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HroofESE, CD26 HLIRHA 2 22 SE B Tl
FOINOLDTrEIA VRENNTHIK
EZRLTEY, 4%, ZNOHLDTENA
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H5,

DS AR/ INBRBE VIR U7 T AR, 23 A
fiel B & A3 PEAE T D S E IR F-<> PDL/
PDL1 « PDL2, CTLA4/CDSO - CD86 |ZftFE &h
HWEFT =y IV RA Ny ik
ST 7 =7 Z—ENIH S Tng Z
EDE R I AR THE STV D, EBEH
P FE FRE C I RRY I CD8 T i i o 5
P 7 = 7 & —T Hifd (CD26 fafE: CD28 fatk



CD57 5 KLRG1 BEitE) O A DM & b
LTHLMNZEWZ RSN, 2D LD
72 perforin & granzyme Z 3R 5 MaEE
P 7 = 7 2 —T MIRIE AR, 7 A LRI
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CXCR3 B> CD4 T HEfw, CD8 T MifE, NK A
Jiia <> CCR3 Bt D AFBAER A3 23 AR A I &
DL, BMELHELLTRD, 7T
AR OENO & b CD26 Hiik o i R aRER D
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CD26 Pk & CD26 OBEA IR AEIED 5
MAE, S HICEN~EBIT L, RNA
polymerase I % 7 =2 = K Th %
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ZATV, R & RIBRICHUA 5 BI# G-, 6
BICHUBE R EZ 194 27L& LTPD
272D ETH A 7 2kl LT,

2) Bio-Plex ¥V F 7L w7 AT v A

PRABER 8 L OENE VIT HRERAR R
B O CD26 frikflEf 5-fi(daylpre) - £
.44 (daylpost) -+ 3 [A]H # 5-Hii(day15pre) -
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7 b =2 LIZHEV Bio-Plex system (Bio-Rad)
THIEEITV., 577 —# % Bio-Plex
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(clone G025H7), APC-labeled anti-TRAIL
mAb (clone RIK-2), APC-labeled anti-
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fifbir L7z,

(B ~ D FL[E)

F% N B 2 00 R I 2 VN 72 BFZE IS DU
T BRADRERTE TH DR EREKR
FHEE P TER CARMIIE 21T 5 72 O
FHEEE A M E AL B SR LK
BTWHEREMS 2018127 &), £7-.
t MMk CD26 HUADENE IT FHER KSR
DBEREE AT A A~ — D —RRF
FIZONWTIL, IRRBREEZE S, KRR
Fhihisk N OIEREEZ BRI T RO FE
fiti & A ToSA A~ — T — PSR R -
TR IR R DB DU TS S, Eak
REBFHE S CTh L. RGO L Z T 5
I R TERT G o33 B AR ook
JE & OMFFRIC K 0 B GERE G238 32 1 5 AR
e, FIZRFE OB ATV, FEEHTOA > 7+
—AKearvky FEHTNHD,

C. HFZuRER

1-a) [ENE T FEEG RSB BAE O g
A NIA v I A DEIER N
AMFFRREEO BHiIL, & Mb CD26 ik
WIEN B R BEEZBRIRTE DA F~v—
N—%2RETHZETHDH, TDOLEDHIT,



CD26 HifkDF 512X > TPR & L< 1 SD
DR WIRRRE U 7o BB & (X B L CREMT 21T
OB & 1 A EIOfENT CIL R IR R D
TA 4 YA 7 (24 HFDLLEIZERE L
7=, ©DFE VX, CD26 Pkt 2Bt L T
24 HHILLE PR £ 721% SD 23 Rfe L 7= JE i
% long SD - PR, SD O 2% 6 # LA
24 W ARG OERF % short SD., HUA$L S
Z PR L C 6 8 1% o HUIEE S B4 E < PD
72 T SEBIE PD JERF] & L CREFT 24T o 72,
o T ARG PR ARSI, 8 1~3 28— 1% 3
Bl A9 BISERE L. 5 HHUEEN M AT
REMIIL 6 51 C., PWERIZ PR 14, SD 4 fi,
PD 1 TH»7-(Lung Cancer. 2019), % II
FRERARBURIT A 81 BISEME L. O HHUESE)
TR FTREBI 29 BT, NERIX PR 1 431,
SD 14 f5l, PD 14 §5lT& - 7= Gr & Fa ),
EWNE VL HEERRBOMBREZZ L 0D &
ST AT RE 35 4, PR 2 ], long SD 5 i,
short SD 13 #5]. PD 15 #I ¢, PR« SD (X
57.1% (20/35) TH > 7-(F 1), 77V ATD
o TFERRRER & Rk, T = v 7 RA
Y AEERTHE SR TWDS X oA E R
FEBRROEE LB NS 2 L 72 < %
EYENRHER S L PUER IR & L TH A
R < RBT DAER NG DT, BRIV Z
LA, BN UIT FHER IR AR 4 40 #1113
BIEH PD-1 Hiik =R~ 7T BHHIC, =D
FEBIZAL > THEMT L 7 6 3L B 20 5Lt
AEEFNI 11 <, PR1#I, SD 74, PD3
%, PR+ SD =% 72.7% (8/11) TH -~ 7=, &
40 f5] & el LT, L PD-1 HUREEABIITxf
LTCDJ PR -long SD OE&GHEL .
CD26 HLi&IZH1 PD-1 FUAEZ Gl L ThH
HEEICHBTHD Z L RENTZ(FE 1D,
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=1 ERNEVTRAERRREMOKESHREEED
Phase I/I Total 40 cases
not evaluable
\\‘\\\\ PR SD{longSD) FD NE Total PR - SD
Epithclioid 2 142) 12 4 32 | 57.1%(16/28)
Biphasic 0 32) 2 0 5 60.0%(3/5)
Sarcomatoid 0 1(1) 1 1 3 50.0%(1/2)
Total 2 18(5) 15 5 20 | 57.1%e035)
* b
13 cascs refractory to Nivolumab
not evaluable
\\\\\\\ PR SD(longSD) PD NE Total PR - SD
Epshchiod 1 6(2) 2 2 11 77.8%(7/9)
Biphasic 0 (1) 1 0 2 50.0%(1/2)
Sarcomatoid 0 0 0 0 0
Total 1 703) 3 2 13 72.7%(8/11)
KRR

5 UIT AHEG IR FRBR 4 40 D 5 B, I /N
A F~— A — T DREZGF b7 DI% 29
BT, 5 LRGN RFEAL FTRERIX 25 #1 T
BoT= (G 2), A RIOH VI HERARRER CI%
PR 7% 2 f3l, long SD 7% 5 5] C, = ZHD
JEBIE 405 TR0, W &2 T
long SD - PR & L TRET 21T 572,

%2 EREVTAKRKRR EETEANOLERHRELD
Phase I/IT I ;% Total 29 cases (PI 6/9, PII 23/31)
not evaluable
PR SD{longSID) PD NE Total
Epithelioid 2 10(2) 8 3 23
Biphasic 0 2(2) 1 0 3
Sarcomatoid 0 )Le)} 1 1 3
Total 2 13(5) 10 4 29
3 gl 52
I ;% 10 cases refractory to Nivolumab
not evaluable
T~ PR | SD{ongSD) | PD NE Total
Epitheloid 1 5(2) 1 1 8
Biphasic 0 1(1) 1 0 2
Sarcomatoid 0 0 0 0 0
Total 1 6(3) 2 1 10
Kbl

Bio-Plex AT AKX VH A NIAv - 7
EHA A FHO LA RE 21TV, HUE
B BRI RE 25 JEf]% PR - long SD,
short SD, PD (255 CTHAT &2 T o 72, ED
R, 7EH A SDF-1a,p/CXCL12 KLY
MIP-1d/CCL15 Oyl Ix, s #H X
0 b EEpE R IR O 53 E < L FFIZ PDE
Bl CrafEZ s L7z—77 T, long SD - PRJE



B IR 2 s 23 7 S 72 (1 1),
2T & #E o CD26 #t ik ) I8l ¢ 5- Aif

(daylpre) - 3 [A] H #% 5-gi(dayl5pre) « 5 [B] H
#5-mii(day29pre) ® 3 time point D45 F-15
%~ L7, £7-. MCP1/CCL2 % PD JE
%1 2 O short SD JiE i Tl CD26 Hif#k 5-1C
E 0 MyEF IR RIEIC EH- L72olzx L,
long SD -+ PR EFI TIIHLiARE 5% O L5 0g
DINE otz PLEDORERNS SDF-1a,B *
MIP-1d - MCP1 % CD26 HuiKiGE N FrIZH
hiz~7- PR £7213 long SD & 725 EE%
BINTE DA F~— D —EMTH 5 7 HE
MHEREZBIND,

SDF-1lu fUXCL I 2(pgml)y MIP-1ACCL L (pg

1S HLUJJ

LLLLLLLLLLLL & A

loug SD-PR. hiort SDY .\_uésu PR
MM MM
MCPICCLXpgiml)
]
|
1
il ‘ ‘ 1 W
FEL AL A HC(He althy Control) n=12
- — lioma) total n=25
w sotth | g SO PRng long SD u=5, short SD n=9, PD n=9
MPM

1 1% 4 SDF-1a,p/CXCL12, MIP-1d/CCLISR E 1}, Eft P REMMBEOPT
HICPDEH TEE%ERL, —/ Tlong SD-PREM TIHEEE R I HAMN RS I,
&=, MCPUCCL2IZPDEE B Ushort SDEE A X CD26 1 1% 5 1= &> TIiA il
BEAKIRIC ER T 2DISH L. long SD-PREMTIZ EFEA ISk,

F72. 7 A Gro-b/CXCL2, CTACK/
CCL27, MCP2/CCLS8 DifighiiEix, f&
WHE I G EME RIERE OF NBEE IS
<., ¥l PD JEHCEME A R L7225, short
SD JEf] & long SD « PR JEH] Tl ELs MK
Bz RTEAN RS N(K 2), L Lan
5. long SD - PR JiEf5] & short SD JEH] & D
MCIEAARETR N RN T, 2D &
N, ZiUHDOREFIE CD26 HLiEnNG%hT
%72 PD JEB & . CD26 Hiikic X 2 Bl
BRI L b —EHIFER O B D SE ]
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(short SD % & ¢e SD JEHI K N PR IER]) & D

HRNZIIAHATH 5 TREEN I S %,
o-bCNCL2(pg/ml
¢ o o o HC(Healthy Control)n=12
MM(Malignant Mesothelioma) total n=25
D lowe SD-FR PR 02, long SD n—5, short SD n—9, PD n—9
MM
CTACK/CCL27(pg/ml) CLBipg/ml)
3 & o £ E | P
FD sliort 50 loug SDPR “loug 5DPR
MPM MM
B2 % Gro-b/CXCL2, CTACK/CCL27, MCP2/CCLSREE (£, Eftch EEMME
HOHCRICPDEMN THEMERL . — %5 Tshort SD-long SD- PRI CIX{E %
FYERANXRGNI,

BLERRWNZ &2, X1 H o MCP1 XX 2 H
» MCP2 Oz ¥ IL-6 <° IL-8 72 £ CD26
Frisgal# H-pi(daylpre) & b L 3 [alH
e H-mi(day15pre) « 5 [0 H # 5 -Ai(day29pre)
D J7 DTG OPEFEH B S I LT
DY A DA TTEIABHY . T
CD26 HURDFE 51T X > THiE O
PEEICEADT YA NIA - TEIA D
Ron=(F—2 KB, 260K T
CD26 HLikDHUEGH R Z T TE 534
F~—TJ1— L LTUTAMHTIT R o 72D3,
CD26 fifk x5 Ui o 7-8 Iz s L
722 TH Y | CD26 LR ERITH 25
WBL L TARLVERTORERH D LA
b,

1-b) EWEE UIT FAESREER B O Mg el
M CD26 E/DPP4 FEF I A O 2 B fiF T
77 U ATOHE T MHERRRICHE N T,
SD JEfITix PD SER] & bl U C Rtk
CD26/DPP4 F#ETE AR 23 A IR < HEFF
N THEY (p<0.016), CD26 Pk HIZ X



% I3 R AIEME CD26 fifds L O DPP4 sk
TEVED LSRN 23, CD26 PR DR R T
R ASA F~—T1— &2 D AHEMED R STz,
% ZCLENES TIT AR BRIR AR 0D i ik ©
b R DN 23R Ir T2 N, 7T L A TOH 1
FREEARGER & Tlid e Mb CD26 fitikD b
7'a h (PR G E & B EHEE) N R X
{Eb-TEY, 77 AFH KRR T
1% CD26 #iikp)lal 5 E#% (daylpost)|Z 7f
WM CD26 E K O DPP4 BEATEMEIE 2N A%
(AR L2381 1 B OB T CD26 fiiik %
2 [a] H B 579" % Aii(day15pre) O I il Cl3fE
DSERGYBZBIE U 7o, [EIPN A T/IT FHER R AR
TR 1 EREE21T9 9 2 IC&RERE LT
& ED 6mglkg DEAE T, ik 3 [FIH &
H-ii(day15pre) O I i C 4 T O AE B A3 KA
THEFF SN TV 3), 2D Linb, #i
R H %I T2 - 7 i aliEtt CD26
E/DPP4 [ 5 15 1 fiE o> 25 B (R148) % figt b5
LT, ka2 E 1 BleE kb
H7'a k3L Cldday2 2B day8pre [Z 2T
TAE® daylbpre &V & FWERETOM
HERBDBVLETH D Z ENTRIND,

Serum soluble CD26 conc (%)

100

80

60 4

® short SD

40

ClDay2
ClIDay43

ClDay1pre

g

C1Day Ipost
Cl1Day15pre
C1Day15post
Cl1Day2%we

PD n=15, short SD n=13, long SD n=5, PR n=2
B3 ;A haEiECD26RE (. CD265u{43 [E B %5 Ril(day15pre)

@ i TPDIEM -short SDAEH -long SDIEEH - PREML VT h
LEFEICH BT TSEY. REATHASZER RO WG, ol

2) [ENEE UIT FHEGR RER B ORI Y >
INERD T = ) B A TRRHT
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AT, R Y BRI LT, ENE
UII FHEG AR B B ORI 2 VW C, 7 1
—H A MA RN —IZXD 7=/ 547Dk
WA AT o7z, AR Y SERICBI LTl &6
UIL AHET 40 Bl 5 B, A A~ — T —fifthr
DEBEEZELNT-DON 28 HIT, 55 24 {4
VX HUIEE h S ORI 23 ATRE T > - 72(3 3),

%3 EASVIEEERR ) REFEAORESNRELD
Phase I/IT £ Ifi (") >/ 7 {Ek) Total 28 cases (PI 5/9, PIT 23/31)
not evaluable
PR SD(longSD) PD NE Total
Epithelioid 1 10(2) 8 3 22
Biphasic 0 2(2) 0 3
Sarcomatoid 0 1(1) 1 1 3
Total 1 13(5) 10 4 28
X gl 5E
£ 1M(") 2 735K) 10 cases refractory to Nivolumab
not evaluable
PR SD(longSD) PD NE Total
Epithelioid 1 52) 1 1 )
Biphasic 0 1(1) 1 0 2
Sarcomatoid 0 0 0 0 0
Total 1 6(3) 2 1 10
X th e

Mi%ix dayl - dayl5 « day29 @ time point
TRT 24T Z E N TE I8, KEMmY »
EROFEYTIE CD26 FLiAgIE 551 1 A D
BENT AT o7z, FF. KA M EZERS O
CD4 T Hifid - CD4+*CD25bigh il 484 T A -
CD8 T i - NK il - B ERKOMaE & Y
El& &, long SD - PRIEWI & ORIz, W
SRR 72 MBI SR o T (T —
H KA,

WA, Ffa s EE T 7 = 7 2 —T Mg oE]
HI2H B L=, CD26 13 # O KA il CD4
T #ifa, CD8 T A& 12, CD26 sl
(CD26high) - CD26 {5 BL(CD26lowint) - CD26
B2 (CD26nesa) D = FH 4 D 5 Y 72 36 Bl /<
H—rhaRL, ENEND Naive - Central

Terminal

Memory - Effector Memory -

Effector &\ o 7= T HfR OBt L 54z



(ZB36% L T 5 (Immunology. 2013), {43
)72 T AR5y + CTdh 5 CD28 &ifflar
& T CD8 T ffiffid> CD26/CD28 MFEHL
O3AR A BRAT LTZRER, BAMe 2 LT i3 A
EOREMEPR R ERE ORI CD8 T Mzl
Terminal Effector % & ¥ 7 % CD26nesa
CD28nega DEIGNIEF IZEm < fEHE &
i U CARMIM A > CD8 T Al a5 B3 | 215
MLk%%’@é*&ﬁfﬁént@ms
FESRE TR, [LIE OMEHT & [FIERIC
short SD. long SD * PR IZ4%4 L’Cﬁﬁﬁ’i’
IToToRE G B & bl U CHEME g i A
FORMEIM CD8 T e, MifafEEME~T >~
=7 4 —T fifid~—%—Tdb % CD26 [&
P - CD28 2D EIG DNBEE I m WA, FFIC
long SD + PR ERFITIXZ OFIG 23 &M
WAL 4, Fo, FUREE~— T —
Tdh% KLRG1 OBHERIZENTH, FFIC
long SD + PR ER]TIXZ OFIE 23 E M)
MRHI(K 4), MifaEEET 7 =27 % —T
#ifd~—A—"Tdh 5 CD5T DGR
TH[ERR OGRS L 5 LT (F — & RH#).

KLRGH (%) C08 Teelks
[ ——
T ) o

HC(Healthy Control)n=8
MM(Malignant Mesothelioma) total 1=24 (PD =9, short SD n=9, long SD 2=5, PR n=1)

H4 Ettoh R EMM) EEOKMMCDS TG %EEC)L LKL T, MREEt T 74—
THEES(CD26F2 1 - CD28BA1E - KLRG1 R ) B & AU 3<.. FiTlong SD-PROEEMTIE
TORELBFNMEASR SN Tz,

T Fl ’?W%'J“/ﬁ“i‘/lﬂéﬂﬁi%ﬁ”é Frv

TRA Y Moy BRICIRRE & L TR
EnTnb CTLA4, PD1 2Nz, BIAERGK

BB TN TS LAGS, Z DOt TIMS,
TIGIT, BTLA, CD160, 2B4(CD244), % 7=,
ATP 5 LCT T ) v o mEAT DR
HMEEA9 5 CD39, CD7T3 72 b5, fit:

20

W, B EEER & B ICREIM CD4 T
AL - CDS T #MAzic CTLA4, LAG3, CD160
T EAERIL TE LT R 0-3%),
TIM3 & BTLA OFBLGMER & 5% A & I

&y o 72 (F— 2 Kfg#k)., —J. PD1,
TIGIT, 2B4, CD39, CD73 IXMf7/2 FHA
R LT (T — & K,

ARl CD26 HLikDE NS TIT FHE KR
Brzix, Pie b PD1 iA=L ~T7 %25
L CHEERIZ 72 =R L~ T EGF O BE L
GENTVD, Kigi CD4 T #lifL - CDS T
A PD1 Btk A it L7k R, =L
~ 7 HERBROH D =R~ TEHEITIE
CD4 T #fifid - CD8 T i & & 12 PD1 DR
RIS 72X 5), ZoZ LiE, 4
BlO7a—HA ~A MY —OMBHTIZHN
PD1 Hifk(clone EH12.2H7) DT & h—7" 7%
=A< T DO =T LEBELTNDHT
Iz, PD1 IS TE oz, b LL
IF=R v~ 7O G2 L - T PD1 B
DD L TWEENZLDbDEEZBND,
% 2T, PD1 OfHTIZ=A N~ 7 L5 %
RN =R~ T RGO 2N BFEITK -
TITH-o 24558, long SD - PR IJERF|I TITAR
if. CD4 T #fifid - CD8 T fifd & $ 12 PD1 B
PESRA EMER 2SR S 372 (K 5), TIGIT (2
BIL Tk, CD4 T il Cldfts 4 & ik
FERERFE & ORI TR EZ2ENDITR SN2 h
S 7273, CD8 T o> TIGIT Btk =Ri%H iz
JEBE O BMEEH LY bE<, KT long
SD - PR JEGITREIVME A L H 7= (K 5),
A RIOE T FHEGARRER Tl CD26 fiik#
Gl 1 R CORMIMY RO 7 = ) 2 A4
TIRNT LOMT 272 o T2 iy, S, RMIL
CD8 T #HifuDMfasEET 7 = 7 % —T
faoElA ., CD4 T Miflo> PD1 B3, CD8



T fifno PD1 & TIGIT OBtERIZEH L,
CD26 Piik¥E 5% OEEICHEH L CTHRIT
ATV,

() (b)
POI%)CD4 o0 CD8 Teels PO CD4 T,

‘._.ﬁj_l ,,,,,,,, -, _II ,‘l I
HC  Niveds) Nivod L Nivol=) Ky ) L ?
MM

S04 MM(Nivo(- »
@

MM(Nivo(- ))

1
g | R
n " e e

HC(Healthy Control) n=8
MM(Malignant Mesothelioma) total n=24 (Nivo(-) n=15, Nivo(+) 0=9) (PD n=9, short SD n=9, long SD n=5, PR n=1)
B5 (aUEllc=RA eI BE LR IR0 BEE D EBMM)EENivo()IE. R THEE
DOEVMMEENivo()) L LLEL THRMMCDS THE - CDS THR O PDI Rt EHRBECE S >F=,
®, )= RN TTHEEDEZOMMEE T8 D L. long SD- PROSEHI TIE A4 MCD4 THIEL -CDS TR
OPDIREELSBNMARALS RS, (4, TIGITICBAL TIE, CD8 TR TEMMEZEOASRES
MO LY HRIEFEHEC. Hiclong SD-PREFITALERNES LT,

D. &%

b Mk CD26 HilkD 744 -
NAF == —%BAFET D 2D HUETL
RAT DN TR 72 IS ERE R 2 2, 2
NETOMFRORMMY > BRDOT — X
DT (T N—TF 3 4T - 1=,

b Mb CD26 Hilko 74 - ‘/“féﬁfxﬁ%%:%
B FTREZRNA A~ — N —H BRI D129
CD26 HiEDEHIZL > TPR & L<IESD
DRI FRfE L 72 2 Xl U CRRAT 24T
IWEN BV A B O T iﬁ%ﬁ?ﬁ'ﬁﬁﬁ@
TA Uk 4 VA 724 BFDLLEICERE
7o ZDT A THERN R IE Y I3 72 < ?ﬂi
1 A 17 ] ] (Progression-Free Survival:

TRINR T

PFS)% D4 T D B R BRAE R 2N AB S 47z
BRICITADEC SN TORERIZREHI) X

DEELWEEBEZXLND,

REPEDFENTIZ LY . CD26 Hilk o 71 -
BN & TR 2 HANA d~— o — 15
fii LC, I <iE SDF-1a,p/CXCL12 -
MIP-1d/CCL15 - MCP1/CCL2, %7, PR
SD JiEf] & PD JEf] & &4 5 ~— I —f
& LT, Gro-b/CXCL2 - CTACK/CCL27 -

21

MCP2/CCL8 R L7z, 7 A 37
ENA VBT E— L OBMRMEN 1 % 1 %t
JISLTERLT, 1O TN A 2 EED
ALV VBT E—ICHATHZ B
BREEOrEhA N 1 DOFEHA L
B E IS T DBMRICH D IR ETE
PETZVT T8 IEF M CERRMER 35 2
D, Fiz, MIREELS ORRER W S
NTW2s 60 bFEET 5, SDF-1ap/
CXCL12 (£ CXCR4 & CXCR7T U F > N
THY ., D EEEOMIC, AfmBRIEE(L
oA, HRRE IR iE, M A S ORERE DS
LT b, MIP-1d/CCL15 i CCR1 &
CCR3D VA RTHY, ffFHEk- ek U
VONERIEERRRE N A STV D, MCPL/
CCL2/ZCCR2ECCRADY AT RTHY
HAER « T e - RERHIIE 2 SR A IR FE &
L OMICHEROTEELIEN S bHRE Sh
T 5, SRIOMNT OFER, CD26 Hik2 A
ZhifEF TR O b D rE A v
BENMONTALKEZRLTEY, 5%, 2
oD EHA L OREOFEMAZT~ t k
{t. CD26 HLikD/EMRBT & o BILR I
TELRTHNERD D,

A AT IS AV 72 Bio-Plex ¥ AT A%
sandwich ELISA & 7va—H% A N A FU—
O 2 IS L2 EBRFiETH Y . ELISA
EQES TSI = N N RE Y A B e = Y
DFAE 2 W CHIES 5723, Bio-Plex (&
H#ottaFE PE W TRER & &K 7L
DOENTRE N HREZFH T 5, Bio-Plex
X —EICZEEOTAE mix L27 vEA
FiETH A7, sandwich ELISA T{#E 5]
ZHIE 24T AR OB BUE 2 il 2 22
DB BEFR UG L 5 e B LR
FEIZ X DIREHAEOEV )N D, Bio-Plex v

IO



AT LD F 3 ELISA X 0 HIERE N &< |
sandwich ELISA TiXiZ& A EDMigH
TNARBRHRERARIZR>TLEI DD
%<, WEFEOER DM BMLETH D,
MABUINBRBEICRIE L2 T Mk, A
HERE B £ 23 PEAE T 2 saZ B EIR <> PD1/
PDL1 - PDL2, CTLA4/CDS80 - CD86 (21X
RINDWET = ViRA YV Nyt 7
JNZ Ko T =7 =7 Z—BEN Il ST
WD EDEA RN AR THRE SN TV,
HEME P R AR CIIR A I CD8 T e o>
Hifa s EMET 7 = 7 #—T Hif(CD26 [k
CD28 &t CD57 5t KLRG1 R o FI &
D L L CH L TE N 2 & R
Eh=(® 49, Z ok o 7% perforin &
granzyme % FHLT DHIEFEETT = 7
Z —T HIBIEASR, A v R REYe U 7o
MBI E RN DR ET D 72018 <
AR 7228, B B RS ORI Iz &9
LTIl EEEEZ A3 5 T Mlan Zhlx
EL AHET D DD ATOHURI 6 L THENE
fbxn/z T fifaZe D, 7 ARZ MIKE
(2 K DIBPERY 22 JNE DS BEILR LTy D DN
BUIRIRWEER CTH D ETFT = v 7 RA U b
S FOHTT, MR EEE ORI CD8
T #faiE TIGIT OISR DEH FH LD
HEBHAIZE <. long SD - PR AER] TIEHFHIZ
PD1 & TIGIT OB v MEm 2 H S 4
72(X 5), HEF = v I RA 2 Ny T DIE
X T MR OTE M LR B I H > TGF-B I
FERELEBLTWD Z ENTFREND, Z
DX D R RWILF O T D7 =) 247
&M R i PRI L7 ISR U v
NERD 7 = ) X AT L ORI OV TIE
JEIERRT L2 WEREETE A, A 18 O B AR R ER C
AR AL S 7R B R DO AR AR IR E IR
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LTEY, SHBROMGEREE Loy,

E.
AAEFEITIEINGS UIT FREG PR R BR O ik o
FHRE R A RIS, 2k T iE K ORI Y
YORERDT — X D EMEN ZATV, B ME
CD26 HUAD T4 - 1R R TR ASA A~ —
J—fEAH & L ¢, SDF-1 - MIP-1d - MCP1
ERHL, Fffid~—»—& LTGrob -
CTACK - MCP2 % R U7z, F72. KA
UL RERDT7 = ) Z A THREHTIZL D, CD26
PURAE 2 CI34RIC CD8 T #ilfia TRl E
P77 =7 % —T #ia(CD26 2t - CD28
Btk - KLRG1 BtEd 7 v M) OEIG 2 F
<, BEF = v I RA v MyFDOHF T PD1
& TIGIT OFEELGEED @& ATREME & AL H
L7,

F. 5% 0RY
ARBFZERRE O ZATIC L 0 [ENE VIL ARG
RABR X A5 40 JE B TIEFIEOHII N H 5
H. & Mt CD26 fuiko A bz THl L5
BN DN O BRGNS A o~ — T — (A
ZRH LU, 4%, CD26 HUADEEISH %2
HIET 92 TIND DAL F~— D —
IS IE T RN Z & 2 I 5,
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Single-cell atlas of colonic CD8* Tcells in
ulcerative colitis

Daniele Corridoni®'2°, Agne Antanaviciute ®'3'°, Tarun Gupta®'2'°, David Fawkner-Corbett©®'2,
Anna Aulicino®'?, Marta Jagielowicz'?, Kaushal Parikh ®'2, Emmanouela Repapi©4, Steve Taylor?,
Dai Ishikawa®53, Ryo Hatano®, Taketo Yamada’, Wei Xin©8, Hubert Slawinski®, Rory Bowden®?,

Giorgio Napolitani', Oliver Brain?, Chikao Morimoto®, Hashem Koohy ®'3* and Alison Simmons ©"22<

Colonic antigen-experienced lymphocytes such as tissue-resident memory CD8* T cells can respond rapidly to repeated anti-
gen exposure. However, their cellular phenotypes and the mechanisms by which they drive immune regulation and inflamma-
tion remain unclear. Here we compiled an unbiased atlas of human colonic CD8* T cells in health and ulcerative colitis (UC)
using single-cell transcriptomics with T-cell receptor repertoire analysis and mass cytometry. We reveal extensive heteroge-
neity in CD8* T-cell composition, including expanded effector and post-effector terminally differentiated CD8* T cells. While
UC-associated CD8* effector T cells can trigger tissue destruction and produce tumor necrosis factor (TNF)-«, post-effector
cells acquire innate signatures to adopt regulatory functions that may mitigate excessive inflammation. Thus, we identify
colonic CD8* T-cell phenotypes in health and UC, define their clonal relationships and characterize terminally differentiated

dysfunctional UC CD8* T cells expressing IL-26, which attenuate acute colitis in a humanized IL-26 transgenic mouse model.

as UC, involves immune-mediated tissue destruction sec-

ondary to a combination of barrier dysfunction, genetic risk
and dysbiosis. The colonic lamina propria houses a vast quantity of
tissue-resident CD8* T cells that may contribute to tissue damage in
IBD'?. Despite evidence of CD8* T-cell contribution to IBD pathol-
ogy’, the extent of heterogeneity, transcriptional regulation and
effector function of distinct populations has not been investigated
in an unbiased manner. Furthermore, their connections, hierarchy
and how they may dynamically remodel to influence inflammation
in IBD remain unclear. Here we conduct multimodal single-cell pro-
filing of CD8* cells from the human colon in health and UC, defin-
ing T-cell changes in active disease; we link this with coupled T-cell
receptor (TCR) analysis to define the functional interrelationship of
identified cell states and their crosstalk with epithelial cell subtypes.

| he pathology of inflammatory bowel diseases (IBDs), such

Results

Topology of human colonic CD8* T-cell states. We initially pro-
filed colonic single CD8* Tcells from three healthy volunteers
and three patients with UC using droplet-based, single-cell RNA
sequencing (scRNA-seq) (Fig. la and Supplementary Fig. la,b;
patient characteristics shown in Supplementary Table 1a). Following
quality control (Methods), we compiled gene expression data from
8,581 cells for clustering analyses (Supplementary Fig. 1c—f). This
revealed 14 CD8* cell populations that were visualized as uniform
manifold approximation and projection (UMAP) embeddings
(Fig. 1b). Population nomenclature was designated by specific gene
expression, identifying naive, memory, tissue-resident memory

(Tru)> effector and double-positive (DP) CD8*CD4* cells, as well as
populations with innate-like features including mucosal-associated
invariant T cells (MAITs), intraepithelial lymphocytes (IELs) and
IL26*-expressing CD8* cells (Fig. 1c,d, Supplementary Table 2 and
Extended Data Fig. 1).

