractory
mesothelioma [11].

YS110 with a human IgG1 backbone recruits immune effector cells to human tumors, including
natural killer (NK) cells, which express Fc receptors at the cell membrane, in antibody-dependent cellular
cytotoxicity (ADCC). This Fc domain-based mechanism is observed with other therapeutic mAbs
(e.g., trastuzumab and rituximab) commonly. These mAbs, approved for cancer therapy, also show
direct inhibition of tumor growth. It has been reported that treatment with trastuzumab, a humanized
anti-ErbB2 mADb, inhibits the cell growth of carcinoma cells by impairing a signaling pathway.

The nuclear localization of CD26 has been reported in cultured malignant mesothelioma and T
cell leukemia lines and in human thyroid carcinomas [12]. The previous studies have shown that
murine anti-CD26 mAb 1F7, which recognizes the identical epitope to YS110 and has anti-tumor effects
against T cell lymphomas, induces internalization of CD26 and subsequently promotes its nuclear
accumulation [12]. We have previously showed that the nuclear localization of CD26 is functionally
involved in the anti-tumor process following the YS110 treatment and that the nuclear translocation of
CD26 and YS110 contributes to growth inhibition of malignant mesothelioma cells after the Y5110
treatment [13]. It was shown that the nuclear CD26 interacted with a specific genome target flanking the
gene for the RNA polymerase II (Pol II) subunit POLR2A, which is indispensable for the transcription
of almost genes, using chromatin immunoprecipitation (ChIP) cloning. This interaction between the
flanking region of the POLR2A gene and CD26 led to the suppressed transcription of POLR2A mRNA.
Furthermore, the impairing nuclear translocation of CD26 and Y5110 prevented both the nuclear
translocation of these two proteins and the YS110-induced transcriptional repression of the POLR2A
gene [13]. These results reveal a novel function of CD26 as a transcriptional modulator in the nucleus
and provide insight into the development of anti-cancer therapy through alteration of the nuclear
translocation of cell-surface proteins.

Herein, we designed a novel compound against CD26-positive cancers, which is constituted with
YS110 and triptolide derivative TR-1 (Figure 1), an inhibitor for one of the general transcription factors
for Pol II, TFIIH, and designated Y-TR1 [14]. It may be a reasonable strategy that the YS110 treatment
specifically induces internalization of both CD26 and Y-TR1 into the nucleus from the cell surface
in cancer cells but not in normal CD26-positive cells, such as the endothelium or lymphocytes, and
then, YS110 suppresses the POLR2A transcription, and TR-1 inhibits TFIIH and POLII, which leads
to additive or synergistic anti-tumor effects [15,16]. In this paper, it was revealed that Y-TR1 inhibits
both cell growth of CD26-positive cancer cells and in vivo tumor growth in a xenograft model with
CD26-positive tumor cells without toxicity.



Cancers 2019, 11, 1138 3of 21

:C//l\/\(‘/\_\/\s_s/\/v\’)/\J\\J:

reduction#

YS110
0
Il

NH, NH o
O|
o N
Qﬂ -
0 SMCC HiC

Y-TR1 HaC

\ / ﬁ /\ NH ‘/\/1 o
NH, N \Hcr\:) >/_\_///s P ) %
0

Figure 1. Structural formula of triptolide and conjugation protocol of Y-TR1 (SMCC). Triptolide was
modified by a sulfhydryl (SH) group and was provided as an S-S dimer for chemical stability. The SH
group-induced triptolide was designated TR1. The S-S bond was reduced to the SH monomer by the
tris(2-carboxyethyl) phosphine (TCEP) reducing gel just before reaction. The humanized anti-CD26
monoclonal antibody YS110 was modified by the heterobifunctional linker SMCC. SMCC-modified
YS110 and TR1 monomers were mixed and allowed to react overnight and purified. See Methods
for details.

2. Results

2.1. Cytotoxicity of Triptolide and TR-1 against MM and Leukemia Cell Lines

As shown in Figure 2A-E, triptolide showed dose-dependent cytotoxic effects against the MM
cell lines MSTO-wt, MSTO-clonel2, JMN, and leukemia cell lines Jurkat, Jurkat CD26(+) after 48 h of
treatment in WST-1 assays. The IC50 values of triptolide against these cell lines calculated from WST-1
assays are shown in Table 1.

Cytotoxicity and IC50 of triptolide derivative TR-1, designed for conjugation to the linkers, were
tested in the same way and are shown in Figure 2F,G and Table 1. TR-1 was reduced by the immobilized
tris(2-carboxyethyl) phosphine (TCEP) reducing gel (Thermo Scientific Inc., Waltham, MA, USA) from
the S-S dimer before the assay.
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Figure 2. In vitro cytotoxic effect of Triptolide and TR1against MM cells and leukemia cells. Horizontal
axis shows the concentration of the compounds in nM. Vertical axis shows the percent of control of
the absorbance value in the WST-1 assay. The representative results of at least three independent
experiments are shown. (A) Triptolide against MSTO wt; (B) triptolide against MSTO clonel2;
(C) triptolide against JMN; (D) triptolide against Jurkat (-); (E) triptolide against Jurkat CD26(+);
(F) TR-1 against MSTO wt; (G) TR-1 against MSTO clonel2.



Cancers 2019, 11, 1138 5o0f 21

Table 1. IC50 of Triptolide, TR1 and Y-TR1 against MM and leukemia cell lines.

Cell Line Origin CD26 IC50 of Triptolide IC50 of TR1 IC50 of Y-TR1

(nM) (nM) (ug/mL)
MSTO wt Mesothelioma ) 10 250 35
MSTO clonel2 Mesothelioma (+) 10 250 15
JMN Mesothelioma (+) 15 ND 30
Jurkat (-) Leukemia ) >100 ND >100
Jurkat CD26(+) Leukemia (+) 6 ND 30

2.2. Conjugation of YS110 and TR-1, the Drug Antibody Ratio of Y-TR, and the Binding Activity of Y-TR1 to
CD26-Positive Cell Line

Conjugation of YS110 and TR-1 using heterobifunctional linkers (succinimidyl 3-(2-
pyridyldithio)propionate (SPDP), N-y-maleimidobutyryl-oxysuccinimide ester (GMBS), succinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC)) was performed following the procedures
shown in Materials and Methods (Figure 1). The concentration of the final products measured by the
BCA protein assay reagent kit (Thermo Scientific Inc.) was approximately 1 mg/mL. The remaining
unconjugated TR1-SH in the product measured by the DTNB assay was almost undetectable.

The intact masses of unconjugated Y5110 and Y-TR1 (SMCC) measured by the MALDI-TOF mass
analysis were 147,012.7 and 151,815.6, respectively (Figure 3A,B). The estimated molecular weight of a
group of TR1 and SMCC conjugated with the antibody is 739.6. According to this molecular weight,
the mean number of the TR1-SMCC groups conjugated with one molecule of Y5110 is calculated by the
calculation of (151,815.6—147,012.7) / 739.6, and the result is 6.489. This means 6.489 TR-1 molecules, on
average, are conjugated with one molecule of Y5110.

The binding activity of Y-TR1 to the CD26-positive MM cell line MSTO clonel2 was shown by the
flow cytometry analysis (Figure 3C).
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