We further investigated cluster-specific gene signatures by per-
forming Gene Ontology (GO)* enrichment analysis (Fig. le), fol-
lowed by area-under-the-receiving operating characteristic analysis
(Methods). We found localized activity of the IL-17 pathway in DP
and IL26% cells; similarly, IEL clusters and some IL26" cells were
highly enriched for natural killer (NK) pathways. (Fig. 1f). Thus,
our analysis charts the extent of the heterogeneity within colonic
CD8" T cells, including IL26" cells with hybrid innate and adaptive
features and DP regulatory CD8* T cells.

Dynamicrestructuring of colonic CD8* T cells in UC. We observed
marked changes in CD8" population structures in UC; for example,
Try-like T cells constituted on average 45% of all cells recovered
in health but only ~10% of CD8* cells in UC. Other populations
affected included activated effector T cells and IL26* cells, with the
latter comprising ~18% (up to 29%) of all CD8" cells recovered in
UC. We also observed an increase in the DP CD4*CD8*FOXP3*
cell population, reduced natural TYROBP* and expanded induced
TYROBP IELs’ (Fig. 2a).

Furthermore, within these subpopulations, we identified 997 dif-
ferentially expressed genes (DEGs) (Fig. 2b and Extended Data
Fig. 2a). GO enrichment analysis of upregulated genes highlighted
strong signatures for both typel and typell interferon responses,
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Fig. 1| Colonic CD8* T-cell transcriptional atlas. a, Schematic representation of scRNA-seq and variable-(diversity)-joining TCR gene segment
sequencing (scV(D)J-seq) experimental design and sorting strategy. b, UMAP plot visualization of colonic CD8* T-cell clusters detected in healthy

controls (HC) (n=3) and UC (n=3). ¢, Dotplot heatmap showing expression and cellular detection rate of selected cluster marker genes. d, Expression

(Exp.) profiles of selected subpopulation-specific marker genes (cells from n=3 UC, n=3 HC donors). e, Dotplot heatmap showing GO biological process
terms enriched in cluster marker genes. Hypergeometric test for overrepresentation; Benjamini-Hochberg multiple test correction. f, Individual cell AUC
score overlay for selected canonical pathway activities (cells from n=3 UC, n=3 HC donors).

T-cell activation, cytokine production, cell killing and upregulated
innate immune response pathways (Extended Data Fig. 2b). The
majority (615) of identified DEGs were significantly differentially
expressed within a single cluster only, with only 34 genes signifi-
cantly differentially expressed in more than four clusters. These cell
type-independent response genes encompassed loss of expression
of SPINK2, FOS and CD160, but upregulated TNFRSF9 and CTLA4
in Tyy,, effector and IEL populations (Extended Data Fig. 2a). We
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posit that this result reflects differential pathway activity in effector
populations in IBD, where we observe higher levels of costimulation
by CD28, TCR signaling, antigen processing, antigen presentation
and PD1 and CTLA4 pathways (Fig. 2b and Extended Data Fig. 2c).

Because our single-cell analyses provided high-resolution
expression data, we next sought to explore the transcriptomic land-
scape of IBD genetic susceptibility loci within the colon (Methods).
We found that an overall higher enrichment of Genome-Wide
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Fig. 2 | Colonic CD8* T-cell remodeling in active UC. a, Changes in selected CD8* subpopulation composition in health and IBD. n=3 donors per group,
mean and s.e.m. shown. b, Individual cell AUC score overlay for selected differential canonical pathway activities in health (cells from n=3 donors) and
IBD (cells from n=3 donors). ¢, Barplot showing the significance (-log;,(FDR)) of IBD GWAS signal enrichment in single-cell clusters in CD8* (n=3
donors per group), epithelial (n=3 donors per group) and mesenchymal (n=3 donors per group) subpopulations in cells from healthy and UC donors.
SNPsea empirical distribution Pvalue; Benjamini-Hochberg multiple testing correction. d, Circos plots showing all putative gain or loss of cell-cell
interaction events in active UC via receptor-ligand pair signaling between CD8*IL26* T cells and epithelial cell subtypes. SCs, stem cells; SPs, secretory
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significant change. e, Dotplot of selected significant paracrine receptor-ligand interactions between CD8*/L26* and epithelial cells discovered using
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Association Study (GWAS) genes from UC-associated loci showed
expression specificity in active inflammation (Fig. 2c). The high-
est overall signal enrichment was found in IELs and IL26% cells,
driven by high and specific expression of genes including KIR3DL2
(ref. ©) (rs17771967), IL26 (rs2870946)" and IL23R*(multiple risk
alleles) (Fig. 1c,d, Extended Data Fig. 2d and Supplementary Data).

UC alters crosstalk between epithelial and CD8* subpopulations.
Because CD8* T cells may drive tissue damage in UC by direct inter-
actions with colonic epithelial cells, we explored T-cell and epithelial
cell receptor-ligand pairing in both health and UC. We discovered
between 15 and 51 interactions between pairwise CD8" and epithelial
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subcluster comparisons in health, and 14-80 in UC. Examining dif-
ferentially expressed receptor-ligand pairs, irrespective of cluster
specificity we further identified 1,716 (104 unique receptor-ligand
pairs across 22 cell types) total putative crosstalk alterations in UC;
interaction gains constituted the majority (1,575) of these events.
The nonclassical MHC molecule HLA-E’ was strongly induced in
multiple epithelial subpopulations in UC while its corresponding
ligands were induced in CD8* T cells. Lineage-specific interactions
included IL18-IL18RI/ILISRAP and TNF-TNFRSFIA signaling
between absorptive, but not secretory, cells and multiple CD8* sub-
clusters (Fig. 2d,e, Extended Data Fig. 3a-c, Supplementary Fig. 2
and Supplementary Data).
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Fig. 3 | Transcriptional modules, pseudotime and clonality define UC CD8+ T-cell lineages. a, Selected transcription factor network activity AUC score
cluster distributions (cells from n=3 donors UC, n=3 donors HC). b, Trajectory analysis of CD8* T cells captures a linear pseudotime progression

(cells from n=3 donors UC, n=3 donors HC). ¢, Cluster distribution density along pseudotime. d, Heatmap showing relative expression (exp.) of genes
significantly (<1% FDR) varying with pseudotime. Selected genes are highlighted. Negative binomial likelihood ratio test, Benjamini-Hochberg multiple
testing correction. Cells from n=3 donors UC, n=3 donors HC. e, Expression of selected genes along pseudotime (cells from n=3 donors UC, n=3 donors
HC). f, TCR clonality on expression-driven UMAP overlay showing the distribution of clonal and unexpanded cell populations in cell clusters in health and
UC. Cells with no reconstructed TCR clonotype are shown in black and are labeled as NA (cells from n=3 donors UC, n=3 donors HC). g, TCR clonality
density distribution along pseudotime in UC. Unexpanded: clones captured in three or fewer cells; Q1: cells encompassing the top 20% of the most
expanded clones per sample; Q5: cells encompassing the bottom 20% of the most expanded clones; Q2-4 represent the middle three quantiles. h, Upset
plot showing TCR clones shared between different clusters, each shared clone visualized as an ‘interaction’ and indicated by a black circle joined by black
lines. Each unique clone is counted once only, regardless of degree of expansion. The barplot at the top indicates the total number of shared TCR clones for
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Given the increase in the number of IL26*-producing CD8" UC. ILIORB localized to colonocytes in the epithelium and was
cells in UC, we examined expression of the IL-26 receptor, ILIORB/  ubiquitously expressed by mesenchymal cells, but not by CD45*
IL20RA", in scRNA-seq data from colonic cells in both health and  cells, in health and UC, while the detection rate of IL20RA was low
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(Extended Data Fig. 4a-d). In contrast, ILIORA expression was lim-
ited to the CD45" compartment (Supplementary Fig. 3a,b). In line
with scRNA-seq findings, ILLORB/IL20RA was found to be coex-
pressed at the protein level in minor fractions of epithelial (1.9%),
mesenchymal (1.73%) and immune compartments (3.7%) and did
not increase in UC (Supplementary Fig. 4a,b); this was confirmed
by quantitative PCR (qPCR) in an independent cohort (n=17 UC,
n=>5 health; Supplementary Table 1b and Supplementary Fig. 4c).
Conversely, IL26 expression in whole tissue was found to correlate
with degree of inflammation (Supplementary Fig. 4d). This sug-
gests that increased IL-26 signaling in UC is not due to induced
expression of its receptor, although we cannot discount the possibil-
ity that some effects may be mediated through a hitherto undiscov-
ered receptor'’.

Transcriptional networks directing colonic CD8* plasticity in
UC. To define the regulatory networks directing colonic CD8*
T-cell plasticity in IBD, we performed gene coexpression analysis
and then scored each cell for activity of gene modules, which were
both coexpressed with and enriched for transcription factor (TF)
cis-regulatory motifs, identifying 273 active TF activity-associated
circuits. Hierarchical clustering highlighted networks expressed
exclusively in specific T-cell clusters, revealing both new and estab-
lished transcriptional regulators (Fig. 3a, Extended Data Fig. 5a,b
and Supplementary Table 2).

We observed a group of modules, including EGRI and EGR2,
whose activity was localized to the cell transition gradient between
Ty cells and GZMK?* effectors (Fig. 3a). This result highlighted a
distinct T-cell state missed by our initial clustering analysis. These
transitional cells also showed high, localized coexpression of IFNG
and TNF, as well as activity of FOS, FOSB, FOSLI1, JUN and JUNB
networks (Fig. 1d and Extended Data Figs. 1 and 5a,b). These TFs
are well-characterized, immediate, early-response genes that are
rapidly induced by various stimuli'?, suggesting that EGR-expressing
T cells showed recent activation and harbored most pathogenic TNF
expression within colonic CD8* T cells.

Our TF activity analysis also highlighted gene modules that were
not only cell state specific, but also showed differential activity levels
in IBD (Methods), including ETV7, PRDM1/BLIMP-1 and STAT3
(Supplementary Fig. 5a-d).

Innate reprogramming adopted by adaptive IL26" T cells in UC.
Within the single-cell profiles, we identified clusters of innate CD8*
lymphocytes including MAIT cells and yd IELs. While overall
there was little heterogeneity within MAIT cells (Extended Data
Fig. 6a), in UC they expressed analogous programs of activation
as observed for conventional CD8* cells. This included coexpres-
sion of early-response genes EGRI and EGR2 together with TNF
and IFNG, and a gradual transitional state gradient characterized by
expression of coinhibitory and costimulatory molecules (Extended
Data Fig. 6b,c).

While we found a high proportion of V81 8 cells within CD8*
IEL-like clusters (Extended Data Fig. 1), TCR-af cells also
predominantly expressed innate markers’ such as killer cell
immunoglobulin-like receptors (KIRs) (for example, KIR2DL4 and
KIR2DL2), NK cell receptors (for example, NCRI) and FCERIG
(Extended Data Fig. 6d,e). We found that MKI67* cells expressed
some of these genes, suggesting that the IEL compartment was
undergoing active proliferation in UC (Extended Data Fig. 6d,e and
Supplementary Data).

To better understand IEL populations at the single-cell level, we
further interrogated T-cell populations captured in a colonic epi-
thelium scRNA-seq dataset'’. We reasoned that these immune cells,
captured during an epithelial crypt-specific dissociation protocol,
are likely to be enriched for IELs. Within these cells (total, 927) we
found that the majority were CD8" with only small populations of
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CD4* cells present (Supplementary Fig. 6a). While we could dis-
tinguish seven CD8* subclusters with a combination of marker
genes, including CD6, LAYN and GNLY (Supplementary Fig. 6a,b
and Supplementary Data), these cells uniformly expressed many
IEL-specific cluster markers that we had identified earlier, such as
NK receptor KLRC2 (Supplementary Fig. 6c). We grouped these
clusters into natural and induced IELs based on TYROBP expres-
sion, observing a similar shift towards induced phenotype in active
UC in line with earlier observations® (Supplementary Fig. 6b,d-f).

While innate features of IELs are well described'*, we found that
the adaptive CD8* IL26" cells, which were increased in UC, also
displayed innate-like features that differed from IEL transcriptional
profiles. IL26% cells lacked expression of KLRC2 (Supplementary
Fig. 6c) and IEL-specific KIRs (Extended Data Fig. 6e), but
expressed NCRI, NCR3 and KIR2DL4 (Extended Data Fig. 6e), typi-
cal of type2 ILC3s, lineage-negative innate lymphoid cells. Type2
ILC3s are also characterized by expression of the TFs AHR, KIT and
RORC (Extended Data Figs. 1 and 6e) and a Th17-like cytokine pro-
file", another feature shared with IL26* cells. Based on these results,
we conclude that CD8* IL26* cells, while lineage positive, express
hybrid Tc17 and type 2 ILC3 features.

Chronic activation of IL26" cells in UC. In UC we observed an
accumulation of cell clusters, including GZMK* effector and IL26*
cells, with features of ‘exhaustion; a hallmark of tumor-infiltrating
CD8* T cells. This was marked by concerted expression of coinhibi-
tory molecules including HAVCR2, LAYN, ENTPDI1, CTLA4 and
PDCD1I, as well as TFs TOX and EOMES (Figs. 1¢ and 3a, Extended
Data Fig. 1 and Supplementary Data). Because the relationship
between exhausted colonic CD8" cells and those observed in cancer
remains unclear'’, we interrogated recently published scRNA-seq
datasets from tumor-infiltrating T cells (TILs) in liver, breast and
colorectal cancers (Methods). We observed clear conservation of
chronic stimulation-associated signatures between subpopulations
of colonic T cells in UC and all three TIL datasets (Extended Data
Fig. 7a,b). However, expression of type 17 signature'’ in exhausted
Tcells was UC exclusive, suggesting that either these are Tcl7/
ILC3—like cells'® subject to chronic overstimulation in UC or this
phenotype is acquired in a ‘post-effector’ cell state (Extended Data
Fig. 7b and Supplementary Data).

TCR profiling defines connectedness of diverse CD8* pheno-
types in UC. Because our data probably captured T cells asynchro-
nously transitioning from one transcriptomic state to the next, we
performed pseudotime analysis, capturing a linear trajectory pro-
gressing from naive-like cells at the start to memory, Ty, GZMK*
effectors and culminating with IL26* cells (Fig. 3b,c). To understand
the biological processes driving pseudotime components, we asked
which genes covary in expression with pseudotime. We clustered all
genes identified as significantly (false discovery rate (FDR) < 1%)
covarying with pseudotime (Fig. 3d) and identified groups of genes
expressed early, mid/mid-late and late. In keeping with cluster dis-
tribution, naive and early central memory T-cell markers, such as
CCR?7, were expressed early while coinhibitory receptors (HAVCR2,
CTLA4) were expressed late (Fig. 3d,e). We found a strong signal for
T-cell activation markers, along with a gradual gain in coinhibitory
molecules, as suggested by the pseudotime cluster distribution. We
observed increasing expression of BATF, CTLA4, HAVCR2, LAYN
and TNFRSF9, while molecules associated with effector function,
such as GZMK, were steadily lost (Fig. 3c-e).

We next sought to elucidate lineage and clonal dynamics between
subtypes via matched single-cell TCR-af profiling (Methods and
Supplementary Data). We found that naive, MAIT and DP T-cell
populations exhibited highly diverse clonal structures, with most
cells expressing a unique TCR CDR3 sequence pair (Fig. 3f). In
CD8" cells derived from healthy colon, Tyy-like cells showed the
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Fig. 4 | Combined transcriptomic and proteomic profiles of CD8* T cells using CITE-seq and Cell Hashing. a, Schematic representation of experimental design
and sorting strategy for single-cell 5 RNA-seq, CITE-seq and Cell Hashing. b, UMAP plot of colonic CD8* T cells in health (n=5) and UC (n=7), clustered
based on gene expression profiles. ¢, Differential distribution of CD8* T-cell populations derived from health and UC (top), with broad overlap between gene
expression data derived from hashed CD8* T cells (CITE-seq, validation cohort, n=5 HC, n=7 UC donors) and nonmultiplexed CD8* T cells (scRNA-segq, initial
cohort, n=3 donors per group) (bottom). d, Relative abundance of CD8* T cells from selected clusters in health and UC derived from either hashed (CITE-seq
n=5HC, n=7 UC donors) or nonmultiplexed (scRNA-seq, n=3 per group) samples. Boxplots show the median, first and third quartiles, fifth percentile as
minima and 95th percentile as maxima. e, Cell surface protein expression data (derived from CITE-seq, n=5 HC, n=7 UC donors) overlaid on colonic CD8*

T cells clustered by gene expression profiling. f, UMAP of colonic CD8* T cells clustered by cell surface protein expression determined using CITE-seq (n=5
HC, n=7 UC donors). g, Overlay of mMRNA-derived clusters on UMAP of cells clustered by cell surface protein expression (n=5 HC, n=7 UC donors).

highest enrichment of frequently observed T-cell clones. In contrast,
we found a marked enrichment of clonal T cells in UC-associated
IL267 cells, because the majority of the largest clones in each sample

comprised this population in UC. These observations aligned with
our pseudotime analysis, because unexpanded cells in UC were
enriched at the start of the trajectory and the most expanded clones
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occupied its end (Fig. 3g). Overall, expanded clones were diverse (we
did not detect any shared specificity groups") and had largely pri-
vate TCR repertoires, although we detected 93 TRB CDR3 sequences
shared between at least two donors. These included known public
TRB sequences” for common Epstein-Barr virus, cytomegalovirus
and influenza-derived peptides, reflecting past exposure to common
antigens, and none of these were expanded in UC.

In total, 320 out of 3,835 unique clonotypes occurred in more
than one cluster. These constituted the clonally expanded popula-
tions, with a total of 2,438 cells sharing their clonotype with those
in other clusters (Fig. 3h). We examined all unique TCR clonotypes
shared by different clusters and their degree of overlap. As expected,
we observed clonotypes present within the Ty, population in many
other cell types/states*’. When we observed a clone in more than two
different clusters, it also appeared in the Ty, population (Fig. 3h).
The greatest overlaps between pairs of clusters occurred between
Try and IL26%, GZMK?* effector and memory cell populations,
respectively, with 28, 32 and 23 unique TCRs reconstructed in cells
from these cluster pairs. The largest ‘triplet’ included ten unique
clonotypes detected in cells from the small, actively cycling cluster,
IL26% cells and Ty, cells. These results are consistent with the high
clonal expansion of IL26" cells and suggest that these cells may arise
either directly from Ty, cells or as a post-effector phenotype.

Given the small overall size of the captured TCR-aff populations
in IELs, TYROBP* and TYROBP- cells also shared a large number
of clonotypes (13), supporting the idea of naturally induced IEL
transition.

Although some clonotypes could be attributed to the wrong clus-
ter due to the somewhat fluid boundaries between detected popula-
tions, we detected multiple instances of clonotypes shared between
four or more clusters linking distant populations. Thus, TCR reper-
toire analysis revealed the phenotypic journey of single TCR clones
demonstrating transit through diverse T-cell states in UC.

Multiomic analysis of colonic CD8" T cells confirms heteroge-
neity and remodeling in UC. To validate single-cell signatures at
the protein level, we next profiled an additional seven UC and five
healthy samples using single-cell cellular indexing of transcrip-
tomes and epitopes by sequencing (CITE-seq) coupled with cell
hashing technology, integrating transcriptomic and proteomic pro-
files from an additional 9,062 cells (Fig. 4a,b, Supplementary Tables
1-3, Supplementary Fig. 7a-h and Methods).

Integrative data analysis revealed high reproducibility between
our initial scRNA-seq and subsequent CITE-seq analysis (Fig. 4b—d
and Extended Data Fig. 8a-c). We were able to partition effector
cells into two additional clusters characterized by expression of TNF
(TNF+ effector) and EGR1/EGR2 (EGR1™ effector), which we had
previously noted as a likely transitional population between Ty, and
GZMK* effector cells (Fig. 4b).

CITE-seq allowed us to map the expression of a panel of 14 pro-
teins to all CD8" cell subpopulations (Fig. 4e,f and Extended Data
Fig. 8d). The combination of CD45R0O, CD103, CD69 and CCR7
clearly delineated Ty, intraepithelial, IL26* and CD4*/CD8* DP

cell populations from naive and effector CD8* T cells, confirming
our previous observations of differences in tissue residency and
migration dynamics between these populations. Coinhibitory mol-
ecules PD1, TIM3 and LAG3 marked mostly CD103* cells, includ-
ing GZMK™ effector (2) and IL26* cells, while fewer CD103" cells
showed features of chronic T-cell stimulation at the protein level
(Fig. 4e,f and Extended Data Fig. 8d). Finally, because IL-26 is a
secreted cytokine and we could not capture its protein level expres-
sion in our CITE-seq panel, we confirmed its increased production
by colonic CD8" Tcells in UC using enzyme-linked immunosor-
bent assay (ELISA) (Extended Data Fig. 8e).

Multimodal data integration and functional analysis of UC
remodeled CD8* T cells. Clustering analysis using CITE-seq
protein expression highlighted that the 14 selected proteins were
sufficient to delineate key features of only tissue residency, exhaus-
tion and memory, with the majority of IL26* cells falling within
the CD103* PD1* population (Fig. 4f,g). Thus, we developed a
mass cytometry time-of-flight (CyTOF) panel incorporating
39 markers expressed in specific scRNA-seq clusters (Extended
Data Fig. 9a and Supplementary Table 3). Applying this panel to
CD8* cells isolated from additional healthy (n=3) or inflamed
UC (n=3) colon samples (Supplementary Table 1a), we defined
19 protein expression-driven clusters, six of these showing signifi-
cant alterations in frequency in health and UC (Extended Data
Fig. 9b-d). Using CyTOF data as a reference, we next performed
multimodal single-cell data integration® (Methods) to infer the
most probable counterpart cells between these two expression
modalities (Fig. 5a,b and Supplementary Fig. 8a-c). Many key
markers showed conserved coexpression in both protein and
messenger RNA datasets (Fig. 5c,d). Largely one-to-one rela-
tionships between mRNA and CyTOF clusters were observed for
some populations (for example, CCR7*/naive cells), while one
to many relationships highlighted a need to refine the CyTOF
panel, guided by scRNA-seq data, to more accurately capture dis-
crete phenotypic states. IL26* cells were found to be enriched in
IL23R*, NKp30/NCR3*, Ty, and exhausted clusters (Fig. 5¢,d and
Supplementary Fig. 8c).

To assess the functional capacity of the UC-associated CD8*
subpopulations, we undertook ex vivo stimulation with phorbol
myristate acetate (PMA) and ionomycin. Using our CyTOF panel,
we profiled cells from additional healthy donors (n=4) and those
with inflamed UC (n =3) following stimulation. Both donor groups
exhibited the emergence of a subpopulation of CD103" Ty, cells
that expressed TNF-a and IFN-y. In contrast, reactivated cells
from UC donors were also enriched for GZMK™ effector markers
(Fig. 5e-g). Curiously, few IL23R* cells (mainly comprising IL26*,
some MAITs and DP cells) responded to stimulation. These results
suggest that clonally expanded IL23R*/IL26* cells observed in UC
may have limited effector function, in line with their transcriptional
‘post-effector’ terminally differentiated signatures. While detected
at baseline in UC IL23R*/IL26* cells, IL-17 was also induced in
stimulated UC CD8" cells in TNF-o/IFN-y clusters despite the

>

>

Fig. 5 | Functional CyTOF analysis of UC CD8* T cells. a, Integrated cluster analysis of CyTOF (n=3 donors per group) and 10x scRNA-seq (n=3 donors
per group) datasets visualized in UMAP. b, Distribution of original 10x scRNA-seq (n=3 donors per group) clusters in relation to integrative analysis.

¢, Relative mean cluster protein expression in cells from CyTOF dataset. d, Relative mean cluster RNA expression in cells from 10x scRNA-seq dataset.

e, UMAP plot visualization of clusters obtained after ex vivo stimulation with PMA and ionomycin (n=3 UC, n=4 HC donors per group) and unstimulated
CD8* T cells from healthy (n=4) and UC (n=3) donors in CyTOF data. f, Changes in cell cluster proportions in CyTOF data clusters following stimulation
in health (n=4 donors) and UC (n=3 donors). Mean and s.e.m. shown. GZMK* effector, F=9.075, d.f=3, *P=0.0213 (healthy unstimulated versus UC
unstimulated), **P=0.0077 (healthy stimulated versus UC unstimulated); *P=0.0187 (healthy stimulated versus UC stimulated); GZMK*TNF-o*|FN-y*,
F=15.22, d.f=3, ***P=0.0005 (healthy unstimulated versus UC stimulated), **P=0.0032 (healthy stimulated versus UC stimulated); **P=0.0011

(UC unstimulated versus UC stimulated); IL23R*, F=11.09; d.f=3; **P=0.0029 (healthy unstimulated versus UC unstimulated), **P=0.0017 (healthy
stimulated versus UC unstimulated), *P=0.0177 (UC unstimulated versus UC stimulated); one-way ANOVA (Tukey's multiple comparison test).

g, Selected protein expression UMAP overlay in stimulated and unstimulated cells in health (n=4 donors) and UC (n=3 donors).
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absence of IL23R (Fig. 5g), suggesting that mucosal CD8* T cells

IL-26 attenuates the severity of acute colitis. The role of IL-26

in UC are transcriptionally more permissive towards adopting a
Tc17-like phenotype.

in colitis remains unclear”. Even though the IL26 gene is absent
in rodents, its heterodimeric receptor comprising IL-20RA and
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Fig. 6 | IL-26 attenuates acute colitis severity. a, Strategy for induction of 2.5% DSS and intraperitoneal injection of anti-IL-26 antibody or migG1,k isotype
control antibody. b, hIL-26 expression in colon from WT (n=4 mice) and hlL-26Tg (n=6) mice at baseline/steady state or after 6 days of challenge with

2.5% DSS. *P=0.0152, two-tailed, unpaired t-test (t=2.923, d.f=10). ¢, Colonic total inflammatory scores (Methods) (n=4 control mice, n=6 DSS-treated
mice, n=5 DSS treatment + anti-IL-26 mice); F=6.338, d.f=2.0, *P=0.0168 (WT DSS versus hlL-26Tg DSS); *P=0.0290 (hIL-26Tg DSS versus hIL-26Tg
with anti-IL-26 DSS); mean and s.e.m. shown, one-way ANOVA (Tukey's multiple comparison test). d, Representative photomicrographs (n=6 DSS-treated
mice, n=5 DSS treatment + anti-IL-26 mice) of hematoxylin and eosin-stained colonic tissues following DSS challenge (original magnification x20). e, PCA
of MRNA derived from bulk RNA-seq of WT (n=4 DSS-treated mice, n=3 control mice) and hIL-26 (n=4 mice per group) mouse colonic tissue under
different experimental conditions. f, Heatmap of differentially expressed genes at steady state from WT and hIL-26Tg mice. Wald test, Benjamini-Hochberg
multiple testing correction. g, Heatmap of differentially expressed genes under DSS challenge from WT and hIL-26Tg mice. Wald test, Benjamini-Hochberg
multiple testing correction. h, Cnetplot showing the top most enriched GO terms in significantly downregulated genes in DSS- (n=4 hIL-26Tg mice, n=3
WT mice) challenged hIL-26 mice. Hypergeometric overrepresentation test, Benjamini-Hochberg multiple testing correction. i, Comparative expression of
selected genes under DSS challenge between WT (n=3) and hiIL-26Tg (n=4) mice, demonstrating lower inflammatory signatures in hiL-26-expressing Tg
mice. Boxplots show the median, first and third quartiles, fifth percentile as minima and 95th percentile as maxima.
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IL10RB is expressed in mice and can signal in response to human
IL-26 (refs. '°**). We used a humanized IL-26 transgenic (hIL-26Tg)
mouse model” to assess whether IL-26 can affect acute colitis
severity. The colon from hIL-26Tg mice showed no differences at
steady state compared to littermate controls or sibling wild-type
(WT) C57BL/6] (B6) mice (Extended Data Fig. 10a). We exposed
hIL-26Tg and control B6 mice to 2.5% dextran sulfate sodium (DSS)
in drinking water and treated hIL-26Tg mice with either anti-IL-26
monoclonal antibody (mAb) or control mAb administered intra-
peritoneally on days 0 and 3 (Fig. 6a,b).

DSS-challenged WT mice had a significantly higher total inflam-
matory score than DSS-challenged hIL-26Tg mice given control
antibody. The inflammatory effect of DSS was restored in these
hIL-26Tg mice after administration of concomitant anti-IL-26 mAb
(Fig. 6¢,d and Extended Data Fig. 10b), suggesting a potential pro-
tective role for IL-26 in the acute phase of inflammation.

To characterize the effect of IL26 expression, we next performed
RNA-seq on colonic tissue at baseline and with DSS. Principal
component analysis (PCA) highlighted clear differences between
RNA-seq profiles of baseline and DSS (Fig. 6e), with DSS samples
showing increased variability within the group as could be expected
given the drastic tissue perturbation; samples from WT and Tg ani-
mals showed separation in the second principal component. In line
with PCA, at baseline we identified 295significantly (<5% FDR)
differentially expressed genes between WT and hIL-26Tg mice
(Fig. 6f and Supplementary Data). GO enrichment analysis high-
lighted strong T- and B-cell activation and leukocyte proliferation
signature in WT animals, which was strongly reduced in Tg animals
(Fig. 6f and Supplementary Data) suggesting that, even under non-
inflammatory conditions, expression of IL26 may either diminish
immune infiltration of the mucosa or downregulate activation and
proliferation signals. This was supported by differential expression
of genes such as the B-cell marker Cd19 and lymphocyte differentia-
tion transcription factors IkzfI and Ikzf3 (Extended Data Fig. 10c).
We further observed an increase in lysozyme expression in WT
(Fig. 6f and Extended Data Fig. 10c), a molecule expressed by Paneth
cells (but typically not present in the colon) and macrophages, sug-
gesting that IL26 overexpression may also reduce the presence of
myeloid cells in the mucosa. Conversely, RNA expression profiles
from Tg animals showed a relative increase in gene signature asso-
ciated with nonimmune compartments, including muscularis and
circulatory system processes and increase in expression of genes
such as canonical pericyte marker Rgs5 (Fig. 6f, Extended Data
Fig. 10c and Supplementary Data).

Next, we compared the RNA profiles of WT and Tg mice under
DSS conditions, identifying 473 differentially expressed genes
(Fig. 6g). In line with expression profiles at baseline, in hIL-26
mice we again observed a clear decrease in expression of immune
response-associated transcripts (Fig. 6g-i and Extended Data
Fig. 10c) and an increase in stromal compartment signatures
(Fig. 6g and Extended Data Fig. 10c). While the expression of many
immune compartment-associated markers was already decreased
in hIL-26 mice at baseline (for example, Ptprc/CD45; Fig. 6i),
we found that induction of both proinflammatory cytokines (for
example, Tnf) and chemokines (for example, Cxcl9 and Cxcl10) was
reduced in hIL-26 mice under DSS (Fig. 6i). We further confirmed
these observations by qPCR (Extended Data Fig. 10d). Based on
these results, we propose a link between the role of IL-26 and the
reported effect of cytokines (for example, 1133 and Tnf) in promoting
context-dependant intestinal barrier integrity or mucosal damage in
acute experimental colitis’**’. Furthermore, our results provide ini-
tial evidence for an immunoregulatory role for IL-26 in acute colitis.

Discussion
Here we reveal the life course of colonic Tcells in UC and their
evolution to GZMK- and TNF-expressing effector states and to
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clonally expanded IL26 and coinhibitory receptor-expressing cells
with type 17 and immunoregulatory features. An imbalance between
GZMK*TNF* effectors and immunoregulatory IL26* cells may
facilitate tissue destruction that manifests as UC.

IL26% CD8* cells exhibited features of chronic stimulation,
including expression of HAVCR?2, and displayed a colitis-specific
ETV?7 transcriptional network that limits inflammation through
inhibition of ETSI-controlled genes (such as T-bet that drives Thl
responses)**”’. This cluster also adopted key innate properties, such
as induction of NCR3, an NK cell receptor that participates in anti-
tumor responses. Previously, TCR and NCR costimulation has been
shown to have a synergistic effect in circulating NKp30*/NCR3*
CD8* T cells®. In UC, this suggests a possible mechanism for a sus-
tained T-cell response under chronic stimulation conditions where
innate programs may help these cells retain response functions in
the absence of antigen-specific cues.

Induction of IL26 protected against epithelial damage in a
mouse model of acute colitis. While mouse models that incorpo-
rate chemicals to induce colitis (for example, DSS) can be useful in
studying the acute phase of tissue injury and repair mechanisms,
the resulting inflammation is generally not fully representative of
the immune dysregulation present in the inflamed colon of patients
with IBD?'. Although the IL26 phenotype may be protective in acute
inflammation, we suspect that its role in chronic inflammation may
be different because Th17 responses can indicate a more severe
disease in UC™. Alternatively, the protective effects of IL-26 may
be inadequate in chronic UC. In contrast to the protective effects
in acute inflammation, the IL26* cluster also strongly induced a
STAT3 network required for Th17 responses. IL26 is expressed by
infiltrating proinflammatory IL-17-producing T cells in chronically
inflamed IBD tissue”, signaling through the IL-10R2/IL-20R1 het-
erodimeric receptor to induce expression of IL-10 and TNF; fur-
thermore, IL-26 may have direct antimicrobial effects'®'". However,
characterization of the role of IL26 during chronic inflammation
will be important because it could have, like other cytokines, a
dichotomous role depending on the temporal phase of the inflam-
matory process”. Transcriptional regulation of IL26 expression in
T cells is not well defined, although it may require IL23R signaling.
Future studies will delineate the mechanism for IL-26 expression
by IBD-associated IL23R and IL26 polymorphisms, and whether
the divergence of observed phenotypes among single clones reflects
their geographical location and specific local exposures or derives
from a continuum of differentiation.
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Methods

Human specimens. Colonic biopsies were collected from patients attending
endoscopy at Oxford University Hospitals NHS Foundation Trust. NHS National
Research Ethics Service research ethics committee references for the study

include nos. 18/WM/0237, GI 16/YH/0247 and IBD 09/H1204/30. Biopsies were
collected following informed written consent from healthy individuals undergoing
colonoscopic screening, or from patients with IBD administered ongoing clinical
care. For patients with IBD, we used samples derived from those with ulcerative
colitis and proven mucosal inflammation, as indicated by the Ulcerative Colitis
Endoscopic Index of Severity*.

Single-cell isolation. Tissues were collected from clinically inflamed distal
colon and placed in in RPMI supplemented with 100 Uml™ penicillin,

100 pg ml™ streptomycin and 10 mM HEPES on ice. Samples were either
processed immediately after collection or stored by freezing in 1 ml of Cryostor
DS10 (Sigma-Aldrich) for experiments requiring multiple samples, to reduce
batch effects. Viability and colonic CD8* T-cell purity were similar to those

of freshly isolated samples. After washing in PBS, biopsies were incubated in
media with 3mgml' Collagenase type Il (Worthington Biochem), containing
50 ug ml~! DNase, for 60 min at 37 °C with agitation (250 r.p.m.), followed by
5-10x mechanical dissociation of the suspension through a 16-gauge needle
(Stemcell Technologies). The cell suspension was washed in PBS and passed
through a 70-pm filter. Cell counts and viability were confirmed with a Countess II
automated cell counter (Thermo Fisher).

Flow cytometry. For single-cell RNA-seq experiments, single-cell suspensions
were stained with anti-CD3 (clone SP34-2) BV711 and anti-CDS8 (clone SK1)
APC-R700 (BD Horizon), with DAPI added before sample acquisition, to assess
cell viability. Flow sorting was performed on a FACSAriaIlIlu to collect live
CD3*CD8* T cells. Cells were collected in media and kept on ice before loading
onto the 10x Chromium Single Cell Platform.

For IL-26 receptor quantification (heterodimer of IL-20Ra and IL-10Rp),
biopsies were dissociated into single-cell suspensions as described above in
‘Single-cell isolation; followed by staining for anti-IL-10RB (clone 90220), anti-IL-
20RA (clone 173714), anti-EPCAM (clone 9C4) and anti-CD45 (clone 5B1) for
30min at 4°C, with DAPI used for live-dead staining, followed by acquisition on a
BD LSRII machine.

Droplet-based single-cell RNA-seq. CD3"CD8* cells were washed in PBS

with 0.04% bovine serum albumin (BSA) and resuspended at a concentration

of ~500 cells pl'. Approximately 8,000 cells were loaded onto the Chromium

10x Genomics platform (10x Genomics) to capture single cells, as described in the
manufacturer’s protocol. The 10x Genomics 5’ mRNA single-cell method was used
in one run, including cells isolated from biopsies of healthy inflamed UC.

Library generation for 10x Genomics v.2 chemistry was performed using the
Chromium Single Cell 5" and Chromium Single Cell V(D)] Reagent Kits (user
guide, no. CG000086).

Quantification of complementary DNA was performed using the Qubit dsDNA
HS Assay Kit (Life Technologies, no. Q32851) and Agilent High Sensitivity D5000
ScreenTape (Agilent, no. 5067-5592). Library quantification was performed using
the Qubit dsDNA HS Assay Kit (Life Technologies, no. Q32851) and D1000
ScreenTape (Agilent, no. 5067-5582). Libraries were sequenced on an Illumina
HiSeq4000 platform to achieve an average of 50,000 reads per cell.

CITE-seq. For combined transcriptomic and protein data, we used CITE-seq
antibodies combined with Cell Hashing (as per established protocols™). Briefly, cell
suspensions were derived from biopsies as described above in ‘Single-cell isolation,
washed in cold PBS (supplemented with 2% BSA and 0.01% Tween) followed by
10-min incubation with blocking antibody (TruStain FcX, Biolegend). Antibody
mixes were prepared consisting of CITE-seq antibody (Biolegend Totalseq-C
products, 0.5 pg antibody per 2 million cells; full list given in Supplementary Table
3), optimized concentrations of FACS antibody (anti-CD3 and anti-CD8a, 1.66 pl
per 2million cells) and hashing antibody (Biolegend, 0.5 pg per 2 million cells).
Cells were incubated for 30 min at 4°C followed by three washes to remove excess
antibody, then CD3+*CD8* cells were isolated using FACS as described above in ‘Flow
cytometry’. CD8 cells from different donors bearing different hashes were pooled
immediately before loading, where we superloaded 11,000-20,000 cells for each run.

Library generation for CITE-seq and hashed samples was performed
using 10x Chromium Single Cell 5" V(D)] Reagent Kits with feature barcoding
technology (user guide, no. CG000186).

Libraries were sequenced on an Illumina Novaseq 6000 S4 platform to achieve
an average of 50,000 reads per cell for the gene expression libraries and 5,000 reads
per cell for the cell surface protein and hashing protein libraries.

Real-time PCR. For quantitative real-time (qrtPCR) experiments, tissue samples
were subjected to physical homogenization (with 100 mg of 1.4-mm ceramic
beads, 4,0001.p.m.), and total RNA was isolated using an RNAeasy Miniprep kit
(QIAGEN). ¢cDNA was then synthesized using the high-capacity RNA-to-cDNA
kit (Thermo Fisher) followed by rtPCR performed using TagMan gene expression
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assays on the QuantStudio 7-Flex system (Thermo Fisher). A list of primers used is
given in Supplementary Table 4.

Bulk RNA-seq. RNA from mouse tissue was extracted as described for rtPCR.
High-quality samples, as assessed by RNA integrity number quality, were then
converted to strand-specific cDNA libraries using the NEBNext Ultra Directional
RNA Library Prep Kit for Illumina (no. 7420), with an insert size of 250-300 base
pairs. Samples were sequenced to a depth of 20 million reads per sample on a
Novaseq 6000 S4 platform.

ELISA. Biopsies were dissociated into single-cell suspensions, as described above
in ‘Single-cell isolation, and CD8* T cells purified by negative immunomagnetic
bead selection (Miltenyi Biotec). Cells were plated in the presence of coated
anti-CD3 (10 pgml™') and soluble anti-CD28 (10 pgml') (BD Bioscience) for 72 h.
Cell-free supernatants were collected before analysis of IL-26 secretion by

ELISA (Cusabio).

Conjugation of metal isotopes to antibodies, staining and CyTOF acquisition.
Purified antibodies were conjugated with metal isotopes using Maxpar
Conjugation kits (Fluidigm). Briefly, the procedure involved initial preloading of
polymer with lanthanide and partial antibody reduction, followed by antibody
conjugation with the lanthanide-loaded polymer. Lanthanide metal-labeled
antibodies were obtained from Fluidigm.

Cryopreserved colon biopsies from healthy individuals, or from patients with
inflamed IBD and active inflammation, were thawed, washed twice in PBS and
digested using Collagenase typeII (Worthington Biochem) to obtain a single-cell
suspension. In some experiments, single-cell suspensions were washed twice
in PBS, resuspended in media and stimulated for 4h at 37°C in the presence of
40ngml™' PMA, 2 pgml™' ionomycin (Sigma) and protein transport inhibitor
containing Monensin (BD GolgiStop). Cells were washed twice in Maxpar Cell
Staining Buffer (Fluidigm), then stained with metal-tagged surface antibody
cocktail for 30 min at room temperature. Cisplatin was added for 5min, cells
were washed and then incubated for 30 min with Nuclear Antigen Staining Buffer
followed by washing twice with Nuclear Antigen Staining Perm. Cells were
incubated with intracellular metal-tagged antibody cocktail for 30-45 min, washed,
then fixed in 1.6% paraformaldehyde. After washing of fixed cells, cellular DNA
was labeled at room temperature with 72.5nM iridium intercalator, obtained by the
addition of Cell ID Intercalator-Ir to Maxpar Fix and Perm Buffer (Fluidigm).

Cells were washed twice with Maxpar Cell Staining Buffer and left pelleted
until acquisition. Before acquisition of each sample, cells were washed twice with
water, EQ Four Element Calibration Beads (Fluidigm) were added (10% of final
volume) and the sample was filtered through a 0.35-pm cell strainer into a 5-ml
polystyrene tube. Cells were acquired and analyzed on a CyTOF2 Helios mass
cytometer (Fluidigm). Samples reported were stained and acquired on the same
day, to minimize batch effects.

Mice. All mice were housed under standard conditions in the animal facility at the
School of Medicine, Juntendo University, Tokyo, Japan. Animal experiments were
conducted following protocols approved by the Animal Care and Use Committees
at Juntendo University. C57BL/6 (B6) mice were obtained from CLEA Japan. B6
mice carrying a 190-kb bacterial artificial chromosome (BAC) transgene with the
human genes IFNG and IL26 (hIL-26Tg) were developed in T. Aune’s laboratory*”.
The expression of human IL26 was tested in different organs and was demonstrated
to be expressed at high levels in the colon and small intestine” of these mice. Mice
were housed in a specific pathogen-free facility in microisolator cages with ad
libitum access to autoclaved water and sterile standard food, and were maintained
at 24 +2°C under a 12/12-h light/dark cycle (lights on from 08:00 to 20:00). Both
male and female B6 and hIL-26Tg mice at 10-14 weeks of age were selected for the
DSS-induced colitis model. Mice at 20-24 weeks of age were used for analysis of
spontaneous ileitis and colitis.

Induction of DSS colitis. Dextran sulfate sodium colitis was induced as previously
reported, with minor adaptations™. Briefly, sterilized 2.5% (w/v) DSS (TdB
Consultancy) was added to the drinking water for 6d. Adult control littermate B6
and hIL-26Tg mice were allowed ad libitum access to water. Daily monitoring was
performed for body weight, fecal bleeding and the presence of loose stools. Mice
were injected intraperitoneally with either anti-IL-26-neutralizing mAb (clone
69-10, 200 pg)*** or control mouse IgG, . isotype-matched mAb (clone MG1-45,
200 pg) at days 0 and 3.

Histology and assessment of inflammation. Ilea and colons from control
littermate B6 and hIL-26Tg mice were removed, flushed of fecal contents using
PBS, opened longitudinally and placed in formaldehyde solution for fixation.
Tissues were kept in 70% ethanol solution until embedding in paraffin, and
stained with hematoxylin and eosin. Inflammation was evaluated by a pathologist
in a blinded fashion, using a previously described scoring system™. Colon total
inflammatory score represents the sum of the following subindices: active and
chronic inflammation, percentage re-epithelialization, transmural index and
percentage ulceration.
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Bulk RNA-seq analysis. Raw sequence reads were quality checked using FastQC
software®. Cutadapt’' software was used to trim poor-quality bases (<20) and
Illumina universal adapter sequences from raw reads before alignment.

The mouse mm10 reference genome analysis set was obtained from the
University of California Santa Cruz (UCSC) ftp site*”. The hIL-26 BAC sequence
was added as an additional reference contig and indexed together with mm10
as a reference genome using STAR aligner*’. Reads were then aligned to this
custom reference.

Picard tools* was used to mark duplicate sequences as an additional quality
control step, and Samtools™ was used to estimate total BAC read recovery. Raw
gene expression counts were summarized with featureCounts* using a custom
mm10 and hIL-26 BAC GTF file containing joint mouse and BAC transcriptome
annotations. The MultiQC tool was used to aggregate quality metrics. Sample
quality metrics and raw read counts were imported into R for further processing.
The DESeq2 (ref. ") R package was used to estimate library size factors, normalize
counts and perform differential expression analyses. Benjamini-Hochberg
multiple testing correction was used to compute FDR, and genes were considered
significantly differentially expressed at <5% FDR. Principal component analysis
was performed in R using the top 1,000 most variable genes, with normalized
DESeq2 variance-stabilized transformation expression as input.

scRNA-seq analysis. Raw sequence read quality was assessed using FastQC
software®. The human hg38 reference genome analysis set was downloaded
from the UCSC ftp site*’. Cell Ranger software (v.2.1.1) was downloaded from
10x Genomics (https://support.10xgenomics.com/single-cell-gene-expression/
software/downloads/latest) and used to process raw data, align reads to the hg38
human reference genome and summarize unique molecular identifier (UMI)
counts against the corresponding Ensembl gene annotations obtained in GTF
format using the UCSC Table Browser Tool*.

Empty wells were distinguished from barcoded cells using UMI count
distributions. First, UMIs that were probably misassigned to an incorrect barcode
due to sequencing index swapping were first removed using DropletUtils*. The
emptyDrops* function from DropletUtils was then used to distinguish cells from
empty droplets containing only ambient RNA, with barcodes <5% FDR retained.
In addition, droplet barcodes with low total UMI counts and droplets for which a
high percentage of total UMIs originated from mitochondrial RNAs (>15%) were
filtered out. For the remaining cells in each sample, doublet detection and filtering
was performed using DoubletFinder®'.

Cell cycle stage scoring and annotation was performed using the cyclone
function implemented in the R package scran®. The Seurat R package was used to
normalize expression values for total UMI counts per cell.

For clustering analysis, cells from multiple donors were merged. Cell cycle
scores, together with total UMI counts per cell, percentage of mitochondrial
features and individual donor effects, were considered as a source of unwanted
variation and were regressed out using the Seurat package™. Highly variable genes
were identified by fitting the mean variance relationship for each sample, to avoid
selecting for genes with highly variable between-sample effects and to prioritize
those with high within-sample variation. Initially, dimensionality reduction was
performed using PCA (Rpackage irlba). Scree plots and Jackstraw permutation
tests were used to determine significant principal components (with P cut-off
<0.01) in the data. A k-nearest neighbor (kNN) graph was constructed from cells
in the reduced dimension space in Seurat, using significant principal components
as input and other parameters at default. Cells were then clustered using the
Louvain algorithm for modularity optimization with the kNN graph as input and
the resolution parameter set to 0.7. Cell clusters were visualized with the UMAP
algorithm™ using the R package uwot, with significant principal components as
input and nearest neighbors 30, spread 1 and minimum distance 0.01.

For clustering analysis of single-cell data according to ref. *°, data were obtained
from the Broad Data Use Oversight System (no. DUOS-000110) following
institutional approval and processed as described above in this section. CD45" cells
were subset from lamina propria samples, and clusters were annotated according to
the nomenclature and gene markers used by the original authors.

CITE-seq sample demultiplexing. CITE-seq samples were hashed together across
multiple pools, which were demultiplexed as follows. Raw UMI counts for each
hashing antibody oligonucleotide tag were calculated using Cellranger software,
v.3.1.0. Raw count matrices were first filtered to retain only droplet barcodes from
cells passing quality control based on mRNA expression profiles, as described
above in ‘scRNA-seq analysis. Barcodes with high antibody library yield but poor
mRNA were discarded, as these were likely to arise from poor-quality/dying cells
still with intact cell membranes and thus stable protein expression.

A filtered hashed feature counts matrix was then used to demultiplex samples,
as described in ref. **, using the HTODemux function in the R package Seurat.
Briefly, counts were normalized using centered log ratio transformation and,
for each pool, an initial clustering solution was obtained using Clara k-medoids
clustering with k =1+ number of samples in the pool. For each cluster/hash ID,
we then fit a negative binomial distribution and defined a positive threshold at
the 99th percentile of the recovered normalized UMI counts for the hashtag, with
cells below this threshold considered negative for the tag. Cell identity was then
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assigned based on individual hashtag thresholds and multiplets defined as cells
positive for multiple tags. Multiplets were then filtered out. Cells negative for all
hash tags based on these thresholds formed a minor fraction and were also filtered
out, following inspection of their mRNA cluster distribution. Untagged cells
correlated with cells with low total mRNA content and did not segregate with any
particular cluster, and thus probably contained unstained/dying cells or free nuclei
that had lost their cytoplasm during sample processing.

Demultiplexed cells were visualized as ¢-distributed stochastic
neighbor-embedding (t-SNE) plots from Euclidian distance matrixes.

CITE-seq data analysis. Messenger RNA data from the CITE-seq cohort were
processed as described above in ‘scRNA-seq analysis. For clustering analysis of the
CITE-seq protein panel, protein expression was first normalized using centered
log ratio transformation. Euclidean distances between cells were then computed
from normalized protein expression of all features (14 antibody readouts) using the
dist function in R, with default parameters. A cell kNN graph was then contracted
using the distance matrix as input and k=20 nearest neighbors. The kNN graph
was used as input for Louvain clustering as before, with final clustering resolution
of 0.2 and other parameters as default. Varying cluster resolutions were examined
and, given the relatively low dimensionality of CITE-seq data, a higher clustering
resolution parameter (more clusters) overclustered the data where clusters were no
longer driven by meaningful biological partitions.

scRNA-seq differential expression analysis and cluster marker detection. The
R package MAST*® was used to perform all single-cell differential gene expression
analyses between conditions. In each case, confounding sources of variation
stemming from cellular gene detection rate, cell cycle score and donor/batch effects
were included in the model formula as covariates. Likelihood ratio tests between
the full and reduced model formulas were used to identify differentially expressed
genes between conditions. Benjamini-Hochberg multiple testing correction was
used to estimate FDR, as implemented in the R package stats function, p.adjust.
Genes with FDR < 5% were considered significantly differentially expressed.

To detect cluster marker genes, cells from each cluster were compared
against all other cells in the experiment. As noted in the paragraph above, the
MAST algorithm was used for statistical testing via the Seurat wrapper function
FindMarkers, with default parameters for filtering out genes below a minimum
log-fold change threshold of 0.25 and infrequently (10% of cells) expressed genes.

GO and pathway enrichment analyses. Gene Ontology* and pathway
enrichment analyses were performed using the clusterProfiler R package™.

The annotation Dbi R package org.Hs.eg.db was used to map gene identifiers.
Cluster marker sets and differentially expressed genes were tested individually
for overrepresentation, with all expressed/detected genes in each case

used as a background control. In each case, GO gene sets were tested for
overrepresentation in cluster markers or differentially expressed genes by
computation of enrichment Pvalues (the enricher R function, default parameters)
from the hypergeometric distribution of total genes in the background gene set,
the number of genes within background annotated with the gene set, the size

of the gene set and the number of genes within the cluster marker/differentially
expressed genes list annotated with the gene set. Hypergeometric Pvalues were
adjusted in each case for multiple testing using Benjamini-Hochberg correction
as before. The results were visualized as dot plots and emap plots using the

R packages clusterProfiler”’, enrichPlot and ggplot2 (ref. *%).

To score individual cells for pathway activities, we used the R package AUCell.
First, for each cell we used an expression matrix to compute gene expression
rankings in each cell with the AUCell_buildRankings function, with default
parameters. The canonical pathway database was downloaded from the Broad
Institute website, and canonical pathway gene sets were then used to score each
cell where, for each gene set and cell, area-under-the-curve (AUC) values were
computed (AUCell_calcAUC function) based on gene expression rankings, where
AUC values represent the fraction of genes within the top-ranking genes for each
cell that are defined as part of the pathway gene set.

Receptor-ligand pair analysis. Receptor-ligand analysis between T-cell and
epithelial cell subpopulations was performed using CellphoneDB statistical
analysis, v.2.0 (ref. **). We previously used epithelial single-cell data on both health
and UC generated in our laboratory"’. The total number of pairwise paracrine
interactions between T cells and epithelium obtained using the CellphoneDB
scoring method were visualized as heatmaps in the R package pheatmap. Top
significant interactions from the aspect of selected relevant clusters were visualized
as dot plots using the ggplot2 package in R. To identify putative altered cell-cell
interactions between T-cell and epithelial cell subpopulations, irrespective of cell
type specificity, we additionally employed a differential expression-based approach.
First, we reformatted the CellphoneDB receptor-ligand database to break down
and simplify interactions involving protein complexes into one-to-one interactions.
Additionally, we also downloaded a larger database of known receptor-ligand
pairs® following the same format for a parallel, independent analysis. Taking

each cluster from both CD8* cells and epithelial cell datasets, we first subset the
receptor-ligand databases to retain only those receptors and ligands that were at
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least minimally expressed in either dataset, by setting a threshold of detection in
at least 10% of all cells within a given cluster in UC samples and/or samples from
healthy donors. Then, we intersected the results from our differential expression
analyses with the filtered receptor-ligand database. For differential expression
analyses of colonic epithelium cells in UC, we used results previously reported'.
Then, for each pairwise CD8" and epithelial cell cluster comparison, we classified
each receptor-ligand interaction categorically into ‘putative loss of interactions)
‘putative gains of interactions’ or ‘no change’ based on up-/downregulation/no
change in expression of these molecules in health versus UC samples. As described
in ref. ©°, putative gain in cell-cell communication between a pair of clusters was
defined as one of the following:

(1) Significant upregulation of receptor expression in one cluster and signifi-
cant upregulation of ligand expression in the other cluster between UC and
healthy donor cells

Significant upregulation of receptor expression in one cluster but no statisti-
cally significant change in ligand expression in the other cluster, given that
the ligand is detected in at least 10% of cells within the cluster

Significant upregulation of ligand receptor in one cluster but no statistically
significant change in receptor expression in the other cluster, given that the
receptor expression is detected in at least 10% of cells within the cluster

@

®3)

Likewise, putative loss of cell-cell interaction events was defined as:

(1) Significant downregulation of receptor expression in one cluster and signifi-
cant downregulation of ligand expression in the other cluster between UC
and healthy donor cells

Significant downregulation of receptor expression in one cluster but no statis-
tically significant change in ligand expression in the other cluster between UC
and healthy donor cells

Significant downregulation of ligand expression in one cluster but no statisti-
cally significant change in receptor expression in the other cluster between
UC and healthy donor cells

Significant downregulation of receptor in one cluster, while the other cluster
shows statistically significant upregulation of corresponding ligand
Significant downregulation of ligand in one cluster, while the other cluster
shows statistically significant upregulation of corresponding receptor.

@

®3)

4)
Q)

All epithelial and CD8* T-cell clusters were examined as pairwise
combinations, and all putative loss and gain of cell-cell communication events
were defined for all receptor-ligand pairs. The data were then examined from the
aspect of individual CD8* subpopulations, filtering putative altered interactions
not directly involving the CD8* cluster under consideration and visualized as
Circos plots. Gains and losses of interactions were plotted separately. This analysis
was repeated on two receptor-ligand databases independently, with the full results
included in Supplementary Data.

Pseudotime trajectory analysis. Single-cell pseudotime trajectories were
reconstructed using the R package monocle®. Dimensionality reduction was first
performed with the DDRTree algorithm, using the expression of all highly variable
genes detected as described above in ‘scRNA-seq analysis. As in scRNA-seq
clustering analyses, to subtract confounding variation, cellular gene detection

rate, percentage of mitochondrial gene expression, cell cycle scores and donor/
batch effects were included as covariates in the residual model formula to subtract
these effects from the data. Cell trajectory was then captured using the orderCells
function, with the starting pseudotime state denoted as the end of the trajectory that
was found to be enriched for naive T-cell clusters. As before for differential gene
expression analyses, the R package MAST was used to detect genes significantly
covarying with pseudotime, based on a log-likelihood ratio test between the model
formula including cell pseudotime and a reduced model formula. Additional model
covariates were included in the residual model formula as described in ‘scRNA-seq
analysis. Benjamini-Hochberg multiple testing correction was used to calculate
FDR, and genes <5% FDR were considered to vary significantly with pseudotime.

Transcription factor module analysis. The R package SCENIC workflow was
used to detect active transcription factor modules in CD8* cells. The normalized
single-cell gene expression matrix was first filtered to exclude all genes detected in
fewer than 20 cells. The RcisTarget database, containing transcription factor motif
scores for gene promoters and around transcription start sites for the hg38 human
reference genome, was downloaded from https://resources.aertslab.org/cistarget/
databases/homo_sapiens/hg38/refseq_r80/mc9nr/gene_based/, and the expression
matrix was further filtered to include only genes available in the RecisTarget
database. The remaining genes were used to compute a gene-gene correlation
matrix for coexpression module detection using the random forest-based GENIE3
algorithm®, and the R package SCENIC® was used to perform transcription factor
network analysis to detect coexpression modules enriched for target genes of each
candidate TF from the RcisTarget database. The AUCell*® package was used to
compute a score for each TF module in each individual cell, as described above in
‘GO and pathway enrichment analyses.

To prioritize/identify TF modules showing differential activity in UC versus
healthy donor cells, AUC score distributions from UC-derived and healthy donor-
derived cells were compared using the two-sample Kolmogorov-Smirnov test.
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TCR analysis. Single-cell TCR clonotypes were assembled using Cellranger

VD] software. Single-cell barcodes were then used to link corresponding VD]
(variable-diversity-joining TCR gene segments) and gene expression data.
VDJTools* was used to compute TCR repertoire statistics and gene segment usage
for individual samples, as well as cluster-level statistics. Assembled TCR-p-CDR3
amino acid sequences were used to query VD]db” for overlap with known and/or
public TCR sequences, because the vast majority of the TCR sequence data curated
in VDJdb are unpaired TRB sequences.

Clonality was defined for each sample individually, as follows: TCR
clonotypes detected in fewer than three cells were considered unexpanded;
while typically observation of two clones in a small pool of cells sequenced here
would be indicative of clonal expansion, we cannot discount the possibility of
undetected doublets occurring in the data. Furthermore, it has been shown
that 10x may sometimes generate ‘barcode multiplets, where one cell is
indexed by two different barcodes® and could lead to attributing a TCR
singlet to more than one cell. Thus, we consider clonotypes as ‘expanded’ based
solely on this more stringent threshold. The expanded clonotypes were sorted
based on their frequency and divided into five quantiles per sample, with Q1
representing the top 20% most expanded clonotypes and Q5 representing the
bottom 20%.

TCR cluster ‘lineage’ tracing was performed by considering all clonotypes
shared by cells from more than one cluster. Raw numbers of cluster clonotype
intersections were analyzed and visualized as upset plots®°.

GWAS cell type specificity analysis. The SNPsea algorithm®” was used to test for
significant enrichment of tissue-specific expression in UC-associated GWAS loci
genes in CD8* T-cell clusters. In addition, as nonimmune outgroups, we used

10x single-cell data from colonic mesenchymal and colonic epithelial single cell
clusters, as reported in refs. '***. IBD-associated locus information was downloaded
from the GWAS catalog® from refs. ®°, which report the largest number of
UC-associated genomic loci to date. Data from the 1000 Genomes Project’" were
used to sample matched control single-nucleotide polymorphisms (SNPs) and to
link SNPs to genes. With single-cell RNA-seq data, for each CD8* T cell, epithelial
and mesenchymal cell cluster, a ‘pseudobulk’ dataset was created in health and
UC separately by summing all UMI counts for each gene in each cluster. Cluster
pseudobulk counts were normalized by computing size factors (R package DESeq2
(ref. )) to account for differences in cell cluster sizes, and normalized data were
used as input for SNPsea. SNPsea was then run with the following parameter
settings: —slop 10e3, —threads 8, —null-snpsets 1000, -min-observations 100,
—max-iterations le7, —score single. FDR rate was calculated using Benjamini-
Hochberg multiple testing correction.

Comparison with single-cell scRNA-seq from TILs. Liver, colorectal and
breast cancer TIL scRNA-seq datasets were downloaded from Gene Expression
Omnibus (GEO) (accession nos. GSE98638, GSE114724 and GSE108989)7>7,
Single-cell analysis, data normalization and clustering analysis for each dataset
were performed as described above in ‘scRNA-seq analysis, to standardize
analysis workflows and parameters between colonic CD8* data presented here
and cancer TIL datasets. Clusters obtained from reanalysis of the cancer TIL
datasets were labeled in accordance with original publications, and cluster
markers were identified using Seurat negative binomial model likelihood ratio
tests, modeling sources of confounding variation as covariates, as described

in ‘scRNA-seq analysis’ and ‘scRNA-seq differential expression analysis and
marker detection’ The closest cluster counterparts between different datasets
were identified using the binary cluster marker overlap approach, as described
in ref. . Distances between clusters in different datasets were visualized using
hierarchical clustering. The R package dendextend’® was used to produce
visualizations.

CyTOF data analysis. Following acquisition, data were normalized as previously
described’”” and exported as a flow cytometry file (FCS). Each sample was
manually gated in Flow]o, and FCS files relative to viable CD45*CD3*CD8* cells
were exported for downstream analysis. The R package CyTOFkit’™® was used for
downstream analysis. Data were arcsinh transformed with a cofactor of 5, and
clustering was performed using the algorithm Phenograph™. Cell clusters were
visualized as either -SNE or UMAP plots.

Multimodal CyTOF and 10x scRNA-seq data integration was performed by
alignment of shared factors identified for each dataset by integrative non-negative
matrix factorization, as implemented in the R package liger*>. The CyTOF
dataset was used a reference. First, nRNA expression matrices were filtered
out to retain only those genes for which protein expression was available in our
CyTOF panel. Data in each dataset were normalized individually, as before. The
optimum number of factors, k (18), was first determined by computing the median
Kullback-Leibler divergence from uniform for cell factor loadings (‘suggest’
function, default parameters) followed by optimization of the penalty parameter
lambda (function suggestLambda, default parameters). Shared factors between
datasets were then computed and quantile aligned (functions optimiseALS and
quantileAlignSNF). Integrated clusters were visualized using the UMAP algorithm.
Protein and mRNA gene cluster relative expression was visualized as heatmaps
using the R package pheatmap. CyTOF and mRNA cluster relationships in shared
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data were visualized as a ribbon plot. To aid clarity, edges denoting <10 cells or
<5% of total cells for the cluster are not shown.

Quantification and statistical analysis. Unless otherwise stated, all statistical
comparisons between groups were carried out using two-sided #-tests in Prism. For
experiments with more than two comparison groups, one-way analysis of variance
(ANOVA) with Tukey’s correction was used. All tests with P<0.05 were considered
statistically significant.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All raw and processed next-generation sequencing data have been deposited
with GEO under accession nos. GSE148837 and GSE148505. Processed data are
available as Supplementary Data. Source data are provided with this paper.

Code availability
Code used for data analysis is available at https://github.com/antanaviciute-agne/
singlecellcd8ibd.
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but not Type 17 signature with colonic IL26™ cells. a, Hierarchical clustering of CD8*

sub-populations detected in UC (cells from n=3 donors) together with CD8* sub-populations detected in liver cancer tumor-infiltrating lymphocytes

TILs share features of exhaustion,

7]CD8*

Extended Data Fig.

6 donors), colorectal cancer TILs (middle)(cells from n=11 donors) and breast cancer TILs (right) (cells from n=1donor).

(TILs) (left) (cells from n

populations and

b, Boxplot showing expression of selected exhaustion (top panels) and Type-17/ILC3 (bottom panels) signature genes in colonic CD8*

tumour CD8* TILs. Boxplots show the median, first and third quartiles, 5% percentile as minima and 95t percentile as maxima.
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Extended Data Fig. 8 | Distribution of transcriptomic and proteomic CITE-Seq profiles in health and UC. a, UMAP overlay of donor cell-of-origin
distribution for mRNA clusters obtained from integrated scRNA-Seq (cells from n=3 donors per group) and CITE-Seq cohorts (cells from n=7 UC donors
and n=5 HC donors). b, Overlay of original clusters obtained from scRNA-Seq clusters onto the integrated scRNA-Seq (cells from n=3 donors per group)
and CITE-Seq (cells from n=7 UC donors and n=5 HC donors) cohorts, ¢, Boxplots showing the proportion of all CD8* cells for each joint cluster, split

by original scRNA-Seq (cells from n=3 donors per group) and CITE-Seq cohorts (cells from n=7 UC donors and n=5 HC donors). Boxplots show the
median, first and third quartiles, 5" percentile as minima and 95 percentile as maxima. d, Overlay of protein expression for selected proteins onto UMAP
driven by mRNA expression (cells from n=7 UC donors and n=5 HC donors). e, Quantification of IL-26 protein levels from colonic CD8* T cells of healthy
(n=6) and UC-inflamed donors (n=6) following polyclonal activation with anti-CD3/anti-CD28. Mean and SEM are shown; *P=0.0152, two-tailed
Mann-Whitney test.
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Extended Data Fig. 9 | Heterogeneity of colonic CD8* T-cells in health and UC by CyTOF. a, Representative gating strategy to identify CD45* CD3* CD8*
cell population in Mass Cytometry experiments used for further analysis; representative of six samples (n=6 donors) where same sorting strategy was
applied. b, tSNE plot to visualise proportion of Phenograph clusters within CD45+*CD3+CD8* cells from healthy (n=3) and UC (n=3) donors. Selected
clusters are annotated based on their phenotype. ¢, Bar graph showing significant sub-population changes in UC (n=3 donors) compared to healthy (n=3
donors). Cluster 1,t=10.78, DF =4, ***P=0.0004; Cluster 3, t=4.354, DF=4, *P=0.0121; Cluster 4, t=3.072, DF =4, *P=0.0372; Cluster 9, t =3.476,
DF=4,*P=0.0254; Cluster 12, t=3.287, DF =4, *P=0.0303; Cluster 14, t=5.911, DF =4, **P=0.0041. Mean and SEM are shown; two-tailed unpaired
t-test. d, tSNE overlay of selected protein expression markers in cells from healthy (n=3) and UC (n=3) donors.
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Extended Data Fig. 10 | IL26 attenuates severity of acute DSS colitis and induces transcriptional changes at baseline in a humanised mouse model. a,
Representative photomicrographs of H&E-stained colonic tissues of wild-type (WT, n=4) and humanized IL-26 transgenic (hIL-26Tg, n=4) mice (original
magnification: 20x) at steady state. b, Colonic inflammatory scores for chronic inflammation, active inflammation, transmural index and percentage of
ulceration (n=4 control mice, n=6 DSS treatment mice, n=5 DSS treatment + anti-IL26 mice) in hIL-26Tg and WT mice at steady state and post-DSS
challenge. F=4.230, DF=2, *P=0.0438 (hIL26Tg DSS vs. hIL26Tg with anti-IL26 DSS); mean and SEM shown, one-way ANOVA (Tukey's multiple
comparison test). ¢, Comparative expression of selected genes under DSS challenge between WT (n=3 DSS, n=4 control mice) and hIL-26Tg mice
(n=4 mice per group), demonstrating lower inflammatory signatures in hlL-26 expressing Tg mice. Boxplots show the median, first and third quartiles,

5t percentile as minima and 95 percentile as maxima d, Cytokine, chemokine and epithelial cell markers mRNA expression measured by gPCR in
whole-colon tissue from experimental mice (n=4 control, n=6 DSS treatment, n=5 DSS treatment + anti-1L26 mice). Expression was averaged for mice
within each group and converted to z scores.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X XX

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XX O [0 00 O O
X

X [

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection See below (Data Analysis) for full description of collection software as used for Data analysis.
Software for Collection included:
Flow cytometry (FACS) - BD FACS Diva Software (BD FACS Aria Illu machine & BD FACS LSR Il machine)
Cytometry Time of Flight (CyTOF) Data acquisition - Fluidigm CyTOF Software v6.7 (Helios 2 CyTOF machine)
Imaging - Aperio ImageScope - Pathology Slide Viewing Software v12.3.3 (Aperio ScanScope AT Turbo, Leica microscope)
RT-PCR - ThermoFisher QuantStudio 7-Flex system v1.3
Base Calling (Novaseq) - Novaseq analyse viewer v2.4.7
BCL2FastQ conversion - Termius v5.11.0

Data analysis Histological scoring of biopsy specimens was perform picard-tools/2.3.0ed in a blinded fashion, with scores entered analysed and
presented using GraphPad PRISM v8.1.0 (https://www.graphpad.com/scientific-software/prism/).
Quantitative RT-PCR: Initial quantification of results using Quantstudio Software (Thermofisher) with raw data then presented using
Prism (Graphpad) .
Mouse biopsy slide Images viewed using QuPath v0.1.2 (https://github.com/qupath/qupath/releases/tag/v0.1.2).

The following packages were used to Analyse the CyTOF data:

FlowJo v10.5.3 (https://www.flowjo.com/solutions/flowjo/downloads) - Gating individual populations

Cytofkit v1.10.0 (https://bioconductor.org/packages/3.6/bioc/htmil/cytofkit.ntml) and RPhenograph (https://github.com/
JinmiaoChenLab/Rphenograph) - Clustering and comparisons between clusters.

The following packages were used to analyze the sequencing data:

FastQC Version 0.11.8 Software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) - Raw sequence data quality control
software.

Samtools Version 1.9.0 - Aligned sequence data processing

MultiQC Version 0.9 - Sequence data quality control
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Cell Ranger Software (https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest) - Aligning, Processing
and Summarizing UMIs against the Human Reference Genome.

SNPsea software, Version 1.0.3 - Over-representation testing of tissue-specific expression of GWAS loci genes.

STAR Version 2.4.2 - Transcriptome alignment.

Cutadapt Version 1.16 - Sequence data trimming

R Version 3.5.3 - Language for statistical analysis. The following packages were used in addition to base installation:

Seurat Bioconductor R Package, Version 2.3.2 - single cell data QC, normalisation, clustering and differential gene expression analysis.
Monocle Bioconductor R Package, Version 2.8.0 - single cell data trajectory analysis.

Cyclone, scran Bioconductor R Package, Version 1.6.9 - cell cycle score annotation.

M3Drop, R Package, Version 1.6.0 - Highly variable gene selection for single cell dimensionality reduction.

irlba, R Package, Version 2.3.2 - Principal component analysis.

clusterProfiler, Bioconductor R Package, Version 3.6.0 - Gene Ontology enrichment analysis.

ggplot2, R Package, Version 2.2.1 - Plotting package.

DESeq?2, Bioconductor R Package, Version 1.20.0 - Differential expression analysis of bulk /pseudobulk RNA sequencing data.
liger, Version 0.4.1 - multi-modal data integration

DoubletFinder, Version 2.0.1 - Multiplet identification

SCENIC, Version 1.1.2-2 - Transcription Factor Analysis

RcisTarget, Version 1.2.1 - Transcription Factor Analysis

AUCell, Version 1.4.1 - Gene set cell scoring and transcription factor analysis

umap, Version 0.2.2.0 - UMAP visualisations

MAST, Version 1.8.2 - Single Cell differential gene expression

randomForest, Version 4.6-14 - RF classifiers

caret, Version 6.0-84 - RF classifier feature selection

DropletUtils, Version 1.2.2 - data cleaning and cell identification

Additional general software:
VDITools - https://github.com/mikessh/vdjtools

VDJDB (30th January 2019 Update Version)- https://vdjdb.cdr3.net/
CellPhoneDB v2.0 (https://github.com/Teichlab/cellphonedb) on Python v3.6.8 - Receptor-Ligand analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.

We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All raw sequencing data (scRNA, CITE-seq and Mouse tissue bulk RNA) has been made publicly available through the following GEO accessions: GSE148837 and
GSE148505.

Code used for data analysis is available at https://github.com/antanaviciute-agne/singlecellcd8ibd

Publicly available datasets used in the analysis:

TIL datasets: GEO: GSE98638, GEO: GSE108989 , GEO: GSE114724

Epithelial datasets: GEO: GSE116222

Colonic CD45+ dataset: DUOS-000110, available through Broad Data Use Oversight System

Colonic mesenchymal dataset: GSE95446

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No formal sample size calculation was performed for samples. For mouse experiments, sample sizes (3-4 mice) were rationalized by balancing
sufficient replication to detect moderate effect sizes with reduction of total animals used. For human single cell experiments, 3 samples from
healthy and inflamed UC were chosen for single cell sequencing to allow for patient variability with the aim of capturing a minimum of 1000
single cells per donor, which would allow for detection of CD8+ cell sub-populations at ~1-2% rarity. The validation CITE-Seq cohort used
additional 7 UC patients and 5 healthy controls. For CyTOF analysis, an initial cohort of 3 healthy and 3 UC samples were used. For PMA-
ionomycin stimulation experiment, additional 4 healthy and 3 UC samples were used. Key findings were validated by qPCR in an independent
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cohort of 5 healthy and 15 UC donors (across 17 independent samples). These sample sizes were deemed sufficient as gene expression
patterns and cell populations detected were highly reproducible between initial and validation cohorts.

Data exclusions  For CITE-Seq, a single non-UC colitis control sample and a single UC from a non-inflamed region of the colon were excluded from the analysis.
These samples were included in the sample pools to increase the overall number of samples in the hashed pools and thereby increase the
quality of the pools by introduction of additional tags to aid multiplet detection, as no additional inflamed UC or healthy control samples were
available at the time. For single cells, cell barcodes were excluded as detailed in the methods based on the following criteria: cell barcodes
above 5% FDR, as determined by emptyDrops, cells with total mitochondrial content >15%, cells determined as putative doublets by
DropletUtils. For CITE-Seq, in addition to the criteria above, cells positive for multiple hashing antibody tags or negative for all hashing
antibody tags were filtered out (99th percentile, as detailed in methods).

Replication All single cell experiments, Cytometry Time-of-Flight (CyTOF) and mouse experiments were performed in triplicate or more in order to ensure
reliability and reproducibility of results. All major findings were replicated in a validation cohort using CITE-Seq. Exact quantification for each
replicate is described in methods and figure legends.

Randomization  For CITE-Seq, UC inflamed and control samples were randomised across sample pools in order to minimise batch effects. Histological sections
were randomised prior to blinded scoring. Other samples were not randomised as appropriate biological controls were included in all other
experiments.

Blinding Histological sections from mice were scored for inflammation by an experienced pathologist in a blinded fashion. The results were then
communicated back to the principal investigators who matched them back to the experimental conditions. NGS library preparation and
sequencing was performed by lab personnel unaware of individual sample types. In other areas, blinding was not necessary as experimental
read-outs were automated (ELISA, FACS, gPCR).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
] Antibodies [] chip-seq
XI|[] Eukaryotic cell lines [ JIX Flow cytometry
X|[ ] palaeontology XI|[] MRI-based neuroimaging
[ JIIX Animals and other organisms
D K Human research participants
X D Clinical data
Antibodies
Antibodies used CyTOF Antibodies:

CD45 HI30 89Y Fluidigm 3089003B (lot 0381908) (100X)

CD3 Qdot 605 UCHT1 111-116 Cd CyTOF Invitrogen Q10054 (lot 2040166) (250X)
CD57 HCD57 115 In Biolegend 322325 (lot B196969)* (100X)

CD196 (CCR6) GO34E3 141 Pr Biolegend 353427 (lot 0751707) (100X)
Granzyme B GB11 144 Nd Abcam Ab103159 (lot GR280921-3) * (200X)

CD4 RPA-T4 145 Nd Biolegend 300516 (lot B213445)* (100X)

LAG3 11C3C65 146 Nd Biolegend 369302 (lot B228374)* (100X)

TIM-3 7D3 147 Sm BD 565768 (lot 6242612)* (100X)

TNF-alpha Mab11 148 Nd Biolegend 502922 (lot B220533)* (100X)

CD56 (NCAM) NCAM16.2 149 Sm BD 559043 (lot 7041682)* (200X)

IL-22 22URTI 150 Nd DVS Sciences 31500078 (lot 2371412) (200X)

CD103 Ber-ACT8 151 Eu Fluidigm 31510118 (lot 2381606) (100X)

TCRgd 11F2 152 Sm Fluidigm 31520088 (lot 0441915) (50X)

TCR Va7.2 3C10 153 Eu Fluidigm 3153024B (lot 0331601) (100X)

IL-23R (PE) 218213 PE R&D FAB14001P (lot YAX1014071) (100X)
anti-phycoerythrin (PE) PEO01 154 Sm Biolegend 408102 (lot B201392)* (100X)
€D279 (PD-1) EH12.2H7 155 Gd Fluidigm 31550098 (lot 2411725) (100X)
CXCR6 KO41E5 156 Gd Biolegend 356002 (lot B202393)* (100X)

CD27 1128 158 Gd DVS Sciences 31580108 (lot 0421404) (100X)

FOXP3 259D/C7 159 Th BD 560044 (lot 8046558)* (100X)

MIP1b D21-1351 160 Gd Fluidigm 31600138 (lot 0981518) (100X)

LAYN 3F7D7E2 161 Dy Sino Biological 10208 MMO02 (lot HB120C3003)* (100X)
CD337 (NK-p30) P30-15 162 Dy Biolegend 325202 (lot B226329)* (100X)

IL-17 BL168 163 Dy Biolegend 512331 (lot B218932)* (50X)

KI67 Ki-67 164 Dy Biolegend 350523 (lot B196966)* (100X)

CD185 (CXCR5) RF8B2 166 Er BD 552032 (lot 70226764)* (100X)

CD197 (CCR7) GO43H7 MAB197 167 Er R&D Systems (lot FNP1014051)* (100X)
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Validation

CD161 HP-3G10 168 Er Biolegend 339919 (lot B216481)* (100X)
KIR2DL4/CD158 181703 169 Tm R&D MAB2238 (lot KMC0318081)* (100X)
CD335 (NK-P46) 9 E2 170 Er Biolegend 331902 (lot B248469) (100X)
CD160 BYS5 171 Yb Biolegend 341202 (lot B198739)* (100X)

CD25 (IL-2R) M-A251 172 Yb Biolegend 356102 (lot BL86008)* (200X)
CD39 A1 173 Yb Biolegend 328221 (lot B204310)* (100X)

BATF 9B5A13 174 Yb Biolegend 654802 (lot B166356)* (50X)

CD137 4B4-1 175 Lu Biolegend 309802 (lot B227357)* (100X)

IFNg B27 176 Yb Biolegend 506502 (lot B141419)* (100X)

CD8 RPA-TS 198 Pt Biolegend 301018 (lot B201679)* (33.3X)

CD16 3G8 209Bi Fluidigm 32090028 (lot 3241802) (100X)

FACS Antibodies:

CD3 UCHT1 BV711 BD 563724 (lot 7193553) (60X)

CD8 SK1 APC-R700 FACS BD 565192 (lot 7205806) (60X)

CD45 5B1 FITC Miltenyi 130-113-679 (lot 5190814392) (250X)
EPCAM 9C4 BV785 Biolegend 324237 (lot B262589) (50X)
IL20Ra 173714 PE RnD FAB11762P (lot LUN0219041) (3.3X)
IL10Rb 90220 AF647 RnD FAB874R-100UG (lot 1555514) (10X)

In vivo experiments (Mice):
IL-26 69-10 Unconjugated, Juntendo University
1gG1,k isotype control MG1-45 Unconjugated. Invitrogen 14-4714-85

CITE-Seq Antibodies (All Diluted 100X - 0.5ug per 2 million cells):

CD4 SK3 Biolegend 344651 (lot B286667)

CD45RO UCHL1 Biolegend 304259 (lot B282646)

PD1 EH12.2H7 Biolegend 329963 (lot B284413)

NKp46 9E2 Biolegend 331941 (lot B273791)

CCR6 GO34E3 Biolegend 353440 (lot B283733)

CD103 BERACT8 Biolegend 350233 (lot B286671)

CD69 FN50 Biolegend 310951 (lot B292296)

CCR7 GO43H7 Biolegend 353251 (lot B282156)

CTLA-4 BN13 Biolegend 369621 (lot B286666)

LAG3 11C3C65 Biolegend 369335 (lot B289278)

TIM3 E38-2E2 Biolegend 345049 (lot B286676)

NKp44 P44-8 Biolegend 325119 (lot B288070)

TNFRSF9 4B4-1 Biolegend 309839 (lot B284403)

NKp30 P30-15 Biolegend 325219 (lot B282265)

Anti-Human Hashtag 1 LNH-94 & 2M2 Biolegend 394661 (lot B282243)
Anti-Human Hashtag 2 LNH-94 & 2M2 Biolegend 394663 (lot B293608)
Anti-Human Hashtag 3 LNH-94 & 2M2 Biolegend 394665 (lot B282244)
Anti-Human Hashtag 4 LNH-94 & 2M2 Biolegend 394667 (lot B282246)
Anti-Human Hashtag 5 LNH-94 & 2M2 Biolegend 394669 (lot B282245)

Flow cytometry, CITE-Seq, Hashtag and Mass cytometry antibodies validated internally by suppliers on the respective product
websites, all validated against human antigens. Multiple clone citations, exemplars below:
CD45 (HI30) - Lavin Y et al. 2017. Cell. 169(4):750-765

CD3 (UCHT1) - Mayassi T, et al. 2019. Cell. 176:967

CD57 (HCD57) - Naluyima P, et al. 2019. J Immunol. 203:2210

CCR6 (GO34E3) - Qu K et al. 2017. Cancer cell. 32(1):27-41

Granzyme K (GM26E7) - de Andrade LF, et al. 2019. JCI Insight. 4:e133103
Granzyme B (GB11) - Zhang J, et al. 2018. Nature. 553:91

CD4 (RPA-T4) - Park MJ, et al. 2019. J Immunol. 203:127

LAG3 (11C3C65) - Yeo L, et al. 2018. J Clin Invest. 128:3460

TIM3 (7D3) - Wang F, et al. 2009. Immunobiology. 214(5):342-349
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Starred (*) Antibodies were obtained unconjugated, then conjugated for use internally using the Maxpar conjugation kit
(Fluidigm) as described in the Methods.

The antibodies used in in vivo experiments were developed as described by Itoh et al, J Invest Dermatol 2019 Apr;139(4):
878-889 (Ref 86 in Manuscript)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice - C57BL/6 (B6) mice and hIL-26Tg mice - These were B6 mice carrying a 190-kb BAC transgene with human IFNG and 1L.26
gene, developed in Thomas Aune’s laboratory (see reference 73 for details of mice including confirmed tissue expression of
hIL26 in the colon).

Mice were housed in a specific pathogen-free facility in micro-isolator cages with ad libitum access to autoclaved water and
sterile standard food.

Male and Female B6 and hiL-26Tg mice at 10-14 weeks of age were used for the DSS-induced colitis model. Male and Female
mice at 20-24 weeks of age were used for the analysis of spontaneous ileitis and colitis

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve the use of field-collected samples.

Ethics oversight Performed under the Ethical approval for animal research obtained by the School of Medicine, Juntendo University (Tokyo,
Japan)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics For Single cell RNA sequencing, CITE-Seq and CyTOF analysis, biopsies were collected from volunteers attending endoscopy for
routine colonoscopic screening (healthy) or as part of ongoing clinical care (UC patients) (Full patient demographic details are
presented in Supplementary Table 1). For UC, we utilized tissue derived from patients with a proven clinical and histological
diagnosis. Tissue was sampled from clinically inflamed distal colon regions by the endoscopist performing the procedure. Donors
ranged from 17 to 88 years of age, with a mix of male (n=26) and female(n=31) donors across all patient experiments.

Recruitment Patients presenting to the Oxford University Hospitals NHS Foundation Trust for assessment of their gastrointestinal health using
endoscopy were approached at random. Clinical, Endoscopic and Histological findings were used to categorise the patients as
having healthy mucosa or having ulcerative colitis, with severity scores recorded by the clinician performing the procedure
contemporaneously. The patient and scoring clinician were blinded as to the subsequent use of their samples. The patients were
selected at random from the available cohort and collected across the UK; therefore it is unlikely that any demographic biases
occur, other than those that reflect the general population of the UK.
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Ethics oversight

The collection and use of Biobank samples was performed by Clinical Research Nurses under three parallel Biobank cohorts
approved by the following NHS Research Ethics Committee(s) : West Midlands (18/WM/0237 and IBD 09/H1204/30) and
Yorkshire and Humber (Gl 16/YH/0247)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

D The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

D All plots are contour plots with outliers or pseudocolor plots.

D A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

For flow cytometry sorting samples were processed identically to those described in methods section. Following this they were
then washed with FACS buffer (50ml PBS with 2% Fetal Calf Serum and 0.25mM EDTA) and were then stained with appropriate
antibodies (Flow cytometry/CITE-seq) at pre-optimized concentrations for 30 minutes. Samples were then washed and sorted
directly as described without fixation. Prior to running samples compensations were calculated with an unstained cellular control
and compensation beads (BD).

BD FACS Aria Illu, BD FACS LSR I
BD FACS Diva Software, with Quantification performed using FlowJo v10.5.3

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples
and how it was determined.

Sorting CD8 T cells for Single-Cell RNA Sequencing: Cells were gated based on size using Forward and Side scatter, followed by
identification of singlets using FSC-H and FSC-A. After gating on Live cells, we gated on CD3 positive cells. From these, the CD8
positive fraction was sorted for single cell sequencing.

FACS Analysis for IL26 Receptor: Cells were gated based as above to identify Live cells. From here, we identified CD45+, EPCAM+
and double negative (Stromal) populations. Within each of these sub-categories, we identified cells double positive for IL20RA
and IL10RB (using FMO controls and pre-optimized antibody concentrations).

K Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Arfl and Arf6 Synergistically Maintain Survival of T Cells
during Activation

Mami Sumiyoshi,* Yui Kotani,*" Yuki Ikuta,” Kazutomo Suzue,” Madoka Ozawa,®

Tomoya Katakai,® Taketo Yamada,' Takaya Abe,' Kana Bando,’ Shigeo Koyasu,#
Yasunori Kanaho,** Toshio Watanabe,” and Satoshi Matsuda*

ADP-ribosylation factor (Arf) family consisting of six family members, Arfl1-Arf6, belongs to Ras superfamily and orchestrates
vesicle trafficking under the control of guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins. It is well
established that brefeldin A, a potent inhibitor of ArfGEFs, blocks cytokine secretion from activated T cells, suggesting that the
Arf pathway plays important roles in T cell functions. In this study, because Arfl and Arf6 are the best-characterized members
among Arf family, we established T lineage—specific Arfl-deficient, Arf6-deficient, and Arf1/6 double-deficient mice to understand
physiological roles of the Arf pathway in the immune system. Contrary to our expectation, Arf deficiency had little or no impact
on cytokine secretion from the activated T cells. In contrast, the lack of both Arfl and Arf6, but neither Arfl nor Arf6 deficiency
alone, rendered naive T cells susceptible to apoptosis upon TCR stimulation because of imbalanced expression of Bcl-2 family
members. We further demonstrate that Arfl1/6 deficiency in T cells alleviates autoimmune diseases like colitis and experimental
autoimmune encephalomyelitis, whereas Ab response under Th2-polarizing conditions is seemingly normal. Our findings reveal
an unexpected role for the Arf pathway in the survival of T cells during TCR-induced activation and its potential as a therapeutic
target in the autoimmune diseases. The Journal of Immunology, 2021, 206: 000-000.

he ADP-ribosylation factor (Arf) proteins are small using tissue-specific gene knockout strategy, Arfl and Arf6 are
GTPases belonging to the Ras superfamily and orches- revealed to play a critical role in the nervous system through
trate intracellular protein trafficking under the control of Schwann cell myelination (14, 15). It is of interest to note that
their activators, guanine nucleotide exchange factors (GEFs), and Arf6-GAP SMAPI1 and Arf1-GAP SMAP2 synergistically regulate
inhibitors, GTPase-activating proteins (GAPs) (1, 2). Mice have early embryonic development (16), also suggesting the genetic

six Arf isoforms (Arfl1-Arf6), whereas Arf2 has been lost in hu- linkage between Arfl and Arf6 during initial steps in ontogeny.
mans (2). Among Arf family proteins, Arfl and Arf6 are best In contrast, physiological roles of Arf family proteins in the im-
characterized (3). Initial studies demonstrate that Arfl regulates mune system remain obscure.

formation of coated vesicles mainly at the Golgi apparatus, as do Given that the intracellular protein trafficking system controls a
Arf2-5, whereas Arf6, the most divergent isoform from Arfl, diverse array of cellular responses, including proliferation, dif-
functions at the plasma membrane (4-7). Several reports have ferentiation, and cell migration, one can assume that this is also the
demonstrated, however, that both Arfl and Arf6 facilitate migra- case with the immune responses. In fact, Rab family of small
tion of cancer cells by regulating integrin localization (8-10), GTPases modulates TCR signal transduction through TCR recy-
indicating that Arfl and Arf6 play overlapping roles at least cling as well as trafficking various components to the immu-
in some circumstances. It has also been shown that Arfl as nological synapse (17, 18). In addition, Rab27a regulates the
well as Arf6 is involved in the activation of mTOR via PLD- secretion of the lytic granules from cytotoxic T lymphocytes (19),

mediated phosphatidic acid generation (11-13). Moreover, by and mutations in RAB27A gene are known to be associated with
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2 Arfl AND Arf6 SYNERGISTICALLY MAINTAIN SURVIVAL OF T CELLS

Griscelli syndrome type II in human (20). It has also been shown that
CRACR2A, another member of Rab family, is involved in T cell
activation by regulating vesicle trafficking to the immunological
synapse (21). As is the case with Rab family, it seems likely that the
Arf pathway contributes to T cell function as well. Accordingly,
brefeldin A, a potent inhibitor of ArfGEFs, blocks the cytokine se-
cretion from activated T cells, raising the possibility that Arf family
proteins play important roles during T cell activation (22, 23).

To unmask the functional role of the Arf pathway in T cell, we
established T lineage—specific Arf-deficient mice and found that
the lack of both Arfl and Arf6 renders T cells susceptible to ap-
optosis during activation. In contrast, contrary to our expectation,
Arf deficiency had no impact on cytokine secretion. We also show
that the Arf-deficient mice are resistant to Th17-mediated diseases
while Ab responses are intact.

Materials and Methods
Mice

All mouse strains used in this study were backcrossed to C57BL/6 for at
least seven generations. The floxed Arfl (Arfl "/") mouse line (accession
no. CDB1027K; http://www2.clst.riken.jp/arg/micelist.html) was estab-
lished (detailed characterization was described in Supplemental Fig. 1) and
crossed with Lck-Cre (24) along with Arf6ﬂ/ﬂ mice (14). Age-matched
ArfI**: Arf6** and Lck-Cre mice or cohoused ArfI1"*: Arf6"*: Lck-Cre
and ArfI"™: Arf6™" littermates were used as a control. Rag2™'~ mice
(stock number RAGN12) were obtained from Taconic. Mice systemically
expressing tdRFP (referred to in this article as RFP mice) were derived
from Rosa26-tdRFP reporter mice (kindly provided by H. J. Fehling,
University of Ulm, Ulm, Germany) (25). We used male and female mice
aged between 7 and 12 wk in all experiments unless otherwise stated. All
mice were maintained in a specific pathogen-free facility and used
according to our institutional guidelines.

Cell preparation

Naive (CD44°CD62L"CD25") or effector (CD44"CD62L'°CD25~) CD4*
T cells were obtained from splenocytes by using a MojoSort Mouse CD4
T Cell Isolation Kit (BioLegend), followed by cell sorting on a FACS Aria III
(BD Biosciences). RPMI 1640 (Fujifilm) supplemented with 10% FCS
(HyClone), 55 uM 2-ME, 100 U/ml penicillin, 100 pg/ml streptomycin,
nonessential amino acids, 1 mM sodium pyruvate, and 10 mM HEPES was
used as a culture medium. Cytokines used in this study were purchased from
BioLegend. Naive CD4" T cells were stimulated either with immobilized
anti-CD3e mAD (5 pg/ml) and 1 pg/ml soluble anti-CD28 mAbD or 10 ng/ml
IL-7 in 24-well plates. In some experiments, T cells were activated in the
presence of 20 ng/ml IL-2, 20 ng/ml IL-4, 20 ng/ml IL-7, 50 ng/ml IL-21, or
50 uM Z-VAD-FMK (MBL). In vitro Th differentiation was induced with
10 ng/ml IL-12 (Thl), 10 ng/ml IL-4 (Th2), 10 ng/ml IL-2 and 20 ng/ml
TGF-B (regulatory T cell [Treg]), 30 ng/ml IL-6 and 3 ng/ml TGF-8
(nonpathogenic Th17), or 30 ng/ml IL-6, 50 ng/ml IL-23, 30 ng/ml IL-1p3,
and 1 pg/ml anti-IL-2 Ab (pathogenic Th17), followed by stimulation with
Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific). To
isolate lamina propria (LP) lymphocytes, the colon was digested with HBSS
containing 1.3 mM CaCl,, 0.5 mM MgCl,, Liberase TM (200 pg/ml; Roche
Diagnostics), and DNase I (10 pg/ml; Roche Diagnostics) after removing
intraepithelial lymphocytes with HBSS containing 5 mM EDTA and 1 mM
DTT. LP lymphocytes were obtained from the 40/80% Percoll (GE
Healthcare) interface after centrifugation of the digested colon at 920 X g for
20 min at 25°C.

Quantitative PCR

Total RNA was extracted using RNeasy Micro Kit (QIAGEN), followed by
PrimeScript RT Master Mix (Takara) reaction. THUNDERBIRD SYBR
qPCR Mix (Toyobo) was used to evaluate gene expression on a Rotor-Gene
Q (QIAGEN). Primers used were as follows: Arfl, 5'-ACAGAGAGC-
GTGTGAACGAG-3' and 5'-TGGCCTGAATGTACCAGTTC-3'; Arfo,
5'-TCCTAATGAGCGTCCTCCAC-3" and 5'-TCCTAGGAATGGGTTT-
TGGA-3'; and Cyclophilin A, 5'-ATGGCACTGGCGGCAGGTCC-3" and
5'-TTGCCATTCCTGGACCCAAA-3'.

ELISA

Concentrations of IL-2, IFN-y, IL-4, and IL-17A in culture supernatants
(1 X 10° cells/ml) were detected with ELISA Max Deluxe (BioLegend).

75

To evaluate OVA-specific Ab response, mice were primed i.p. with 100 pg
of OVA (Sigma-Aldrich) along with Imject Alum adjuvant (Thermo Fisher
Scientific) and boosted 14 d later. Alternatively, mice were immunized i.p.
with 25 pg of OVA along with Sigma Adjuvant System (SAS; Sigma-
Aldrich). On day 28, sera were subjected to ELISA in 96-well plate coated
with 10 pwg/ml OVA along with HRP-linked anti-mouse IgG F(ab’), Ab
(GE Healthcare). Fecal extract was obtained with 20% w/v PBS containing
2 mM PMSF and 0.2 mg/ml benzamidine, and IgA was quantified by
ELISA using SBA Clonotyping System-C57BL/6-HRP (SouthernBiotech).

Abs

Abs used in this study were as follows: Mcl-1 (no. 600-401-394) from
Rockland Immunochemicals; Erk2 (D2) from Santa Cruz Biotechnology;
CD4 (GK1.5), CD8 (53-6.7), and CD62L (MEL-14) from Tonbo Biosci-
ences; CD44 (IM7), CD25 (PC61), IL-17A (TC11-18H10.1), CD98
(RL388), CD71 (RI7217), CD45.1 (A20), CCR7 (4B12), and annexin V
(no. 640912) from BioLegend; Foxp3 (MF23) and CXCRS5 (2G8) from BD
Biosciences; PD-1 (RMPI-30) from eBioscience; HSP90 (no. 4874),
phospho-S6 ribosomal protein (Ser”*>?*¢) (D57.2.2E), Bim (no. 2819),
Bcl-2 (D17C4), and Bcl-x;, (54H6) from Cell Signaling Technology.

Flow cytometry

Isolated cells were stained with the appropriate Abs along with
7-aminoactinomycin D (7-AAD; Sigma-Aldrich). To evaluate cell prolifer-
ation, cells (2.5 X 10° cells/ml in PBS) were labeled with 3 M Cell Pro-
liferation Dye eFluor 450 (eF450; eBioscience) at 37°C for 5 min, followed
by washing with the culture medium. For intracellular staining of cytokines
and transcription factor, cells were stimulated with PMA and ionomycin in
the presence of brefeldin A (eBioscience) for 4 h, followed by treatment with
Fixation and Permeabilization Buffer (eBioscience) or Cytofix/Cytoperm
(BD Biosciences). Glucose uptake was assessed by using 2-NBDG
(Thermo Fisher Scientific) (26). Reactive oxygen species (ROS) were
measured by incubation for 30 min at 37°C with 5 wM CellROX Deep Red
(Thermo Fisher Scientific) after staining of surface makers. To assess the
impact of ROS on cell survival, CD4" T cells were stimulated with or
without 10 mM N-acetyl-L-cysteine (NAC) for 3 d, followed by evaluation
with annexin V and 7-AAD staining according to the manufacturer’s in-
structions (BioLegend). For the analysis of the sub-G1 population, cells were
fixed and permeabilized with 75% ethanol and stained with 10 pwg/ml 7-AAD.
Data were acquired on an FACSCanto II (BD Biosciences) and analyzed with
FlowJo Software (Tree Star).

Immunofluorescence

The spleen, mesenteric lymph node (MLN), and Peyer patches (PPs) were
fixed with 1% paraformaldehyde. After fixation, tissues were equilibrated
gradually with 10, 20, and 30% sucrose in PBS at 4°C, embedded in O.C.T.
compound (Sakura Finetek), and frozen at —80°C. Frozen sections (10 pwm)
were made using a cryostat (Leica Biosystems) and postfixed with cold
acetone for 3 min. Sections were stained with PE-conjugated anti-CD3e
(145-2C11), Alexa Fluor 488—conjugated anti-B220 (RA3-6B2) (eBioscience),
and anti-desmin (Abcam), followed by Alexa Fluor 633—conjugated anti-rabbit
IgG (Molecular Probes). The specimens were examined using an FV1200
confocal microscope (Olympus). Digital images were prepared using FV10-
ASW (Olympus) and Adobe Photoshop CS6 (Adobe Systems).

Experimental autoimmune encephalomyelitis

Age- and sex-matched mice (7-9 wk old) were immunized s.c. in the flanks
with an emulsion containing the myelin oligodendrocyte glycoprotein
(MOG) peptide MOG3s5_s5 (200 pg/mouse) and Mycobacterium tu-
berculosis H37Ra extract (5 mg/ml in CFA, 200 pl/mouse). Pertussis
toxin (200 ng/mouse) was administered i.p. on days 0 and 2. Mice were
assigned scores daily on a scale of 0-5 in a double-blinded manner as
described (27).

Statistical analysis

Unless otherwise indicated, statistical analysis was performed using
unpaired Student ¢ test. A p value <0.05 was considered statistically
significant.

Results

Arf deficiency in T cells has no impact on cytokine secretion
According to ¢cDNA microarray analysis data presented on
RefDIC (http://refdic.rcai.riken.jp/profile.cgi; RMPSTC027003
and RMPSTC028001), Arfl and Arf6 are the top two Arf family
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members predominantly expressed in splenic CD4" and CDS8*
T cells. We thus focused on Arfl as well as Arf6 to investigate the
role of the Arf pathway in T cells. Given that loss of Arfl or Arf6
results in embryonic lethality (28, 29), we established T lineage—
specific Arfl-deficient (Arf1-KO), T lineage—specific Arf6-deficient
(Arf6-KO), and T lineage-specific Arfl/Arf6 doubly deficient
(Arf1/6-KO) mice by crossing conditional knockout mice
(Supplemental Fig. 1A) with Lck-Cre transgenic mice. Both Arfl-
KO mice and Arf6-KO mice had normal numbers of thymocytes
and peripheral T cells (Supplemental Fig. 1B, 1C), whereas PCR
analysis of genomic DNA obtained from purified T cells revealed
that Arf genes were completely deleted by Lck-Cre (data not
shown). By using quantitative PCR analysis, we also confirmed that
expression levels of Arf mRNAs were virtually absent (Fig. 1A).
Essentially, the same result was obtained with Arf1/6-KO mice, but
the detailed analysis revealed that Arf1/6-KO mice alone exhibited
decreased numbers of CD4" and CD8" T cells in the spleen (Fig.
1B), whereas numbers of CD4 single-positive (SP) and CD8SP
thymocytes were increased (Supplemental Fig. 1D, 1E). These

observations suggest that Arfl and Arf6 play redundant roles in the
T cells.

Increased numbers of CD4SP and CD8SP cells in the thymus can
be explained by either enhanced efficiency in positive selection or
suppression of T cell egress from the thymus. To examine these two
possibilities, we first focused on the double-positive (DP) stage
when positive selection takes place. We found that proportions of
TCRBMCD69™ DP cells, which correspond to postselected DP
cells, were comparable between control and Arfl/6-KO mice
(Supplemental Fig. 1F). We further examined the expression
profiles of chemokine receptor CCR7 in combination with CD69
to track developing thymocytes but found little or no difference
between control and Arfl1/6-KO mice (Supplemental Fig. 1G).
Taking these results into account, it seems unlikely that positive
selection is affected by the lack of Arfl and Arf6. We next ex-
amined expression profiles of CD62L and CD69 because CD4SP
as well as CD8SP cells can be subdivided into immature
(CD62L°CD69™) and mature (CD62L™CD69") SP cells, the latter
of which are known as egress-competent cells (30). Arf1/6-KO
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FIGURE 1.

Characterization of peripheral T cells from Arf-deficient mice. (A) Quantitative PCR (qPCR) analysis of ArfI or Arf6 relative to Cyclophilin

A in splenic CD4" T cells derived from the indicated mice (n = 3, each). Shown are relative expression levels normalized to wild type (WT) (mean * SD).
(B) Number of CD4* T cells (left) or CD8" T cells (right) in the spleen from 5- to 7-wk-old control (n = 10, black), Arf1-KO (n = 10, blue), Arf6-KO (n =17,
green), and Arf1/6-KO mice (n = 7, red). Mean * SD. (C) IL-2 produced in naive CD4* T cells from control (Ctrl; n = 4) and Arf1/6-KO (n = 4) mice was
quantified by ELISA. Mean =+ SD. (D) CD4™" T cells from the indicated mice (n = 4, each) were stimulated with anti-CD3e/anti-CD28 mAbs along with the
indicated concentration of brefeldin A (BFA) for 24 h. IL-2 were quantified by ELISA and indicated as the percentage of IL-2 secretion in the absence of
BFA. (E) eF450-labeled Ctrl and Arf1/6-KO splenocytes were activated with anti-CD3e/anti-CD28 mAbs for 66 h. eF450 dilution plots gated in CD4"™
T cells are shown as representative of three independent experiments. (F) Cytokines produced in Th1 (IFN-y), Th2 (IL-4), and Th17 cells (IL-17A) were

quantified by ELISA (n = 3). Mean = SD. *p < 0.05.
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FIGURE 2. Ab responses in Arfl/6-deficient mice. (A) Either control (Ctrl; n = 5) or Arf1/6-TKO mice (n = 5) were immunized with OVA + SAS, and Ab
titers were evaluated by ELISA. When immunized with OVA + Alum, Ctrl (n = 3) and Arf1/6-TKO (n = 4) were used. Mean * SD. (B and C) Immuno-
histochemical analysis of the spleen and MLN from Ctrl and Arf1/6-KO mice. Scale bars, 300 pm (B) and 500 pwm (C). Shown are representative of three. (D)
Proportions of CD4" T cells in the MLN from 7- to 8-wk-old Ctrl (n = 5) and Arf1/6-KO (n = 6) mice. Mean = SD. (E) Fecal IgA levels of 9-11-wk-old Ctrl
(n=9) or Arf1/6-TKO (n = 10) mice were quantified by ELISA. Mean = SD. (F) Proportions of Tfh cells in the PPs from 9- to 11-wk-old Ctrl (n = 8) and Arfl/

6-KO (n = 10) mice. Mean * SD. **p < 0.01.

mice contained a higher proportion of mature SP cells compared
with control mice (Supplemental Fig. 1H), suggesting that CD4SP
and CDS8SP cells have a defect in thymic egress in Arf1/6-KO mice.
Consistently, mixed bone marrow chimera between control (CD45.
1*) and Arf1/6-KO (CD45.17) mice demonstrated that the pro-
portions of splenic CD4" cells relative to thymic CD4SP cells
(referred to in this study as the egress index, Supplemental
Fig. 1I) were substantially decreased in Arf1/6-KO mice—derived
CD45.1" cells. Decreased numbers of splenic CD4* and CD8"
T cells in Arf1/6-KO mice can also be explained by this partial
defect in thymic egress.

Considering that brefeldin A, a well-known inhibitor for Arf-
GEFs, which functions upstream of Arfl, is widely used to block
cytokine secretion from activated T cells, it seems reasonable to
speculate that Arf deficiency abrogates cytokine production.
Contrary to our expectation, however, naive CD4* T cells obtained
from Arf1/6-KO mice produced IL-2 during activation to a level
comparable to those from control mice (Fig. 1C). We also found
that brefeldin A successfully blocked IL-2 secretion in both
control and Arf1/6-deficient CD4* T cells (Fig. 1D), excluding the
possibility that Arf deficiency is compensated by a brefeldin A—
independent secretory machinery. Consistent with this observation,
Arfl/6-deficient T cells normally proliferated upon TCR stimula-
tion (Fig. 1E). We further found that Arf1/6-deficient CD4" T cells
retained the potential to produce other cytokines, including IFN-y,
IL-4, and IL-17A as well (Fig. 1F). Although IL-4 production was
decreased, Arf1/6-deficient CD4* T cells secreted more IL-17A and
IFN-y than control cells. Collectively, we conclude that Arfl and
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Arf6 are dispensable for cytokine secretion, including IL-2, IFNy,
and IL-17A in activated T cells.

Arfl/6-deficient T cells facilitate Ab production in vivo

One of the most important functions of CD4" T cells in immune
system is to provide help for B cells to produce Ab against “nonself”
in germinal centers (GCs). To examine whether Arf deficiency affects
AD response in vivo, we evaluated Ab production against OVA along
with Thl-polarizing adjuvant SAS or Th2-polarizing adjuvant Alum
(31, 32). Contrary to the in vitro observations (Fig. 1F), Arf1/6-KO
mice produced normal level of OVA-specific Ab under Th2-
polarizing conditions, although Th1-driven response was attenuated
(Fig. 2A). Histological analysis revealed that Arf1/6-deficient mice
contain seemingly normal lymphoid tissues, including spleen and
MLN (Fig. 2B, 2C). Although the proportion of CD4* T cells in the
MLN were decreased in Arf1/6-KO mice, this may reflect the reduced
numbers of CD4" T cells in the spleen (Fig. 2D). We also found that
there was no difference in the amount of fecal IgA, which is induced
against intestinal commensal bacteria in the GALTs, including the
PPs between control and Arfl1/6-KO mice (Fig. 2E), albeit with
slightly reduced proportions of Tth cells (CD4*CXCR5PD-1") in
the PPs (Fig. 2F) in Arf1/6-KO mice. These data indicate that T cell-
dependent Ab response remains intact in the gut of Arf1/6-KO mice.

Arfl and Arf6 are dispensable for mTORCI-regulated
T cell function

Given that Arfl contributes to the amino acid—induced mTORC1
activity in Drosophila S2 cells (33) and that Arf6 regulates tumor
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cell proliferation via the PLD-mTORC1 pathway (11), we
examined whether Arf deficiency affects mTORCI signal in
T cells. Arf1/6-deficient CD4" T cells exhibited slightly lower
levels of phosphorylated ribosomal protein S6 (pS6), a mea-
sure of active mTORC]1 signal, when compared with control
CD4" T cells (Fig. 3A). Consistent with the previous re-
ports demonstrating that mTORCI1 regulates glycolytic meta-
bolism in activated T cells, glucose uptake upon TCR
stimulation was moderately impaired in Arf1/6-deficient CD4*
T cells (Fig. 3B). In contrast, we found little or no difference
between control and Arf1/6-deficient CD4" T cells in surface
expression levels of the amino acid transporter CD98, a well-
known downstream target of the mTORC1 pathway (Fig. 3C).
We also evaluated expression levels of another target of the
mTORC1 pathway, transferrin receptor CD71, and found that
CD71 induction was slightly attenuated at 24 h after TCR
stimulation in Arf1/6-deficient CD4* T cells (Fig. 3C). It
should be noted, however, that there was no significant differ-
ence in CD71 levels between control and Arf-deficient CD4*
T cells at 72 h after stimulation (data not shown). These results
suggest that mTORCI signal in Arf1/6-deficient CD4" T cells,
albeit slightly reduced, sufficiently supports metabolic reprog-
ramming during T cell activation.

To further clarify the relationship between the Arf pathway
and mTORCI signal, we next focused on T cell differentiation
program. The mMTORCI1 pathway is known to control the balance
of Th17 versus Treg, and the blockade of mTORCI1 signal results
in skewing of naive CD4" T cells toward Treg differentiation
while attenuating Th17 differentiation (34, 35). We therefore
examined whether Arf deficiency affects differentiation pro-
gram of naive CD4" T cells in vitro and found that Arf1/6-
deficient CD4* T cells normally differentiated to Th17 or
Treg under appropriate conditions (Fig. 3D). We thus conclude
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that the Arf pathway is dispensable for mTORCI-regulated
T cell function.

Arfl/6-KO mice have fewer CD4* T cells in the colon LP

Homeostatic proliferation generates two distinct populations: slow-
dividing cells are induced in the presence of environmental cy-
tokines like IL-7, whereas fast-dividing cells are thought to respond
to gut microbiota (36). Interestingly, when compared with control
CD4" T cells, fast-dividing Arf1/6-deficient CD4* T cells were
markedly diminished, whereas slow-dividing ones appeared to be
intact during homeostatic proliferation in lymphopenic Rag2™'~
mice (Fig. 4A), raising the possibility that Arf deficiency causes a
defect in immune reaction in the gut. Actually, CD4* T cells in the
colonic LP were significantly decreased in Arf1/6-KO mice (data
not shown). One can argue, however, that decreased proportion of
Arf1/6-KO CD4* T cells in the LP just reflects decreased number
of splenic T cells (Fig. 1B). We thus analyzed mixed bone marrow
chimeric mice as in Supplemental Fig. 11 and found that Arf1/6-
deficient CD4™ T cells were defeated by control CD4" T cells in
the colonic LP, but not in the MLNs (Supplemental Fig. 2A),
confirming that Arf deficiency leads to the reduction of CD4"
T cell number specifically in the gut. We therefore speculated the
following two possibilities: Arf1/6-deficient CD4* T cells have a
defect in either migration into or survival in the colon.

Given that the CCR9 and the integrin o437 play important roles
in T cell homing to the gut under homeostatic conditions (37, 38),
we first examined the surface expression levels of CCR9 in co-
lonic CD4* T cells. However, we failed to detect CCR9 even in
the CD4* T cells obtained from the colonic LP of control mice,
presumably because of its internalization upon ligand binding, as
is the case with other chemokine receptors, including CCR7 (39).
Instead, we found that CD4* T cells derived from Arf1/6-KO mice
expressed CCR9 on the surface of thymocytes to a similar level to
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FIGURE 4. Activated Arf1/6-deficient T cells are susceptible to apoptosis. (A) Mixture of eF450-labeled CD4™" T cells from control (Ctrl; CD45.1%) and
Arf1/6-KO (CD45.17) mice was transferred into Rag27/7 mice (n = 3), and eF450 dilution plot was obtained on day 4. Shown are representative of three.
(B) CD4™ T cells from Ctrl (CD45.1%) and Arf1/6-KO mice (CD45.17) were mixed at an equal ratio and activated with 0.1-10 pg/ml plate-bound anti-
CD3e mAb along with 1 wg/ml soluble anti-CD28 mAb for 4 d, followed by FACS analysis (upper, CD45.1 plot; lower, eF450 dilution plots of CD45.1*
[Ctrl] and CD45.1" cells [Arf1/6-KO]). Shown are representative of three. (C) Naive or effector CD4* T cells from the indicated mice were treated with
IL-7 or a combination of anti-CD3e/anti-CD28 mAbs (TCR) for 72 h. Fold changes in cell number compared with day O are estimated. Mean = SD.
Shown are representative of three. (D) Naive CD4" T cells from Ctrl (CD45.1%) and Arf1/6-KO (CD45.17) mice were mixed at an equal ratio and
stimulated with anti-CD3¢/anti-CD28 mAbs (TCR) with or without the indicated reagent for 4 d, and the ratios were evaluated by FACS. Mean * SD.
(E and F) Naive CD4" T cells from the indicated mice (n = 3, each) were stimulated with anti-CD3¢/anti-CD28 mAbs (TCR) along with or without IL-21
and analyzed at 48 h by FACS (E) or at 96 h by immunoblot against Bcl-2 family members (F). The values indicate relative density of the band normalized
to Erk2. Shown are representative three. (G) CD4" T cells from Ctrl (n = 3) and Arf1/6-KO (n = 3) mice were stimulated with anti-CD3¢/anti-CD28 mAbs
along with or without 10 mM NAC and analyzed at 72 h by FACS. Representative FACS profiles (left). Indicated are proportions of annexin V*7-AAD*
cells. Decrease in proportion of annexin V* 7-AAD" cells with NAC relative to that without NAC is quantified and indicated as percentage of restore (right).
Mean *+ SD. *p < 0.05, **p < 0.01.

those from control mice, suggesting that the Arf pathway is dis- spreading, and migration (40, 41). To further investigate whether
pensable for CCRY expression (data not shown). We also found integrin normally functions in Arf1/6-deficient CD4" T cells, we
that lack of both Arfl and Arf6 rather augmented o437 expression estimated the size of adhesion area formed by interaction between
levels in CD4™ T cells, albeit only slightly (Supplemental Fig. 2B). LFA-1 integrin and its ligand ICAM-1 upon CCL21 stimulation, a
It should be noted, however, that the affinity of integrin for its measure of inside-out signal, and found that CCL21-stimulated,
ligands is tightly regulated by intracellular signaling, so-called Arf1/6-deficient CD4" T cells efficiently spread on the
inside-out signal, which plays a pivotal role in cell adhesion, ICAM-1-coated plate (data not shown). Actually, by transferring a
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mixture of control (CD45.1%) and Arfl/6-deficient CD4" T cells
(CD45.1") into Rag2 '~ mice, we confirmed that control and Arf1/6-
deficient CD4™ T cells equally migrated into the colon (Supplemental
Fig. 2C), excluding the possibility that decreased CD4* T cell number
in the colon is caused by impaired cell migration.

We next focused on the hypothesis that Arf deficiency in T cells
leads to a defect in survival in the colon. Given that LP CD4"
T cells are in a state of activation because of continuous exposure
to microbial Ags, we examined whether TCR-induced activation
affects viability of CD4™ T cells lacking Arfl and Arf6. Stimu-
lation with anti-CD3e and anti-CD28 mAbs resulted in marked
decrease of Arfl/6-deficient CD4" T cells in a signal intensity—
dependent manner, although there was little or no difference in
cell proliferation between control and Arfl/6-deficient CD4*
T cells, suggesting that Arf1/6-deficient CD4" T cells are sus-
ceptible to cell death during activation (Fig. 4B). In contrast,
CD4* T cells lacking either Arfl or Arf6 alone had no such defect
in survival during TCR stimulation (Supplemental Fig. 3A, 3B),
suggesting that Arfl and Arf6 play a redundant role in cell sur-
vival. Essentially the same results were obtained with Arfl/6-
deficient CD8* T cells (Supplemental Fig. 3C, 3D). We further
found that upon TCR stimulation, Arf1/6-deficient CD4" T cells
contained a higher proportion of sub-G1 cells (Supplemental Fig.
3E), which reflects apoptosis-related DNA fragmentation. Ac-
cordingly, treatment with Z-VAD-FMK, a pan-caspase inhibitor,
partially blocked loss of Arf1/6-deficient CD4" T cells induced by
TCR stimulation (Supplemental Fig. 3F). It seems thus likely that
the Arf pathway protects activated T cells from a caspase-
mediated apoptotic program. Interestingly, the lack of Arfl and
Arf6 rendered only naive, but not effector, CD4" T cells suscep-
tible to apoptosis upon TCR stimulation (Fig. 4C). In contrast, we
found no significant defect in IL-7-mediated survival between
control and Arf1/6-deficient naive CD4" T cells (Fig. 4C), con-
sistent with the observation that Arf deficiency had no effect on
slow-dividing population during homeostatic proliferation (Fig.
4A). These results taken together clearly demonstrated that Arfl
and Arf6 play a protective role exclusively in naive T cells during
TCR-induced activation.

Because common vy-chain (yc) cytokines like IL-2 promote the
survival of activated T cells (42), we examined the survival effect
of yc cytokines on naive T cells upon TCR stimulation. Unex-
pectedly, IL-2 or IL-7 had no impact on the survival of TCR-
stimulated, Arf1/6-deficient CD4* T cells (Fig. 4D). In marked
contrast, IL-4 as well as IL-21 successfully restored the viability
of Arf1/6-deficient CD4* T cells to a level similar to Z-VAD-FMK
treatment, suggesting that IL-4 and IL-21 attenuate apoptosis
caused by loss of Arfl and Arf6. Apoptosis in T cells is triggered
by two different pathways: the intrinsic pathway, which is con-
trolled by the balance between pro- and antiapoptotic Bcl-2 family
members (43—46), and the extrinsic pathway, which is initiated by
signals delivered from death receptors such as Fas (47). Because
Fas expression was intact in Arf1/6-deficient CD4" T cells (data
not shown), we focused on Bcl-2 family members and found that
expression level of proapoptotic Bim was substantially increased
in Arf1/6-deficient CD4" T cells upon TCR stimulation, which
was nearly completely attenuated in the presence of IL-21
(Fig. 4E, Supplemental Fig. 3G). In contrast, neither Arf defi-
ciency nor IL-21 treatment had marked impact on expression
levels of Bcl-2 (Fig. 4E, Supplemental Fig. 3G). Among three
major isoforms of Bim, BimEL and BimL play a fundamental role
in T cells (48). By using Western blotting analysis, we further
found that BimL was the most abundantly upregulated in TCR-
stimulated Arfl/6-deficient T cells (Supplemental Fig. 3H).
Interestingly enough, treatment of Arfl/6-deficient T cells with
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IL-21 markedly decreased exaggerated expression of BimL. We
also found that Arf deficiency perturbed expression levels of
other antiapoptotic Bcl-2 family members: Mcl-1 was down-
regulated, whereas Bcl-xL was rather upregulated, albeit to a
slight extent (Fig. 4F). It should be noted, however, that IL-21
treatment attenuated Bcl-xL expression in both control and
Arfl/6-deficient T cells, whereas Mcl-1 level was rescued to a
level comparable to control cells. Considering the protective
effect of IL-21 against apoptosis, it seems reasonable to assume
that enhanced apoptosis in Arf1/6-deficient CD4™ T cells is
attributed to upregulation of Bim along with downregulation of
Mcl-1. The physiological relevance of Bcl-xL upregulation in
Arfl/6-deficient T cells remained to be resolved. Because ROS
enhance apoptosis of T cells during activation (49), we also
assessed the impact of NAC, a widely used antioxidant, on the
viability of Arf1/6-deficient CD4* T cells. By treatment with
NAC, the proportion of dead cells in Arf1/6-deficient CD4*
T cells was significantly reduced (Fig. 4G). We also found,
however, that Arf-deficient CD4* T cells exhibited a lower
level of ROS (Supplemental Fig. 31), raising the possibility that
Arf1/6-deficient CD4" T cells are more sensitive to ROS-
induced apoptosis.

Arf deficiency in T cells suppresses the onset of
autoimmune diseases

To directly evaluate the fate of Arf1/6-deficient naive CD4" T cells
upon activation in the colon, we used a naive CD4" T cell-induced
colitis model, one of widely used mouse models of inflammatory
bowel disease (IBD), in which naive CD4* T cells transferred into
Rag2™'~ mice are activated with microbial Ags and differentiate
to pathogenic Th17 cells in the colon. Actually, we found that
Rag2™'™ mice transferred with control CD4* T cells exhibited
marked weight loss, which reflects colitis development, around
3 wk after the transfer (Fig. 5SA). In contrast, the transfer of Arfl/
6-deficient naive CD4™ T cells had no impact on body weights.
Both thickening of the colon wall and severe infiltration of
mononuclear cells in the colon confirmed the onset of colitis
in control CD4"* T cell-transferred Rag2 ™'~ mice, whereas such
histological changes were not detected in the mice transferred
with Arf1/6-deficient CD4* T cells (Fig. 5B), suggesting that
naive CD4™ T cells lacking Arf1 and Arf6 failed to induce colitis.
Considering that Th17 cells play a pivotal role in the pathogenesis
of naive CD4" T cell-induced colitis, one can argue that sup-
pression of colitis could reflect the impaired ability of Arfl/6-
deficient naive CD4* T cells to differentiate to pathogenic Th17
cells. However, Arf1/6-deficient CD4™ T cells normally differen-
tiated to pathogenic Th17 cells in vitro (Fig. 5C). In addition,
pathogenic Th17 cells generated from Arfl/6-deficient CD4*
T cells were maintained in vivo to a level comparable to those
from control (Supplemental Fig. 4A). We also found that CD4*
T cell number was systemically decreased in the mice transferred
with Arfl1/6-deficient CD4" T cells when compared with those
transferred with control T cells, whereas the frequency of IL-17A—
producing CD4* T cells were rather augmented (Supplemental
Fig. 4B, 4C). We further found that Arfl/6-deficient CD4*
T cells were activated to a level comparable to control CD4*
T cells in the colon, which is indicated by upregulation of an
activation marker CD44 (Fig. 5D). Furthermore, when transferred
with control T cells into Rag27/ " mice, Arfl/6-deficient T cells
were virtually outcompeted (Fig. 5SE). These results taken together
suggest that the reason why transfer of Arfl/6-deficient naive
CD4" T cells did not develop colitis is likely due to the failure in
expansion of activated T cells, but not due to the impaired dif-
ferentiation or survival of pathogenic Th17 cells. Similar results
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FIGURE 5. Autoimmune diseases are markedly attenuated in Arf1/6-deficient mice. (A and B) Colitis was induced in Rag2™'~ mice by trans-
ferring 4 X 10° naive CD4™ T cells from control (Ctrl; n = 4) or Arf1/6-KO (n = 4) mice. Body weights of mice with (Ctrl and Arf1/6-KO) or
without (untransferred) cell transfer were monitored and indicated as the percentage of initial body weight (mean * SD) (A). Representative colon
histology. Scale bar, 100 um (B). (C) Intracellular staining for IL-17A and Foxp3 in CD4* T cells cultured under pathogenic Th17-inducing
conditions for 4 d. Shown are representative of three. (D) Expression levels of CD44 in colonic LP CD4* T cells of recipient Rag2™'~ mice
described in (A) were evaluated by FACS. Representative FACS profiles (left) and mean fluorescence intensity (MFI) (right). (E) Ctrl (CD45.1%) and
Arf1/6-KO (CD45.17) naive CD4"* T cells were mixed at an equal ratio (0 wk), and transferred into Rag27/7 recipient mice. After 5 wk, the ratios
of Ctrl to Arf1/6-KO cells in the colonic LP of recipient mice were evaluated by FACS. Data are representative of three independent experiments.
(F) Clinical scores for EAE in Ctrl (n = 3) and Arf1/6-KO (n = 3) mice. Mean *= SD. *p < 0.05, **p < 0.01.

were observed in another type of Thl7-mediated inflammatory
disease of the CNS, experimental autoimmune encephalomyelitis
(EAE): Arfl/6-deficient mice were completely resistant to in-
duction of EAE after immunization with MOGs;s_ss peptide,
whereas control mice developed severe EAE (Fig. 5F). Collec-
tively, these results suggest that the Arf pathway is required for the
onset of Thl7-mediated autoimmune diseases, which could be
explained by the protective role of the Arf pathway against apo-
ptosis during TCR stimulation.

Discussion

Intracellular cytokine staining combined with flow cytometry is a
powerful method to assess T cell responses, in which the fungal
metabolite brefeldin A plays a key role to retain cytokines within
the activated T cells. Although brefeldin A is thought to inhibit
Arfl activation through its GEFs, physiological role of Arf family
proteins in T cells has been unclear. In this study, we demonstrated
that Arfl along with Arf6 plays a pivotal role in developing au-
toimmune disease like colitis and EAE, presumably through
suppressing apoptosis in activated T cells. In contrast, to our
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surprise, cytokine secretion was seemingly normal in CD4" T cells
lacking both Arfl and Arf6. It has been revealed that among Arfl-
GEFs targeted by brefeldin A, GBF1, BIG1, and BIG2 are involved
in the activation of Arf3 and/or Arf5 as well (50). Therefore, these
other Arf isoforms might compensate for the absence of Arfl as
well as Arf6 in the activated CD4™ T cells. Actually, previous
studies have demonstrated that Arf isoforms share some redundant
functions: small interfering RNA-mediated single knockdown of
Arfl, Arf3, Arf4, or Arf5 fails to cause any observable phenotype,
whereas double knockdowns of any type of combination of them
using pairwise small interfering RNA impair the particular steps in
the vesicle trafficking pathway (51).

Upon TCR stimulation, Arf-deficient CD4* T cells exhibited
higher level of Bim, a predominant BH3-only protein functioning
in the activated T cells, whereas expression of an antiapoptotic
Bcl-2 family protein Mcl-1 was slightly impaired. Although we
found that expression level of Bcl-xL, another Bcl-2 family
member exerting antiapoptotic function, was substantially in-
creased in Arf-deficient T cells as well, recent studies have
revealed that Bcl-xL is dispensable for survival of peripheral
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T cells as well as development of effector T cells (52, 53), sug-
gesting that enhanced apoptosis in Arf-deficient T cells during
activation is presumably due to the perturbed expression of Bim
and/or Mcl-1. It is well established that Bim expression is nega-
tively regulated by the PI3K/Akt and the Ras/Erk pathways. The
former suppresses Bim expression at a transcriptional level
through inhibition of Foxo transcription factor (54), whereas the
latter induces proteasomal degradation of especially BimEL via
Erk-mediated phosphorylation at Ser® (48). However, considering
that the PI3K/Akt pathway plays an essential role in Th17 dif-
ferentiation, the fact that Arf deficiency had no impact on Th17
differentiation strongly suggests that the PI3K/Akt pathway is
intact in CD4" T cells lacking Arfl and Arf6. Consistently,
phosphorylation status of S6 protein mediated by mTORCI signal,
which is a well-known target of the PI3K/Akt pathway, seemed
normal in Arf-deficient T cells. We also found that the lack of Arfs
unaffected surface expression levels of CD62L and CD69 (data
not shown), which are controlled downstream of the Ras/Erk
pathway, excluding the possibility that Arf deficiency impairs
activation of the Ras/Erk pathway either. So, what is the molecular
mechanism linking Arf deficiency and enhanced apoptosis in the
activated T cells? Our data suggest that ROS are involved, at least
partly, in the apoptosis of Arf1/6-KO CD4" T cells. Actually, it
has been reported that the accumulation of ROS enhances the
expression of Bim in T cells (55). Considering that ROS levels
were decreased in Arf-deficient CD4" T cells, however, we rather
speculate that the lack of Arfl and Arf6 renders T cells more
sensitive to apoptosis-triggering cues including ROS. One in-
triguing possibility is autophagy. Several studies have demon-
strated that both Arfl and Arf6 play a critical role in autophagy
through the formation of autophagosomes (56, 57). Because
autophagy negatively regulates Bim expression as well (58), it
stands to reason that the defect in autophagy process in Arf-
deficient CD4" T cells causes accumulation of Bim protein. Al-
ternatively, as has recently been reported, Arf deficiency may
induce ER stress response, rendering the activated T cells sus-
ceptible to cell death (59). Given that Arf1/6-KO effector CD4"
T cells were resistant to apoptosis upon TCR stimulation, the
difference between naive and effector T cells, like metabolic
states, would provide a clue for mechanism in augmented apo-
ptosis in Arf-deficient naive T cells. One must await detailed
analysis to reveal the molecular linkage between Arf deficiency
and enhanced apoptosis in activated T cells.

Despite the fact that inflammatory responses including colitis
and EAE were nearly completely abrogated, Ab responses espe-
cially under Th2-polarizing conditions seemed intact in Arf1/6-KO
mice (Fig. 2A). Essentially the same results were obtained during
Leishmania major infection, which is prevented by Thl immune
response: Ab against L. major was produced to a level comparable
to control mice, whereas Arfl/6-KO mice failed to completely
eliminate the parasite presumably because of the inefficient acti-
vation of Thl cells (data not shown, and the details will be de-
scribed elsewhere). We speculate this puzzling phenotype reflects
the difference in environmental cues. We found that, among the yc
cytokine family, IL-21 and IL-4 efficiently suppressed apoptosis in
activated Arf1/6-KO T cells (Fig. 4D). GCs found in secondary
lymphoid tissues are important sites for Ab production. In GCs,
Tth cells support B cell differentiation into Ab-secreting plasma
cell by producing a substantial amount of IL-21. Arf-deficient
T cells could survive in GCs, where plenty amount of IL-21 ex-
ists compared with the nonlymphoid tissues like the colon. Ac-
tually, in the mixed bone marrow chimeric mice, we found that
Arf-deficient T cells were maintained to a level comparable to
control T cells in the MLN, although proportions of Arf-deficient
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T cells were markedly decreased in the colonic LP (Supplemental
Fig. 2A).

It is estimated that nearly 2.5 million people live with multiple
sclerosis (MS) in the world, and 6.8 million patients are suffering
from IBD primarily comprising of Crohn disease and ulcerative
colitis globally in 2017 (60). Although most immune therapies for
these patients are associated with immunosuppressive drugs,
which typically target the adaptive immune system, these treat-
ments may increase the risk of serious side effects like reduced Ab
responses against bacteria and viruses. In marked contrast, loss of
Arf function in T cells nearly completely suppressed the onset of
naive CD4* T cell-induced colitis as well as EAE without af-
fecting OVA-specific Ab production, at least under Th2-polarizing
conditions, demonstrating that the Arf pathway would be a good
drug target for autoimmune disease like MS and/or IBD. Given
that the ubiquitous role of the Arf pathways in vesicle trafficking,
one can argue that the blockade of the Arf pathway would cause
detrimental effects. To our surprise, however, the mice at 2 mo old
were viable for 4 wk after Arfl and Arf6 were systemically de-
leted by using the CreERT2 system (data not shown; the details
will be described elsewhere), raising the possibility that the lack of
Arfl and Arf6 may have little or no fatal effect, at least within a
short period of time. Interestingly, genome-wide association
studies (https://www.ebi.ac.uk/gwas/) have linked common ge-
netic variants at the locus of ASAPI, one of the ArfGAPs, to MS.
In addition, another ArfGAP ASAP2 and an ArfGEF cytohesin 1
are suggested to associate with Crohn disease and ulcerative co-
litis, respectively. It should be noted that all of these molecules are
known to regulate both Arfl and Arf6 (2). Future studies will
clarify the impact of therapeutic approach targeting upstream
regulators of the Arf pathway on autoimmune diseases.
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Supplemental Figure 1. Characterization of T-lineage specific Arf-deficient mice.

(A) Arfl conditional deficient mice were generated as described previously (http://www?2.clst.riken.jp/arg/methods.html). Schematic representation of
wild-type genomic locus of ArfI with 4 exons (boxes with 1%, 214, 314 41) "introns (lines) and restriction enzyme sites of Asel are shown. LP and SP
probes for Southern blot analysis of Asel digested genomic DNA are also shown (boxes with LP, SP). Targeting vector containing 2 loxP sites (black
arrowheads) and 2 fit sites (shaded ellipses), a PGK-Neo-polyA cassette (box with neo) for positive selection, and a MC1-DT-A-polyA cassette (box
with DT) for negative selection is represented. Asel site in the PGK-Neo-polyA cassette is also shown. The conditional allele after deleting the
PGK-Neo-polyA cassette by using FLP deleter strain B6-Tg(CAG-FLPe)36, provided by RIKEN (RBRCO01834), is shown as flox allele. The
targeted allele following Cre recombination is shown as KO allele. Genotyping of offspring was performed by PCR with the following primers:
Arfl-cKO-A (green), 5’-GCTTGATCTTCGTAGTGGACAGCAATGAC-3’; Arfl cKO-C3 (red),
5’-TGAGGAAAAGGAAGAATTAGTGGCAGGGAC-3’; Fw-cTV2 (blue), 5’-CGTCTAAGAAACCATTATTATCATGAC-3’. Primer pair of
Arfl-cKO-A and Arfl cKO-C3 yields products of wild-type (249 bp) and floxed (377 bp) alleles, whereas primer pair of Fw-cTV2 and Arfl cKO-C3
yields products of floxed (729 bp) and deleted (190 bp) alleles. (B) Number of total cells in the thymus from 5-7 weeks old control (n=5, black),
Arfl-KO (n=7, blue), Arf6-KO (n=4, green), and Arfl/6-KO (n=5, red) mice. Each symbol represents an individual mouse (mean + S.D.). (C)
Number of total cells in the spleen from the indicated mice as in Fig. 1B. (D) FACS analysis for CD8 and CD4 in the thymocytes from the indicated
mice. Data are representative of four independent experiments. (E) CD4SP (left) and CD8SP (right) thymocyte numbers in the indicated mice as in
(B). Mean + S.D. **p< 0.01. (F) Proportions of TCRB*CD69* cells in DP cells in the indicated mice as in (B) (mean + S.D.). (G) Shown are CD69
and CCR7 expression in thymocytes of the indicated mice. Data are representative of three independent experiments. (H) Proportions of the most
mature cells (CD62LMCD69) in CD4SP and CDS8SP in 5-7 weeks old control (n=5) and Arfl/6-KO (n=5) mice. Each symbol represents an
individual mouse. Mean + S.D. **p< 0.01. (I) Control (CD45.1%) and Arf1/6-KO (CD45.1°) bone marrow cells were mixed at an equal ratio and
transferred into sub-lethally irradiated recipient (RFP*) mice (n=3). Two months after transfer, “Egress Index” was evaluated as the proportion of

splenic CD4* T cells relative to the proportion of thymic CD4SP cells. Mean + S.D.  *p< 0.05, Mann-Whitney U test.
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Supplemental Figure 2. Arf-deficient CD4* T cells in the colonic LP are significantly decreased, but normally migrate into the colon.

(A) Control (CD45.1%) and Arf1/6-KO (CD45.1°) bone marrow cells were mixed at an equal ratio and transferred into sub-lethally irradiated recipient
(RFP*) mice as in Supplemental Figure 11. Two months after transfer, the ratios of MLN or colonic LP CD4" T cells to splenic CD4" T cells gated in
RFP-CD45.17 (control) or RFP-CD45.1- (Arf1/6-KO) were evaluated by FACS analysis. Indicated are the values normalized to control. (B)
Expression levels of a4B7 in the colonic LP CD4" T cells from control (Ctrl, n=5) and Arf1/6-KO (n=7) mice. Each symbol represents an individual
mouse. Mean £+ S.D. **p<0.01. (C) Mixture of CD4" T cells from control (CD45.1%) and Arf1/6-KO mice (CD45.1°) at an equal ratio were

transferred into Rag2”- mice (n=3). After 24 hours, the ratios of colonic LP CD4* T cells between control and Arf-deficient cells were evaluated by

FACS analysis.
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Supplemental Figure 3. Survival and proliferation of Arfl- or Arf6-single deficient CD4* T cells.

(A and B) Control (RFP*) CD4" T cells were mixed with either Arf1-KO (RFP-) or Arf6-KO (RFP-) CD4" T cells and labeled with eF450, followed
by stimulation with 0.1-10 pg/ml plate-bound anti-CD3e mAb along with 1 pg/ml soluble anti-CD28 mAb for 4 days. Shown are representative
FACS plots indicating proportions of control (Ctrl) and either Arf1-KO (upper) or Arf6-KO cells (lower) (A), or eF450 dilution plots of control
(Ctrl) vs Arf1-KO (upper) and control (Ctrl) vs Arf6-KO (lower) (B). Data are representative of at least two independent experiments. (C and D)
Control (CD45.1%) CD8" T cells were mixed with Arf1/6-KO (CD45.17) CD8" T cells and labeled with eF450, followed by stimulation with 0.1 or 10
pg/ml plate-bound anti-CD3e mAb along with 1 pg/ml soluble anti-CD28 mAb for 3 days. Shown are representative FACS plots indicating
proportions of control and Arf1/6-KO (C), or eF450 dilution plots of control (Ctrl) vs Arf1/6-KO (D). Data are representative of at least three
independent experiments. (E) CD4"* T cells from the indicated mice (n=3, each) were activated with anti-CD3& mAb for 4 days, and proportions of
subGl cells were evaluated by FACS. Mean + S.D. **p< 0.01. (F) Mixture of CD4" T cells from control (RFP*) and Arf1/6-TKO mice (RFP-) was
stimulated with anti-CD3¢/anti-CD28 mAbs (TCR) along with or without 50 uM Z-VAD-FMK (+Z-VAD) for 4 days, followed by FACS analysis.
Shown are representative of three. (G and H) Naive CD4* T cells from the indicated mice were stimulated with anti-CD3¢/anti-CD28 mAbs along
with or without IL-21, and analyzed at 48 h by FACS against Bcl-2 (G) or at 96 h by immunoblot against Bim and HSP90 as a loading control (H).
The values indicated are relative density of the band normalized to HSP90. Data are representative of two independent experiments. (I) CD4* T cells

from the indicated mice (n=3, each) were activated with anti- CD3¢/anti-CD28 mAbs for 3 days, followed by evaluation of ROS levels by FACS.
Mean + S.D. **p< 0.01.
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Supplemental Figure 4. Survival and differentiation of Arf-deficient CD4" T cells in vivo.

(A) In vitro-differentiated control (CD45.1%) and Arf1/6-KO (CD45.1°) pathogenic Th17 cells were mixed at an equal ratio (day 0), and transferred
into colitis-induced recipient mice. The ratios of control to Arf1/6-KO cells in the colonic LP of recipient mice were evaluated by FACS on day 7.
Shown are representative of four independent experiments. (B) FACS analysis for CD4" T cells found in the colon or spleen of recipient Rag2”- mice
(n=3) three weeks after transfer with the indicated naive CD4" T cells. Mean + S.D. **p< 0.01. (C) Proportions of IL-17A producing cells in the
splenic CD4" T cells of recipient Rag2” mice (n=3) as in (B) were evaluated by FACS. Shown are proportions of IL-17A" cells in Rag2”~ mice

transferred with Arfl/6-deficient naive CD4" T cells normalized to those found in Rag2”- mice with control. Mean £ S.D.
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Appendiceal adenocarcinoma diagnosed by fine needle

aspiration cytology

Dear Editor,
Appendiceal mucocele is a relatively rare macroscopic lesion that
may be either benign or malignant,l'3 often progressing to perito-
neal pseudomyxoma. Preoperative diagnosis of primary appendiceal
carcinoma is often difficult, and correct diagnoses are rarely made.®
3 Cases of peritoneal pseudomyxoma have been reported in which
peritoneal seeding is suspected by ascites cytology, suggesting the
existence of cancer.® The present case is rare, as the critical diag-
nosis of primary adenocarcinoma in the appendix was made by fine
needle aspiration (FNA) cytology of an appendiceal mucocele. In this
report, the cytological features of primary appendiceal adenocar-
cinoma are described. Although reports of FNA cytology for low-
grade mucinous neoplasms of the appendix have been published,*
the literature contains few reports of cytology for high grade ap-
pendiceal mucinous neoplasms.

An 83-year-old woman noticed right-sided flank pain while bend-
ing forward 1 month prior to visiting our hospital. Computed tomog-

raphy showed a cystic lesion with an irregular wall on the dorsal side

of the cecum continuous from the appendix in contact with the il-
iopsoas muscle. A pale lamellar structure was observed inside the
cystic lesion, suggestive of appendiceal mucocele. On abdominal
ultrasonography, the lesion directly above the dorsal side of the cae-
cum and right above the lumbar muscle was presumed to be localised
in the appendix root and, although it was difficult to visualise the en-
tire appendix, the blind end appeared to partly adhere to the terminal
ileum. A jelly-like substance was collected by FNA of the cystic lesion,
and atypical epithelial cells showing nuclear enlargement, increased
chromatin, a distinct nucleolus, an unevenly distributed nucleus, an
irregular nuclear shape, anisonucleosis, and irregular arrangement
were observed cytologically (Figure 1); glandular-type carcinoma was
strongly suspected. Lower endoscopy revealed a protruding lesion at
the opening of the appendix in which mucin adhered to the centre
and mild ulceration was present. Appendiceal cancer could not be
ruled out, so three biopsy samples were taken. However, biopsy re-
vealed only mild to moderate chronic inflammatory cell infiltration in

the interstitium possibly because of no direct invasion to the cecum

A

FIGURE 1 Cytological findings of aspirates from the appendiceal tumour. A cluster consisting of atypical cells with nuclear enlargement,
increased chromatin, distinct nucleolus, unevenly distributed nucleus, irregular nuclear shape and anisonucleosis. Periodic acid Schiff
reaction is positive suggestive of mucin production. (A: Papanicolaou stain, x20; B: periodic acid Schiff, x20)

FIGURE 2 Histopathological findings of the appendiceal tumour. (A) Moderately differentiated tubular adenocarcinoma mainly in the
mucosal to submucosal layers, massively forming various size of tubules. (B) In the muscular to subserosal layers, marked mucin production
consistent with mucinous adenocarcinoma is seen continuously to tubular adenocarcinoma. (Haematoxylin-eosin stain, A:x4; B: x20)

Cytopathology. 2020;00:1-2.
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mucosa. As a result of performing surgical ileocecal resection based
on a clinical diagnosis of appendiceal mucinous neoplasm, the lesion
was diagnosed as mucinous adenocarcinoma (Figure 2), featuring a
tumour 40 x 31 mm in size, TNM stage pT4a and lyO/ v1 vascular
invasion. Neither invasion nor metastasis in lymph nodes and both
ovaries was noticed at surgery, with histopathological confirmation in
the right ovary and lymph nodes.

Peritoneal pseudomyxoma is a pathological condition in which
gelatine-like mucin primarily derived from mucinous neoplasms
originating in the ovaries and appendices accumulates in the peri-
toneal cavity. Histopathologically, both low- and high-grade cases
have been reported.’® Clinically, it develops as an ascites reser-
voir and can generally be diagnosed by collection of jelly-like con-
tents from the peritoneal cavity or pouch of Douglas aspiration.’?®
Although this condition represents intraperitoneal dissemination
of tumour tissue, metastasis to distant organs is rare and the post-
operative prognosis is moderately good, resulting in many patients
surviving for 5 years or longer.r®> Features of cells aspirated from
appendiceal mucinous neoplasms are similar to ascites cytology,
and the cells are usually small in number and scarce with atypia,
so the probability of a definitive diagnosis is low.* Onion skin sign
is considered to be a characteristic finding of appendiceal muco-
cele on ultrasonic examination®; however, this typical sign may not
be present in high grade mucinous neoplasms, as in the present
case. FNA cytology may have altered the surgical management plan
in this appendiceal adenocarcinoma case. We report here a case
of appendiceal adenocarcinoma that was difficult to diagnose by
biopsy prior to pseudomyxoma peritonei, in which FNA cytology
played a vital role in preoperative diagnosis. It is, of course, im-
portant to deliberate the risk and benefit values of FNA for either
dissemination or early diagnosis.
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Abstract

Aims/hypothesis Low birthweight is associated with a high risk of diabetes, but there are no reports discussing birthweight and
pancreatic tissues in humans. The purpose of this study was to examine the correlation between birthweight and beta and alpha
cell mass in humans.

Methods Sixty-four Japanese adults with and without diabetes who underwent pancreatectomy and were able to recall their
weight history including birthweight were included. Pancreatic tissues were stained for insulin and glucagon, and fractional beta
cell area (BCA) and alpha cell area (ACA) were quantified. Islet size and density and beta cell replication were also quantified and
their associations with birthweight were evaluated.

Results In participants without diabetes, there was a weak positive correlation between birthweight and BCA (R = 0.34, p = 0.03).
The group with a history of childhood obesity, but not the group with a history of obesity in adulthood only, showed higher BCA
compared with those without a history of obesity (1.78 £0.74% vs 0.99+0.53%, p=0.01), and the correlation coefficient
between birthweight and BCA increased after excluding those with a history of childhood obesity (R=10.51, p <0.01). In those
with diabetes, there was no correlation between birthweight and BCA. No correlation was found between birthweight and ACA
in either those with or without diabetes.

Conclusions/interpretation Birthweight and beta, but not alpha, cell mass are positively correlated in non-diabetic adults, and a
history of childhood obesity may affect beta cell mass.

Keywords Alpha cell mass - Beta cell mass - Birthweight - Human pancreas - Islet size - Japanese cohort - Obesity
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Research in context

What is already known about this subject?
(]

Beta cell mass decreases not only in type 1 diabetes but also type 2 diabetes

Beta cell regenerative capacity in response to obesity appears limited in adult humans, while there is wide inter-

individual variation of beta cell mass even among non-diabetic individuals

Infants with low birthweight are reported to be at increased risk of developing type 2 diabetes later in life, a

process referred to as the Developmental Origins of Health and Disease (DOHaD) hypothesis

What is the key question?

capacity for beta cell replication is relatively high?
What are the new findings?

[ ]
non-diabetic adults

Is there any relationship between islet morphology and weight at birth or weight trajectory in childhood, when the

Birthweight and fractional beta, but not alpha, cell area and mean islet size were positively correlated in Japanese

These correlations were not observed in those with type 2 diabetes

A history of childhood obesity may also affect beta cell area and mean islet size

How might this impact on clinical practice in the foreseeable future?

Smaller beta cell mass in individuals born with low birthweight explains, at least in part, the relationship between

low birthweight and high risk of future development of type 2 diabetes. This finding is an important basis for

explaining the DOHaD hypothesis

Introduction

It has been reported that beta cell mass (BCM) decreases
not only in type 1 diabetes but also type 2 diabetes [1-4].
Because the prevalence of type 2 diabetes is increasing
worldwide, it is important to develop a strategy to preserve
and restore BCM.

Normally, the decrease in insulin sensitivity induced by
obesity is compensated for by increasing insulin secretion
to maintain normal glucose tolerance [5]. However, it has
been suggested that, in contrast to rodents, the increase in
BCM in the presence of obesity is relatively small in
humans. In the Europid population, it has been reported
that BCM increases by approximately 20-50% in obese
individuals without diabetes [6, 7], while we have previ-
ously reported that no significant increase in BCM occurs
in obese non-diabetic Japanese adults [3, 8]. We have also
shown that in non-diabetic Japanese individuals, cortico-
steroid administration, which induces insulin resistance,
did not increase BCM [9], suggesting that beta cell regen-
erative capacity is very limited especially in this popula-
tion. However, these studies have evaluated obesity and/or
insulin resistance only in adulthood, when beta cell repli-
cation ability has decreased [6, 8, 10, 11]. In view of the
wide inter-individual variation of BCM even in the non-
diabetic population, exploring the factors that affect BCM

@ Springer
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will have a significant impact on prevention and treatment
strategies in diabetes.

In 1991, Hales et al. showed a negative correlation
between birthweight and the onset of type 2 diabetes
[12]. Subsequently, the Developmental Origins of
Health and Disease (DOHaD) hypothesis has been
proposed: that the risk of developing adult-onset non-
communicable diseases, such as type 2 diabetes, hyper-
tension, dyslipidaemia, ischaemic heart disease and
kidney disease is affected by fetal development [13,
14]. Although the underlying mechanism of the
DOHaD hypothesis has not been fully elucidated, it has
been recently reported that birthweight correlates with
glomerular number in the kidney [15], suggesting that
birthweight affects organ development, which leads to
susceptibility to the future development of diseases.
However, there are no reports examining the relation
between birthweight and pancreatic tissues in humans.

Therefore, in this study, to elucidate the mechanism of
the association between low birthweight and future risk of
type 2 diabetes, we sought to address the following ques-
tions by using pancreatic tissues resected by surgery: (1) Is
there any correlation between birthweight and BCM? (2) Is
there any correlation between birthweight and alpha cell
mass (ACM)? (3) Does a history of childhood obesity
affect them?
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Methods

Participants This study was approved by the Ethics
Committee of Keio University School of Medicine. From
May 2012 to March 2019, 401 patients underwent pancrea-
tectomy at Keio University Hospital. Of those, we included 64
Japanese patients with and without diabetes who could recall
their weight history including birthweight (43 men and 21
women) in this study. The inclusion criteria were: (1) ability
to recall their weight history in childhood and birthweight to at
least 100 g; (2) gave written informed consent; and (3) the
pancreatic tissue contained adequate amounts of normal
pancreas for histological analysis. The exclusion criteria were:
(1) type 1 diabetes; or (2) a functional neuroendocrine tumour
such as insulinoma or glucagonoma. All of the patients with
diabetes had been diagnosed with type 2 diabetes before the
diagnosis of pancreatic disease (mean duration of diabetes 8.8
+5.9 years, Table 1). Some of the participants included in this
study (n =11) have also been included in our prior study [3].

Measurements and questionnaire We obtained information
about the details of pancreatic diseases, surgical procedures,
body height and weight at the time of the operation from
medical records. HbA ., glycated albumin and plasma
glucose levels were extracted from patients’ blood test data.
HbA . was measured by HPLC (HLC723G11, Tosoh, Tokyo,
Japan) and expressed as National Glycohemoglobin
Standardization Program value (%) and International
Federation of Clinical Chemistry value (mmol/mol).
Glycated albumin was measured by an enzymatic method
(Lucica GA-L, Sekisui Medical, Tokyo, Japan).

The participants were asked to answer a questionnaire
about their weight history and family history of diabetes.
The detailed content of the questionnaire was as follows: (1)
birthweight; (2) childhood and adolescent (i.e. early child-
hood, elementary school age, junior high school age and high
school age) weight trajectories divided into five categories
(i.e. very thin, thin, normal, fat, very fat); (3) body weight at
the age of 20 and every decade thereafter; (4) maximum body
weight in life; and (5) first- and second-degree family history
of diabetes. We defined those who selected ‘fat’ or ‘very fat’ at
least once in their childhood and adolescent weight trajecto-
ries as having a history of childhood obesity. All participants
reached their maximum body weight after 20 years.
Adulthood obesity was defined as current BMI of 25 kg/m?
or greater [16], and patients whose maximum BMI was 25 kg/
m? or greater were defined as having a history of adulthood
obesity.

Pancreatic tissue processing Pancreatic tissue resected at oper-
ation was immediately fixed in formaldehyde and embedded
in paraffin for subsequent analysis. Of every four patients who
underwent total pancreatectomy, pancreatic head tissues were
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sampled from two individuals and pancreatic body and tail
tissues were sampled from the other two individuals, because
of differences in surgical method. Then, 5 pm sections were
cut from the tumour-free region and stained for light micros-
copy as follows: (1) with haematoxylin—eosin; (2) for insulin
(peroxidase staining) with haematoxylin; (3) for glucagon
with haematoxylin; and (4) for insulin and Ki67 for assess-
ment of beta cell replication, as previously described [8, 9]
(ESM Table 1). Antigen retrieval for Ki67 staining was carried
out by heat treatment at 120°C in 0.01 mol/l citrate buffer
pH 6.0 using an autoclave instrument for 20 min and cooled
down to room temperature (RT) and moved into PBS.
Quenching of endogenous peroxidase was performed in
0.3% H,0, in methanol, for 10 min at RT and rinsed with
distilled water and then washed three times with PBS for
5 min. These slides were treated with primary antibodies for
3 h at RT and washed with PBS, then treated with peroxidase-
conjugated secondary antibodies for 30 min at RT and rinsed
with PBS. Color development was done using treatment with
3,3'-diaminobenzidine (DAB) or SG Peroxidase Substrate Kit
SK4700 (Vector, Burlingame, CA, USA). Finally,
haematoxylin or nuclear fast red counterstaining was
performed.

Morphometric analysis To quantify fractional beta cell area
(BCA), a single cross-sectional pancreatic section for each
participant was used. The entire pancreatic section containing
~300 islets (total pancreas area 126 + 50 mm?) was imaged at
the original magnification of X200 (x20 objective) using a
NanoZoomer-XR slide scanner and viewed with NDP.view2
software (Hamamatsu Photonics, Shizuoka, Japan), and the
ratio of BCA to total pancreas areca was digitally measured
using Image Pro Premier software (Media Cybernetics,
Silver Spring, MD, USA). Likewise, the ratio of alpha cell
area (ACA) to total pancreas area was also digitally measured,
and the ratio of ACA to BCA was determined in each case. All
measurements were conducted by a single investigator (H.
Sasaki); the inter-observer coefficient of variance was
assessed between H. Sasaki and other colleagues in the labo-
ratory and was approximately 11%; the intra-observer coeffi-
cient of variance was approximately 5%. All measurements
were conducted twice, and the mean of the two measurements
was used. At the time of the measurement, the investigator
was blinded to birthweight, BMI and the glucose metabolism
status for each specimen.

To conduct further morphometric analysis, mean islet size
and islet density were quantified in randomly selected areas of
the pancreas that contained at least 100 islets in each case
(105 £ 5 islets, total 6741 islets, ESM Table 2) using
NDP.view?2 [8, 9]. Furthermore, as surrogate markers of beta
cell turnover, scattered beta cells, insulin-positive duct cells
and beta cell replication (i.e. by double staining with insulin
and Ki67) were quantified. Since the frequency of beta cell
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Table 1 Participant
characteristics

apoptosis was very low, as observed in our prior reports [3, 8,
9], it was not evaluated in this study. Scattered beta cells were
defined as a cluster of three or fewer beta cells in acinar tissue,
and the density of scattered beta cells was determined as the
number of scattered beta cells/pancreas area (/mm?). Insulin-
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Characteristic NDM group DM group Total

N (male/female) 38 (20/18) 26 (23/3) 64 (43/21)
Age, years 61.7+14.3 672+11.2 63.9+133
Current BMI, kg/m? 22.3+3.6 25.1+3.5%% 234+3.8
Maximum BMI, kg/m® 249+40 28.5+£3.8%* 263+43
HDbA ., mmol/mol 38+4 51+ 10%* 43+10
HbA,., % 57+05 6.9+1.0%* 6.2+0.9
Glycated albumin, % * 152+23 18.9+3.5% 17.6+3.6
Plasma glucose, mmol/l ® 6.0+£0.8 7.8+£2.3%* 6.7+1.8
Clinical diagnosis, n (%)

Pancreatic cancer 13 (34) 14 (54) 27 (42)

IPMN 8(21) 4 (15) 12 (19)

Non-functional neuroendocrine tumour 9 (24) 2(8) 11 (17)

Bile duct cancer 3(8) 2(8) 5(8)

Duodenal papilla cancer 1) 1(4) 2(3)

Other © 4 (11) 3(12) 7 (11)

Operative procedure, 1 (%)

Pancreatoduodenectomy 24 (63) 16 (62) 40 (63)

Distal pancreatectomy 12 (32) 8 (31 20 (31)

Total pancreatectomy 2(5) 2 (8) 4 (6)

Birthweight, g 3023 +439 3030£511 3026+ 466
History of obesity, n (%)

Up to adulthood 6 (16) 9 (35) 15(23)
Early childhood 2(5) 4 (15) 6(9)
Elementary school age 4 (11) 4 (15) 8 (13)
Junior high school age 4 (11) 4 (15) 8 (13)
High school age 3 () 8 (31) 11 (17)

Adulthood 15 (39) 24 (92) 39 (61)

Obesity history throughout life 18 (47) 24 (92) 42 (66)

Duration of diabetes, years - 8.8+59 -

Family history of diabetes in 11 (29) 13 (50) 24 (38)
second-degree relative, n (%)

Pancreas histology

BCA, % 1.14+£0.58 0.75+£0.34%* 0.98+0.53

ACA, % 0.25+0.17 0.22+0.10 0.24+0.15

ACA/BCA 0.24+0.12 0.32+0.14* 0.27+0.14

Data are mean £ SD or n (%)

“ Glycated albumin data were obtained from 18 participants

® Timing of blood sampling (i.e. fasting or postprandial) was not determined

¢ Tumour-forming pancreatitis, disseminated sarcoma originating from small intestine, metastatic pancreatic
tumour, solid pseudopapillary neoplasm, serous cystic neoplasm, gastrointestinal stromal tumour and gastric

cancer; n =1 for each
*<0.05, ¥*¥p <0.01 vs NDM

IPMN, intraductal papillary mucinous neoplasm

94

positive duct cells were also counted and expressed as the
number of insulin-positive duct cells/pancreas arca (/mm?).
Frequency of beta cell replication was expressed as the
percentage of islets. Mean beta cell diameter was measured
as a surrogate of beta cell size, as previously described [8].
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Statistical analysis Data are presented as mean + SD in the text
and tables unless otherwise indicated. Mann—Whitney U test
was used to analyse the difference between two groups, and
Spearman correlation coefficient was used to assess the corre-
lation between two variables. All analyses were performed
using SPSS (version 25; SPSS, IBM, Chicago, IL, USA). A
value of p < 0.05 was taken as statistically significant.

Results

Participant characteristics Characteristics of participants with
(DM group, n=26) and without diabetes (NDM group, n =
38) are shown in Table 1 and ESM Table 2. There was no
significant difference in age between the two groups. In the
DM group, HbA ., glycated albumin and plasma glucose
levels, and current and maximum BMI, were significantly
higher than in the NDM group. In both groups, pancreatic
cancer was the most common pancreatic disease and
pancreatoduodenectomy was the most frequent operative
procedure. Mean birthweight was 3026 +466 g, and there
was no significant difference between the groups. In the
NDM and DM groups, 47% and 92% of patients, respectively,
had a history of obesity during their life, and 16% and 35%,
respectively, had a history of childhood obesity.

Effects of diabetes on islet morphology BCA was significantly
smaller in the DM group compared with the NDM group
(0.75+0.34% vs 1.14+0.58%, p <0.01, Table 1, ESM Fig.
1). There was no difference in ACA between the two groups
(0.22+0.10% vs 0.25+0.17%, p=0.98). Thus, the ACA to
BCA ratio in the DM group was higher than that in the NDM
group (0.32+0.14 vs 0.24+0.12, p=0.01).

Islet density was significantly reduced in the DM group
compared with the NDM group (2.69+1.07 vs 3.90+ 1.96
/mm?, p<0.01, ESM Fig. 1). Likewise, the DM group
showed significantly smaller mean islet size than the NDM
group (4505 + 1459 vs 7052 £2663 pum>, p < 0.01).

Birthweight and beta and alpha cell mass In the NDM group,
there was a weak positive correlation between birthweight and
BCA (R=0.34, p=0.03, Fig. 1), but no correlation between
birthweight and ACA (R=-0.13, p=0.43). Thus, a negative
correlation was observed between birthweight and ACA to
BCA ratio in the NDM group (R=-0.50, p<0.01).
However, in the DM group, there was no correlation between
birthweight and BCA, ACA, or ACA to BCA ratio (Fig. 1).

The NDM and DM groups were further classified accord-
ing to the mean birthweight (Fig. 1, ESM Table 3). In the
NDM group, those with birthweight >3000 g showed greater
BCA than those with birthweight <3000 g (1.29 +0.60% vs
0.98 £0.53%, p = 0.04), with no significant difference in indi-
vidual beta cell size (ESM Fig. 2).
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Birthweight and other islet morphology In the NDM group,
birthweight and islet density were not correlated (R=0.13,
p=0.45, Fig. 2), while there was a positive correlation
between birthweight and mean islet size (R =0.46, p<0.01).
Neither islet density nor mean islet size and birthweight were
correlated in the DM group (R=0.13, p=0.52 and R=0.23,
p=0.25, respectively). The NDM group with birthweight
>3000 g showed greater mean islet size (8441 %2692 vs
5510+ 1595 pmz, p<0.01), but not islet density, than the
NDM group with birthweight <3000 g.

Regarding surrogate markers of beta cell turnover (ESM
Fig. 2), a positive correlation was found between birthweight
and density of insulin-positive duct cells in the NDM group
(R=0.39, p=0.02, Fig. 3). The NDM group with birthweight
>3000 g showed an increase in density of insulin-positive duct
cells (0.11 £0.09 vs 0.07 £0.10 /mm?, p = 0.04) and frequen-
cy of beta cell replication (0.82+1.09 vs 0.22+0.53 /100
islets, p =0.04) compared with the NDM group with
birthweight <3000 g.

Effects of current and childhood obesity on islet morphology
There was no correlation between current BMI and islet
morphology including BCA, ACA, ACA to BCA ratio, islet
density and mean islet size in either the NDM or DM group
(ESM Fig. 3). Similarly, maximum BMI and islet morphology
were not correlated in either group (ESM Fig. 4).

To explore the effects of childhood obesity, the NDM
group was divided into three categories, i.e. participants with
a history of childhood obesity (NDM-CO group, n = 6), those
with a history of obesity only in adulthood (NDM-AO group,
n=12) and those with no history of obesity (lean; NDM-LN
group, n =20) (Fig. 4, ESM Table 4). The NDM-CO group,
but not the NDM-AO group, showed greater BCA than the
NDM-LN group (1.78 £0.74% vs 0.99 +0.53%, p=0.01).
The NDM-CO, but not NDM-AO, group also showed greater
mean islet size compared with the NDM-LN group (9759 +
1716 vs 6586 +2259 um?, p=0.01). In the NDM-CO group,
no correlation was observed between birthweight and BCA
(R=-0.60,p=0.21, ESM Fig. 5), and there was no difference
in BCA (1.89+0.40% vs 1.67+1.08%, p=0.51) or mean
islet size (8919 +585 vs 10,599 £2215 um?, p=0.51)
between participants with and without adulthood obesity
(n =3, respectively). Of note, there was no difference in
birthweight among the groups (ESM Table 4).

By contrast, in the DM group, when similarly classified by
history of obesity, no difference in islet morphology was
observed among the three groups (ESM Fig. 6, ESM
Table 5), although there were only two participants in the
DM-LN group.

Correlation coefficient between birthweight and BCA was

increased in participants without a history of childhood
obesity Finally, considering the possibility that a history of

@ Springer



Diabetologia

Fig. 1 Correlation between
birthweight and BCA (a—c), ACA
(d—f), or ACA to BCA ratio (g—i)
in participants with (DM group)
and without (NDM group)
diabetes. Grey and white circles
show DM and NDM participants,
respectively. Bars indicate mean.
*p<0.05, **p <0.01 vs NDM
participants with birthweight
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childhood obesity may affect BCA in the NDM group, we
further analysed the association between birthweight and
BCA after excluding the NDM-CO group (n =32, Fig. 5).
As a result, the positive correlation coefficient between
birthweight and BCA was increased (R=0.51, p<0.01).
The positive correlation coefficients between birthweight
and mean islet size and the density of insulin-positive duct
cells, and the negative correlation coefficient between
birthweight and ACA to BCA ratio were also increased (R =
0.50, 0.45 and —0.53, respectively, all p <0.01). However,
there remained no correlation between birthweight and
ACA, islet density, density of scattered beta cells or frequency

Fig. 2 Correlation between a
birthweight and islet density (a—c) sy =02
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participants with (DM group) and <10 °
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of beta cell replication. The positive correlation between
birthweight and BCA was observed in both sexes (ESM Fig.
7). These results were consistent when only the NDM-LN
group was analysed (n =20, ESM Fig. 8).

Discussion

In this study, we report that: (1) birthweight and BCA, but not
ACA, were positively correlated in Japanese non-diabetic
adults; (2) in these individuals, birthweight and mean islet
size, but not islet density, were positively correlated; (3) these
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correlations were not observed in participants with type 2
diabetes; and (4) a history of childhood obesity, rather than
adulthood obesity, may affect BCA and mean islet size.
Asians are thought to have a lower insulin secretion capac-
ity compared with people of European or African descent
[17]. In previous studies, including ours, neither current
BMI nor maximum BMI in life were correlated with BCA
in Japanese adults [3, 8, 18, 19]. The same results were also
observed in this study, suggesting that Asians lack the capac-
ity for beta cell proliferation to compensate for insulin resis-
tance, compared with other ethnicities [1]. However, these
previous studies only took into account obesity in adulthood.
Although there are conflicting results regarding the associ-
ation between high birthweight and incidence of type 2 diabe-
tes [20-22], infants with low birthweight have been consis-
tently reported to have increased incidence of type 2 diabetes
[12, 23-31], which has been recently proposed as part of the
DOHaD hypothesis [13, 14]. Although there is complex
gene—environment interaction and the mechanisms of the
association between low birthweight and future development
of type 2 diabetes remain uncertain, an involvement of epige-
netic modification has been recently proposed [32, 33].
Recent evidence has suggested that fetal undernutrition causes
epigenetic modifications including DNA methylation, histone
modifications and microRNA interaction, inducing beta cell
dysfunction and insulin resistance in the offspring [32, 33]. It
has been shown that mice with low birthweight are susceptible
to impaired glucose tolerance due to epigenetic control, which
suppresses beta cell proliferation [34]. In this study, we found
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that birthweight and BCA were positively correlated in
Japanese non-diabetic adults, indicating that birthweight is a
major determinant of BCM not only in rodents but also in
humans.

Obesity in adulthood is a well-known risk for the develop-
ment of type 2 diabetes [35]. Although individuals with low
birthweight are at risk of developing type 2 diabetes, it has
been reported that those born with low birthweight and with
obesity in adulthood showed the highest risk of type 2 diabetes
compared with those with normal birthweight and without
adulthood obesity [36, 37], suggesting a significant interaction
between birthweight and adulthood obesity in the incidence of
type 2 diabetes. Taken together, our findings suggest that
smaller BCM in individuals born with low birthweight
explains at least in part the relationship between low
birthweight and high risk of future development of type 2
diabetes.

On the other hand, there was no correlation between
birthweight and ACA in both non-diabetic and diabetic
participants, suggesting that, unlike beta cells, alpha cells
may be less susceptible to epigenetic effects of low
birthweight. Nonetheless, a negative correlation was
observed between birthweight and ACA to BCA ratio in
non-diabetic participants, indicating that people born with
low birthweight show a relative increase in ACM. Future
studies will be needed to explore whether the likelihood of
developing type 2 diabetes in infants with low birthweight
is more attributable to a decrease in BCM or a relative
increase in ACM.
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The second finding of this study was clarification of the
associations of birthweight with islet density and mean islet
size. Analysis of fetal pancreatic tissues has shown that lobular
organisation of the pancreas as well as increase in islet size is
observed from early prenatal stages [38]. A previous report
has shown that BCM and islet size increase from birth to
20 years of age, but density of islets decreases with age [10],
suggesting that new beta cell formation mainly occurs with
increasing islet size. Here we found a significant correlation
between birthweight and mean islet size, but not islet density,
in non-diabetic individuals without a history of childhood
obesity, suggesting that insufficient development of each islet
rather than reduced number of islets is the mechanism of
reduced BCM in people born with low birthweight.

Islet development involves beta cell replication, which is
highest in neonates up to infancy and decreases with age [10,
11]. In this study, although beta cell replication was very rarely

@ Springer

98

observed in adult humans, the frequency of beta cell replica-
tion was significantly lower in those with birthweight <3000 g
than in those with birthweight >3000 g, suggesting the
involvement of beta cell replication in greater islet size.
Another source of beta cells may be insulin-positive duct cells,
whose number was positively correlated with birthweight in
this study. Although beta cell neogenesis and proliferation are
active in the neonate, duct cells are assumed to have the capac-
ity to convert to beta cells even in adulthood [39, 40]. Taken
together, our findings suggest the possibility that the ability of
beta cell production declines during the life course in people
born with low birthweight, also highlighting the role of epige-
netic modification, which is relatively stably transmitted until
adulthood.

The third finding was that no correlation between
birthweight and BCA or mean islet size was observed in
participants with type 2 diabetes. Previous reports have shown
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that BCM declines in type 2 diabetes [ 1-4]. However, it is not
yet known whether the decline in BCM in individuals with
type 2 diabetes is a cause or consequence of the disease in
humans. Our findings indicate that the presence of type 2
diabetes modifies the relationship between birthweight and
BCM, and therefore birthweight is no longer a major determi-
nant of BCM in individuals with type 2 diabetes.

Finally, we confirmed the importance of childhood obesity
as a factor affecting islet morphology. Intriguingly, compared
with non-diabetic participants who did not have a history of
childhood obesity, regardless of the presence or absence of
adulthood obesity, those with a history of childhood obesity
showed significantly larger BCA and mean islet size despite
there being no significant difference in birthweight.
Furthermore, the correlation coefficients between birthweight
and BCA, mean islet size, and density of insulin-positive duct
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cells in non-diabetic participants were further increased by
excluding those with childhood obesity. Although the number
of individuals with childhood obesity was small in this study,
these results suggest that a history of childhood obesity is a
modifier of BCM and islet size. It has been shown that elevat-
ed BMI only in adulthood rather than in adolescence was
associated with development of diabetes [41]. Another study
of Japanese female nurses has also reported an inverse rela-
tionship between BMI at age 18 and the incidence of diabetes
[42]. Furthermore, adolescent low BMI is associated with an
increase in the incidence of gestational diabetes [43, 44]. The
inverse relationship between childhood obesity and diabetes
may be in part explained by the capacity of beta cell expansion
during this age, although it should be noted that an increase in
body weight during childhood remains correlated with an
increased risk of type 2 diabetes, especially in those with
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low birthweight [45]. In addition, whether the poor response
of BCM to obesity in Japanese is attributable to the lower
incidence of childhood obesity in this population [46, 47] is
an intriguing question that needs further clarification.

A limitation of this study is that birthweight and history of
obesity were based on a questionnaire. The average age of
participants in this study was over 60 years, and we were not
able to obtain documented records in childhood. However,
previous studies with respect to birthweight also used ques-
tionnaires to collect information [25-27, 36, 37, 42, 43].
Moreover, we sought to maintain the reliability of the data
by including only those who were able to recall their
birthweight on a scale of at least every 100 g. Second, different
portions of the pancreas were sampled according to the oper-
ative procedure. However, the proportion of endocrine cells
has been shown to be relatively consistent regardless of the
pancreatic site, except for the ventral portion of the pancreatic
head [4]. Furthermore, the results were not changed when we
analysed the cases of pancreatic head and body/tail separately
(ESM Fig. 9). Third, pancreatic diseases might affect islet
morphology; however, the results did not change depending
on whether or not the primary disease was pancreatic cancer in
this study (ESM Fig. 10). In addition, in this study, because of
the presence of pancreatic diseases we were not able to
measure pancreas weight or volume, and therefore actual
BCM, the product of BCA and pancreas weight, was undeter-
mined, although BCA is widely used as a surrogate for BCM.
Thus, difference in pancreas weight might affect our findings,
as reduced pancreas weight has been reported in animal
models of intrauterine growth retardation [48]. Nonetheless,
these limitations and biases described above should make the
correlations or differences between the groups tend towards
zero. Fourth, since all participants of this study were Japanese,
our findings may not be applicable to other ethnicities. Finally,
in our participants, there were only seven participants with
birthweight <2500 g, which is generally considered as low
birthweight [21], furthermore, owing to the nature of the
cross-sectional design of the study, it is unclear whether those
with low BCM would develop type 2 diabetes in the future.
Our findings should be confirmed by future studies including
a larger sample size and multiple ethnicities.

In conclusion, there was a positive correlation between
birthweight and BCM, and birthweight and mean islet size
in Japanese non-diabetic adults. ACM and islet density were
not related to birthweight. A history of childhood obesity and
the presence of type 2 diabetes may be factors affecting BCM
after birth. These findings will be important bases for
explaining the DOHaD hypothesis.
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ABSTRACT

Platinum-based chemotherapy is commonly used as the
standard first-line treatment for unresectable malignant
pleural mesothelioma (MPM). However, in recent times,
immune-checkpoint inhibitors (ICls) have led to a paradigm
shift. Herein, we review relevant literature and ongoing
trials of ICls used as both first-line and salvage therapies.
Specifically, in the Japanese single-arm, phase Il trial, the
MERIT trial, nivolumab, an antiprogrammed cell death 1
(PD-1) antibody showed favorable efficacy when used as
a salvage therapy. Currently, multiple ICl monotherapy or
combination therapy trials have been conducted, which
could provide further evidence. Among available ICls, the
anti-PD-1 antibody is promising for unresectable MPM,
despite the limited efficacy of anti-CTLA4 monotherapy.
Ongoing studies will further confirm the potential efficacy
of ICls for MPM, as observed across other malignancies.
It is also crucial to identify any clinically useful predictive
biomarkers that could reveal ICls with maximal effects in
MPM.

INTRODUCTION

With increasing utilization of asbestos, the
incidence of mesothelioma is considered to
increase worldwide. Asbestos consumption
in the USA has rapidly declined over the last
40 years, which has resulted in a consider-
able decline in mesothelioma incidence.! In
Japan, the number of deaths had increased
from 500 in 1995 to 1550 in 2016. Mesothe-
lioma manifests mainly in the pleura, peri-
toneum and pericardium, although most
commonly in the pleura.”

The major role of chronic inflammation
and local tumor suppression in tumorigen-
esis observed in some experimental models
led to the investigation of immunotherapy
for malignant pleural mesothelioma (MPM) 2
There have been intensive investigations on
the efficacy and safety of immune-checkpoint
inhibitors (ICIs) in the treatment of unresect-
able advanced diseases.! ° Herein, we high-
light relevant study results, as well as designs

and concepts of ongoing studies in both first-
line and salvage settings.

Known biology
Among approximately 400 different mineral
fibers present in nature, six fibers (amphi-
boles fibers (crocidolite, actinolite, tremolite,
anthophyllite and amosite) and serpentine
fiber (chrysotile)) are called as ‘asbestos’.’
They are carcinogenic and have been
associated with mesothelioma.® 7 Further-
more, exposure of the chest to therapeutic
ionizing radiation, usually performed to treat
lymphomas, has been causally linked to meso-
thelioma, especially in young patients.*"
The accumulation of genetic aberrations
can induce malignancies. Recently, The
Cancer Genome Atlas program investigated
genetic alterations in mesotheliomas using
next-generation sequencing (NGS)."" The
results revealed frequent mutations in BAPI,
CDKN2A, NF2, TP53, LATS2 and SETD2."' *
Recently, a considerably higher number of
genetic alterations in mesotheliomas has been
detected than thatdetected by NGS, including
point mutations, minute deletions and copy
number changes.'” '* Furthermore, the vast
array of genetic alterations in mesothelioma
may lead to producing neoantigens, which
correlate with the clonal expansion of tumor-
infiltrating T lymphocytes.ls ' These findings
suggest that, in contrast to the hypotheses
based on NGS studies, mesothelioma may be
immunogenic."”

Rationale for the development of immunotherapy
A hallmark of cancer is immune evasion, in
which the immune system does not mount an
effective antitumor response.16 Programmed
cell death 1 (PD-1) is a negative costimulatory
receptor expressed primarily on the surface
of activated T cells'” '® and is involved in main-
taining peripheral tolerance. The binding of
PD-1 to one of its ligands, PD-L1 or PD-L2,
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can inhibit a cytotoxic T-cell response.19 2 Tumors can
co-opt this pathway to escape T-cell-iinduced antitumor
activity.gl_23

The biology of MPM shows significant heterogeneity in
both tumor and the microenvironment. Several studies,
on T-cell-inhibitory receptors and chemokines, have indi-
cated the prognostic role of lymphocytes and the occur-
rence of immunosuppression in MPM.**% In a melanoma
model, PD-1 blockade increased the proportion of
antigen-specific CTLs that recognized melanoma targets
by degranulation, suggesting increased recognition effi-
ciency for cognate peptide.”® The increased frequency
and absolute number of antigen-specific CTLs by PD-1
blockade resulted from augmented proliferation, and
not decreased apoptosis. These findings have led to the
extensive development of agents blocking immunocheck-
points and their clinical investigation in various malig-
nancies including MPM.

Biomarker in the ICI treatment of MPM
Some sensitive and specific immunohistochemistry
markers including calretinin and WTT1 are used for diag-
nosing mesothelioma.* However, markers for treatment
efficiency have not been established. Generally, PD-L1
expression level is used as the representative maker for
predicting the efficacy of ICIs. In the ICI monotherapy
with the salvage setting in non-squamous cell non-small-
cell lung cancer, the PD-L1 expression level affected the
survival efﬁcacy,27 while its influence was weakened when
combined with platinum-based chemotherapy in the first-
line setting.28

In MPM, 20%-70% of the specimens tested are usually
PD-L1 positive.29 Such a wide range can be attributed to
several factors. It could be because tumors are hetero-
geneous in nature.* It could be partially attributed to
the antibodies used; SP-263 is the most commonly used
antibody,‘%o_32 and the others include clones E1L3N and
28-8.” Furthermore, the histological subtype influences
its frequency; PD-L1 expression is higher in non-epithelial
mesotheliomas.” The cut-off levels of PD-L1 positivity
vary among trials.® Considering that the positive rates
were reported from different small studies with a small
number of accrued patients, the data may be limited and
actual rates of expression have hardly been studied. In
addition to this, whether the ICI efficacy is truly depen-
dent on the PD-L1 expression level is still controversial.

ICls in the first-line settings

The standard treatment for unresectable, advanced
malignant mesothelioma is chemotherapy, although with
a very poor prognosis.36 Similar to its use in non-small-
cell lung cancer,” cisplatin (CDDP) and pemetrexed
(PEM) combination therapy (CDDP/PEM) approved by
the US Food and Drug Administration (FDA) in 2004,
is strongly recommended as the firstline treatment for
mesothelioma.* Moreover, molecularly targeted agents
have been developed to augment cytotoxic chemotherapy.
For instance, a randomized phase III MAPS study showed

that adding bevacizumab to platinum doublets improved
survival (HR of overall survival (OS) and progression-free
survival (PFS): 0.77 (95% CI: 0.62 to 0.95); p=0.0167 and
0.61 (0.50 to 0.75); p<0.0001, respectively).46 However,
this regimen is yet to be approved by the FDA. A double-
blind, randomized, placebo-controlled phase III study,
the LUME-Meso trial of CDDP and PEM with or without
nintedanib, a multikinase inhibitor for unresectable
epithelioid MPM, showed that the primary endpoint,
PFS, was not met."” Even with such an aggressive chemo-
therapy, OS for unresectable mesothelioma remains <12
months.*

Given the limitations in the efficacy of existing cyto-
toxic chemotherapy in MPM and recent advances in
tumor immunology across various malignancies, ICIs
have been investigated for the treatment of unresectable
mesothelioma. A single-arm, Durvalumab with Firstline
Chemotherapy in Mesothelioma study examined treat-
ment efficacy after adding durvalumab, a PD-L1 inhibitor,
to CPPD/PEM, in 54 patients with untreated, unresect-
able MPM* (table 1). PFS (the primary endpoint) at 6
months was 57%, and the objective response rate (ORR)
was 48%, with a median duration of response of 6.5
months. Immune-related adverse events of grade 3 and
higher, occurred in eight patients (15%), including lipase
elevation (n=1), pancreatitis (n=1) and renal impairment
(n=1).

The Canadian Cancer Trials Group haslaunched a phase
II/II study for unresectable MPM, to verify treatment
efficacy following the addition of pembrolizumab, a PD-1
antibody, to the standard CPPD/PEM (NCT02784171)
(table 2). The use of durvalumab as the first-line immu-
nochemotherapy is also under evaluation, sponsored by
PrECOG (NCT02899195). Japanese investigators are also
conducting an exploratory phase II trial, using nivolumab
combined with the standard CPPD/PEM, in patients
with untreated, unresectable MPM.* Furthermore, a
large-scale, randomized phase III study, the CheckMate
743 study is currently investigating the survival advan-
tage of the nivolumab/ipilimumab combination immu-
notherapy, versus platinum/PEM, in 606 patients with
untreated, unresectable MPM (NCT02899299).

Single-agent ICI therapy in the salvage setting

Although the salvage setting is discussed before advance-
ments in the firstline setting, currently available agents
in the salvage setting rarely work in MPM, with a median
survival time (MST) of <6 months.?! Vorinostat, a histone
deacetylase inhibitor, was proven not to have any survival
advantage in a placebo-controlled randomized phase III
trial, the VANTAGE-014 trial,’* without earlier trial result
confirmation.

Thus far, four ICIs have been tested as an immuno-
therapy against relapsed tumors (table 1). A single-
center, single-arm phase II study, the NivoMes trial, with
single-agent nivolumab, an anti-PD-1 antibody showed
that 16 (47%) of the 34 registered patients with recur-
rent MPM achieved disease control at 12 weeks (8 with
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Table 2 Ongoing relevant trials

No of
Primary planned Study
Trial Country Phase RCT Regimen endpoint pts PS start date Registration no
Front-line setting
Canadian group Canada 2/3 Yes Cis- (O] 126 0-1 07/10/16  NCT02784171
pem=+pembrolizumab
CM743 Global 3 Yes  Nivolumab/ipilimumab OS 606 0-1  25/10/16 NCT02899299
Versus p-pem
Pre0505 USA 2 No Cis-pem/durvalumab  OS 55 0-1 13/06/17 NCT02899195
JME-001 Japan 2 No Cis-pem/nivolumab OR 18 0-1  20/01/18  UMINO00030892
Salvage setting
Confirm UK 3 Yes  Nivolumab versus oS 336 0-1  28/03/17 NCT03063450

placebo

Cis-pem, cisplatin and pemetrexed; OS, overall survival; p-pem, platinum (cisplatin or carboplatin) and pemetrexed; PS, performance

status; pts, patients; RCT, randomized controlled trial.

partial response (PR) and 8 with stable disease (SD)) 2 n
this population, PD-L1 expression did not predict treat-
ment responses. A Japanese single-arm phase II study,
the MERIT study, also examined the efficacy and safety
of nivolumab monotherapy in 34 patients with MPM with
a history of prior chemotherapy.” The primary endpoint,
ORR, was 29% (10/34), which was dependent on tumor
PD-L1 expression, with an ORR of 40% and 8% when
PD-L1 expression was 21%and <1%, respectively. The
median PFS and MST were 6.1 and 17.3 months, respec-
tively. Twenty-six patients (76%) experienced treatment-
related adverse events (TRAESs). In essence, these results
led to the approval of nivolumab in Japan for unresect-
able recurrent pleural mesothelioma.

A single-agent pembrolizumab, anti-PD-1 antibody
trial (KEYNOTE-028) demonstrated that 5/25 (20%) of
previously treated patients with MPM achieved PR, while
13 (52%) had SD, with no treatmentrelated deaths or
discontinuations.” The Chicago group also conducted a
pembrolizumab monotherapy phase II trial in 65 patients
with pretreated mesothelioma.” Nineteen per cent of the
patients achieved PR, without unexpected AEs. The ORR
was associated with PD-L1 expression; 7%, 26%, and 31%
in patients harboring tumors with PD-L1-expression level
of <1%, 1%-49% and 250%, respectively. The study also
showed a median PFS and OS of 4.5 and 11.5 months,
respectively.

With avelumab, a human anti-PD-L1 IgG, antibody, a
phase Ib monotherapy trial (JAVELIN) was conducted in
53 patients with pretreated malignant mesothelioma.””
Despite the 9% response in the whole cohort, ORR
seemed different, stratified by the PD-L1 expression
level in patients with PD-L1-positive (19% (3 of 16)) vs
PD-Ll-negative tumors (7% (2 of 27)), considering a 25%
PD-L1 cut-off. The median PFS was 4.1 months, whereas
the MST extended to >10 months. Five patients (9%) had
grades 3—4 TRAEs, without treatment-related deaths.

Tremelimumab, an anti-CTLA4 antibody, was also evalu-
ated in a salvage setting. In Europe, two single-arm, phase

II monotherapy trials showed preliminary efficacy, with
an ORR of 3%-7%.58% Following these trials, a random-
ized phase IIb study, the DETERMINE study, revealed
that tremelimumab failed to significantly prolong OS
compared with that of placebo, in 571 patients with previ-
ously treated malignant mesothelioma. The MST showed
no difference between treatment groups, with 7.7 and 7.3
months in the tremelimumab and placebo arms, respec-
tively (HR 0.92, 95% CI 0.76 to 1.12).%

ICI combination therapy in salvage settings

Given that enhanced immunogenicity can be achieved by
combining PD1 or PDLI1 and CTLA4 inhibitors,3 several
studies evaluating the combination of anti-CTLA-4 and
anti-PD-[L]1 antibodies have been reported. A phase II
study, the NIBIT-MESO-1 trial, investigated an ICI combi-
nation of tremelimumab and durvalumab for unresect-
able mesothelioma.” Subjects who had refused first-line
platinum-based chemotherapy, or subjects with disease
progression after a maximum of one line of platinum-
based therapy, were enrolled. Eleven (28%) of 40 patients
had an immune-related objective response. The median
PFS and MST were 5.7 and 16.6 months, respectively.
Baseline tumor PD-L1 expression did not correlate
with the immune-related objective response, and seven
patients (18%) had grades 3—4 TRAEs.

A combination therapy of nivolumab and ipilimumab,
over nivolumab monotherapy, was examined in a random-
ized phase II trial (IFCT MAPS2).”! A total of 125 patients
with relapsed MPM were allocated to the combination
therapy or monotherapy arm. Disease control rate (DCR),
set as the primary endpoint, was 50% and 44%, whereas
the ORR was 28% and 19%, respectively. As expected, the
combination therapy had an increased risk of AE, with
grades 3—4 of 26% and 14%, respectively. Three (5%) of
62 combination group patients had toxicities that led to
death (hepatitis, encephalitis and acute kidney failure).
When restricted to high PD-L1 tumors (>25%), either of
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the regimens seemed effective, with ORRs of 63%-71% in
the post hoc analyses.

Similar to this MAPS2 trial, a single-arm study, the
INITIATE study,32 evaluated the efficacy of nivolumab
and ipilimumab in mesothelioma refractory to at least
one line of platinum-based chemotherapy. Of the 34
patients included in efficacy assessment, 10 (29%)
attained PR and 13 (38%) attained SD, resulting in a DCR
(primary endpoint) of 68%. Despite the smallerscale,
non-randomized design, this study could reproduce the
tolerance and efficacy results obtained from the MAPS2
trial. It also showed a relationship between tumor PD-L1
expression and the efficacy of this combination therapy.

Based on the aforementioned completed trials, several
MPM trials are either ongoing or being initiated. The
most pivotal is the one initiated by Cancer Research
UK: a randomized, double blind placebo controlled
CONFIRM trial of nivolumab versus placebo in patients
with relapsed mesothelioma (NCT03063450). A total of
336 patients will be recruited from 25 institutes in the UK
over a 4-year period. All patients will be treated for 12
months, except in situations of progress or withdrawal. It
will be intriguing if this reproduces the Japanese MERIT
study results.”

Overall, anti-PD-1 antibodies exhibited promising
results when used alone as a salvage therapy after the first-
line chemotherapy.”

Unresolved, unmet needs for MPM ICI therapy

Compared with clinical trials targeting other malig-
nancies, the majority of prior MPM trials employed
‘small-scale’ and ‘single-arm’ designs, and their primary
endpoints were set at only ORR or DCR. No clear
survival advantage of ICI has been demonstrated through
randomized trials. This is mainly because of the extremely
small patient population, and mostly exploratory-type
trials.? However, favorable responses and survival data
could be observed across the studies, which are better
than historical data. Considering the current limita-
tions of treatment options in the salvage setting, ICI is
now a potential rational and medically useful option for
patients with unresectable, relapsed MPM, in the absence
of any contraindications. Undoubtedly, well-designed
randomized trials provide accurate and consistent data
(ie, CONFIRM trial (NCT03063450); table 2). The accu-
mulation of forthcoming relevant data through ongoing
clinical trials is important for establishing better ICI use
in daily practices.

Among toxicities induced by ICIs, pulmonary toxicity
has to be properly managed, as it can be one of the most
common causes of ICI-related death. The most common
lung toxicity observed in patients receiving ICI treatment
is pneumonitis.61 In our review, as shown in table 1, it
occurred in 2%-12% of the patients (median; 6%) in all
the trials evaluating ICIs. This seemed almost consistent
with that observed in other cancers. The patterns of onset
and severity may also vary, and MPM often has charac-
teristics of limited reserve in pulmonary function at the

baseline. These findings suggest the importance of vigi-
lance and rapid response. Thus, physicians still should
recognize that the diagnosis of pneumonitis is particularly
challenging and failure to detect and treat pneumonitis
in a timely manner could lead to poor clinical outcomes.

Another unmet need is the identification of predictive
biomarkers of ICI effects. Compared with other malig-
nancies, progress in mesothelioma biomarker research
is limited. Some of the single-arm ICI studies reveal
the correlation between responses and higher PD-LI
expression. However, as insufficient survival data were
generated, more established outcome data are needed
to confirm the value of PD-L1 immunohistochemistry
as a predictive biomarker for the OS effect. Recently,
the tumor mutational burden (TMB) analysis using
the whole exosome sequence has garnered attention in
nivolumab therapy.62 Moreover, in lung cancer, no associ-
ation between TMB and PD-L1 expression was revealed.®
Rather, a combination of them would be of value as a
predictive biomarker. Nevertheless, only a few precise
biomarkers for ICI efficacy assessments seem to exist in
MPM clinical trials, besides PD-L1 expression. Further
development of new biomarkers is also required for unre-
sectable mesothelioma.

A majority of patients diagnosed with untreated, unre-
sectable mesothelioma exhibit all expected symptoms at
the initial presentation, and thus, do not meet the eligi-
bility criteria to participate in clinical trials. Therefore,
study results have to be interpreted cautiously, taking
into consideration how each of them can be applied per
in-care patient, during daily clinical practices.

In the future, more novel immunotherapy results will
be made available, which could possibly lead to further
drastic changes in unresectable MPM treatment. Our
goal is to carefully evaluate any relevant information and
deliver better patient treatment.

CONCLUSIONS

MPM prognosis has been poor with the standard platinum
chemotherapy. Recently, in the salvage setting, anti-PD-1
antibodies yielded favorable ORR. Nivolumab is approved
for use in Japan. Ongoing studies will further confirm the
potential efficacy of ICIs for MPM, as observed across
other malignancies. It is also crucial to identify any clin-

ically useful predictive biomarkers that could reveal the
ICIs with maximal effects in MPM.
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ABSTRACT

Introduction: Platinum-based chemotherapy is the current first-line standard therapy for unresectable
malignant pleural mesothelioma (MPM). Recently, immune-checkpoint inhibitors (ICl) have been inten-
sively investigated as treatment options for this disease. Nivolumab, an anti-programmed cell death
(PD)-1 agent, was one of the first drugs used and is representative of available ICls.

Areas covered: This review discusses previous relevant reports and current ongoing trials of nivolumab.
The efficacy and safety of nivolumab have been investigated mostly in second-line or later treatment
settings as both monotherapy and in combination with other ICls. Particularly, nivolumab monotherapy
yielded promising efficacy with an objective response rate of 29% and median overall survival of
17.3 months in salvage settings in the single-arm, Japanese phase 2 trial (MERIT). Notably, the study
led to Japanese approval of nivolumab for unresectable recurrent MPM. Several trials with monotherapy
or cotherapy with nivolumab have commenced, including randomized trials of nivolumab monotherapy
vs. placebo in the salvage setting, and cotherapy with nivolumab and ipilimumab vs. the platinum
doublet in the frontline setting.

Expert opinion: Nivolumab seems like a reasonable option for unresectable, relapsed MPM despite the
lack of randomized trial data. Ongoing pivotal trials will confirm its efficacy.
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1. Introduction Various types of tumor cells have been shown to exhibit upre-
gulated PD-L1 expression levels, which enables them to escape
the immune response and keep proliferating [11]. Based on this
background knowledge, anti-CTLA4, PD-1, and PD-L1 antibodies
have been widely developed against various advanced malig-
nancies. In this review, among the available immune-checkpoint
inhibitors (ICl), we specifically discuss nivolumab, which blocks
the PD-1 receptor, focusing on relevant previous trial reports and
ongoing trials of unresectable MPM both in the first-line and
salvage settings.

Malignant pleural mesothelioma (MPM) is a rare and aggressive
malignancy that occurs in the mesothelial surface of the pleural
and peritoneal cavities, and the pericardium [1]. The disease is
closely associated with asbestos exposure and approximately
80% of MPM cases are caused by occupational or environmental
exposure [2-6]. Despite policies banning asbestos use in Western
countries, MPM has continued to increase in many countries
where asbestos is still extensively used. It is expected that
500,000 new cases of MPM will be diagnosed in men with
occupational exposure in Europe alone [7]. The prognosis of
MPM is poor, with a median survival time (MST) of 18 months
and a 5-year overall survival (OS) rate of < 5% [8]. In particular,
those with unresectable, advanced disease at the initial presen-
tation characteristically have a worse prognosis than patients in
earlier stages. This disappointing outcome is principally due to
the lack of efficient screening methods and effective systemic
therapy [9,10]. Therefore, innovative agents are urgently antici-
pated and required.

The role of peripheral immune tolerance with the co-
inhibitory immune-checkpoint molecules cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1
(PD-1) and its ligand (PD-L1) have been extensively investigated.
PD-L1 is a transmembrane protein that binds to PD-1 and is
expressed on cytotoxic T cells and other immune cells [11,12].

2. Basic information on nivolumab

Nivolumab is a human monoclonal antibody (HUMAb; immu-
noglobulin G4 [IgG4]-S228P) that targets the PD-1 cluster of
the CD279 cell surface membrane receptor [13,14] (See Box 1).
Nivolumab is expressed in Chinese hamster ovary cells and is
produced using standard mammalian cell culture and chroma-
tographic purification technologies. The agent was approved
for the treatment of several types of tumors in various coun-
tries including the United States of America and Japan in 2014
and the European Union in 2015.

The interaction of PD-1 with its ligands, PD-L1 and PD-L2,
can be blocked by nivolumab, leading to enhanced T-cell
proliferation and interferon (IFN-y) release in vitro [15].
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Nivolumab binds with high affinity to activated human T-cells
expressing cell surface PD-1 and cynomolgus monkey PD-1.
Through a mixed lymphocyte reaction, nivolumab enhances
reproducible IFN-y release in a concentration-dependent man-
ner [16].

In a population pharmacokinetic model, the overall distri-
butions of nivolumab exposure are comparable after treat-
ment with either 3 mg/kg or 240 mg nivolumab. The
predicted range of nivolumab exposure following a 240 mg
fixed dose across a 35 to 160 kg weight range is maintained
well below corresponding exposure to the well-tolerated
10 mg/kg biweekly dosage of nivolumab. That is why a flat
dose has been adopted in more recent nivolumab clinical
trials.

The clinical activity and safety of nivolumab have been
evaluated in patients with various malignancies including
melanoma, non-small cell lung cancer (NSCLC), renal cell car-
cinoma, classical Hodgkin lymphoma, urothelial carcinoma,
and head and neck carcinoma as a monotherapy or in combi-
nation with chemotherapy, targeted therapies, and other
immunotherapies. In contrast, in mesothelioma, the clinical
establishment of nivolumab has progressed slowly mainly
because of the extremely small patient population and the
difficulty associated with their accrual into relevant trials.

3. Nivolumab in the first-line setting

Patients with unresectable disease are often treated with sys-
temic cytotoxic chemotherapy not as a cure but for disease
management. Currently, the doublet chemotherapy of cispla-
tin and pemetrexed, antifolates, is the standard regimen for
patients with frontline, unresectable MPM [17], followed by
the regular approval in NSCLC [18-25]. However, the efficacy
of this regimen is limited, with an objective response rate
(ORR) of up to 30-40%, and some cancer-related symptoms
can be relieved with the therapy, while the median OS is
approximately 1 year in this disease setting [26].

Platinum agents can enhance the effector immune
response through modulation of PD-L1 [27]. The observed
encouraging results might extend ICl use to first-line treat-
ment of MPM, particularly in combination with the standard

Table 1. Relevant nivolumab trial results in the salvage setting.

platinum-based chemotherapy. Based on this background
knowledge, ICIs have been tested in untreated, unresectable
mesothelioma. Unfortunately, to date, no nivolumab trials
have been reported (Table 1), while the potential benefit of
adding durvalumab, a PD-L1 inhibitor, to the cisplatin and
pemetrexed standard regimen was tested in 54 patients with
untreated, unresectable MPM [28]. The study showed promis-
ing results and the primary endpoint of progression-free sur-
vival (PFS) at 6 months was 57%, with an ORR of 48% and
median duration of response of 6.5 months.

In parallel with this promising trial, in January 2018 we
commenced a phase 2 trial of nivolumab as a third agent in
combination with the standard chemotherapy of cisplatin and
pemetrexed for untreated, unresectable MPM [29] (Table 2).
The primary endpoint is centrally reviewed ORR, while the
secondary endpoints are disease control rate (DCR), OS, PFS,
and adverse events (AEs). This is an exploratory trial with
a target enrollment of 18 Japanese patients with good perfor-
mance status.

As a different approach, the survival advantage of frontline
combination immunotherapy with nivolumab and ipilimumab
over platinum and pemetrexed is currently under investiga-
tion in 606 patients with unresectable MPM. This is the indus-
try-sponsored, large-scaled, randomized phase 3, CheckMate
743 study (NCT02899299), initiated in October, 2016, with an
estimated completion date of 15 April 2022.

4, Single-agent nivolumab in the salvage setting

No systemic treatment has been proven effective for mesothe-
lioma refractory to first-line platinum doublet therapy in ran-
domized clinical trials. Although multiple systemic therapeutic
options have been investigated, there has been little progress
[30]. Cotherapy with vinorelbine or gemcitabine or re-
challenge with platinum therapy is often chosen in clinical
practice, but is rarely effective [31,32]. Therefore, this challen-
ging situation has created the most reasonable clinical setting
for developing new treatment strategies using ICls.

Currently, four ICls have been tested in the second-line or
later setting, including nivolumab as a monotherapy or in com-
bination with other ICls. Single-agent nivolumab was evaluated

Trial Year Phase RCT Drug Primary endpoint No. ORR mPFS (mo) MST (mo) Ref.

MERIT 2018 2 No Nivolumab OR 34 29% 6.1 17.3 [34]

NivoMes 2018 2 No Nivolumab DCR 34 24% 2.6 11.8 [33]

MAPS2 2019 2 Yes Nivolumab/ipilimumab DCR 62 28% 56 159 [36]
Nivolumab 63 19% 4.0 11.9

INITIATE 2019 2 No Nivolumab/ipilimumab DCR 34 29% 6.2 NR [37]

Abbreviations: RCT; randomized controlled trial, ORR; objective response rate, mPFS; median progression-free survival, MST; median survival time, DCR; disease

control rate, OS; overall survival, NR; not reached.

Table 2. Ongoing relevant nivolumab trials.

Primary No. of
Trial Country  Phase  RCT Setting Regimen endpoint  planned pts  Study start date Registration No.
CM743 Global 3 Yes Frontline  Nivolumab/ipilimumab vs. p-pem 0S 606 25/10/16 NCT02899299
JME-001 Japan 2 No Frontline  cis-pem/nivolumab OR 18 20/01/18 UMIN000030892
CONFIRM UK 3 Yes Salvage Nivolumab vs. placebo 0s 336 28/03/17 NCT03063450

Abbreviations: RCT, randomized controlled trial; pts, patients; cis-pem, cisplatin and pemetrexed; p-pem, platinum (cisplatin or carboplatin) and pemetrexed; OS,

overall survival; OR, objective response.
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in a single-center, single-arm phase 2 trial (NivoMes) for patients
with recurrent MPM [33]. The study revealed a DCR at 12 weeks,
set as the primary endpoint, of 47% (16 of 34), including eight
partial responders [33], while PD-L1 expression failed to predict
responses in this population. The median PFS and MST were 2.6
and 11.8 months, respectively, and nine (26%) patients devel-
oped grade > 3 treatment-related AEs, including gastrointestinal
disorders and pneumonitis. The investigators documented that
single-agent nivolumab had meaningful clinical efficacy and
a manageable safety profile in previously treated patients
with MPM.

Japanese investigators conducted the single-arm phase 2
MERIT study, assessing the efficacy of nivolumab monotherapy
in 34 previously treated patients with pleural MPM [34]. The
primary endpoint was centrally defined ORR while AEs, PFS,
and OS were also evaluated. The ORR was 29% (10/34, 95%
confidence interval [Cl]: 16.846.2), which was clearly affected
by PD-L1 expression level, with an ORR of 40 and 8% in PD-
L1 = 1% and <1%, respectively. The ORR also seemed to be
differently stratified by histologic subtypes: 26%, 67%, and
25% for epithelioid, sarcomatoid, and biphasic histologies,
respectively. The survival data were also favorable with med-
ian PFS and MST of 6.1 and 17.3 months, respectively while 26
patients (76%) experienced treatment-related AEs. The results
of this study led the Japanese government to approve nivo-
lumab monotherapy for unresectable recurrent MPM.

5. Combination nivolumab and anti-CTLA-4
antibody in the salvage setting

Assuming that combining ICIs can enhance their upregulation
of tumor immunogenicity [35], the combination of an anti-
CTLA-4 antibody with nivolumab was investigated in several
clinical trials. A randomized phase 2 trial (IFCT MAPS2) evalu-
ated the benefits of a combination of nivolumab and ipilimu-
mab over nivolumab monotherapy in MPM progression after
first-line or second-line pemetrexed and platinum-based treat-
ments (Supplemental Figure 1) [36]. A total of 125 relapsed
MPM patients were allocated to the cotherapy or monother-
apy arm. The primary endpoint of disease control at 12 weeks
in the first 108 patients was met in both groups: 27 (50%, 95%
Cl: 37-63) of 54 in the combination arm and 24 (44%, 95% Cl:
31-58) of 54 patients in the monotherapy arm reached cen-
trally assessed disease control at 12 weeks. The efficacy of
both regimens was enhanced especially in high PD-L1-
expressing tumors (>25%), with an ORRof 63% to 71%.
Sixteen (26%) of 61 patients in the combination arm and
nine (14%) of 63 in the monotherapy arm had grade > 3
toxicities, and the most frequent were hepatic injury, asthenia,
and lipase increase. The authors concluded that nivolumab
monotherapy or nivolumab plus ipilimumab cotherapy both
showed promising activity in relapsed patients with malignant
pleural mesothelioma, without unexpected toxicity.

In addition to the MAPS2 trial, the efficacy of nivolumab
plus ipilimumab was also investigated in the single-arm, phase
2 INITIATE trial in patients with mesothelioma refractory to
platinum-based chemotherapy [37]. The primary endpoint was
also set as disease control at 12 weeks. Thirty-four patients
were evaluable for the response assessment at 12 weeks, and
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10 (29%) and 13 (38%) achieved partial response (PR) and
stable disease (SD), respectively, resulting in a DCR of 68%
(23/34, 95% Cl: 50-83). Notably, this study showed similar
safety and efficacy results to those of MAPS2 trial [36,37].
This study also showed the association of tumor PD-L1 expres-
sion with the efficacy of the cotherapy. The most common AEs
were skin disorders, infusion-related reactions, and fatigue.
Grade 3 treatment-related AEs were reported in 12 (34%) of
the 35 patients.

Along with these reported trials, UK investigators have
commenced a randomized, placebo controlled, double blind
trial (CONFIRM) comparing nivolumab monotherapy with
a placebo in the salvage setting (NCT03063450). The study
will recruit 336 patients with mesothelioma who have
a history of at least one prior line of treatment at 25 institutes
in the UK over a 4-year period. All patients are to be treated
for 1 year. The primary endpoint is set as OS while the sec-
ondary endpoints are ORR, safety, and patient-oriented out-
come. The actual study start date was 28 March 2017, and the
estimated study completion date will be July 2021.

6. Conclusion

We have reviewed clinical trial results and ongoing trials
related to nivolumab therapy in unresectable MPM. In the
frontline setting, the addition of nivolumab to standard cyto-
toxic chemotherapy is being investigated to overcome the
current poor prognosis. With the expectation of enhancing
tumor immunogenicity, the combination of anti-CTLA-4 anti-
body and nivolumab is also under investigation. In the salvage
setting, the single-arm, phase 2 MERIT trial showed a favorable
ORR of 29% [34], leading to the approval of nivolumab mono-
therapy in Japan. Other trials have also successfully demon-
strated similar efficacy of this agent. Although, to date, no
randomized trials have demonstrated a robust survival advan-
tage of nivolumab over other therapies, ongoing pivotal trial
may confirm its efficacy.

7. Expert opinion

Nivolumab has been extensively evaluated for efficacy and
safety in treating unresectable MPM (Table 2) [33,34,36,37],
similar to investigations conducted in other malignancies
[38]. However, in contrast to trials of other tumors, MPM trials
were often designed as single-arm studies with small sample
sizes and OS or PFS was not set as the primary endpoint
[33,34,36,37]. Thus, in terms of activity, it is still unknown
whether nivolumab monotherapy possesses true survival
advantage over other therapies because of the insufficient
efficacy data.

However, the following critical points should be considered
a focus: 1) single-agent pembrolizumab, another PD-1 anti-
body, also showed an ORR of approximately 20% with MST of
12 to 18 months; 2) no clearly effective agents are currently
available in the salvage setting; and 3) the ORR in the MERIT
study was better than that in studies of other malignancies
(i.e. ORR of 19%-20% in the study of nivolumab monotherapy
for recurrent NSCLC [39,40]). Thus, some, but not all patients
could benefit substantially from anti-PD-1 antibodies in the
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Box 1. Drug summary box.

Drug name Nivolumab (OPDIVO)
Phase Approved
Indication
Japan.
Pharmacology See the previously published review article [35].
description
Route of Intravenous infusion

administration
Chemical structure See the previously published review article [35].

Pivotal trial

OPTIVO is indicated for the second - or later-line treatment of mesothelioma by the Ministry of Health, Labor and Welfare of

The MERIT study [34], a single-arm, Japanese, phase Il clinical trial of nivolumab in the treatment of patients with malignant pleural

mesothelioma in the second- or third-line setting. The study showed nivolumab monotherapy showed activity. This directly led to the
approval of nivolumab for mesothelioma treatment in Japan.

salvage setting. Moreover, based on the low incidence of
mesothelioma, we assume that the approval based only on
the results of single-arm phase Il clinical trials is reasonable,
making the agent available to more patients.

However, it is important to note that after approval, the
activity of nivolumab should be cautiously reevaluated
through post-market surveillance and relevant research with
larger study populations. In addition, verification of the
approval in large-scale randomized trials is essential, and it is
worth paying special attention to the expected results of the
CONFIRM trial (NCT03063450). Whether the Japanese MERIT
study results would be reproduced by this trial is of great
interest [34].

In addition, Mansfield and colleagues stressed the impor-
tance of using contemporaneous synthetic control groups to
develop surrogate/predictive markers for efficacy [41]. Such an
approach would herald the next potential trend of strategies
for designing clinical trials of ICls in the treatment of rare
malignancies including mesothelioma.

Similarly, in other malignancies including melanoma, renal
cell carcinoma, and NSCLC [42], cotherapy with nivolumab and
ipilimumab may also have a potent survival advantage even in
untreated, unresectable MPM. Consequently, the Checkmate
743 trial (NCT02899299) may directly change the existing
treatment strategy in the frontline setting. Further accumula-
tion of forthcoming relevant data is strongly needed to
improve the use of ICIs in daily clinical practice. Ongoing
relevant studies are currently strongly expected to further
confirm the role of immunotherapy in several disease settings,
in addition to MERIT study results, hopefully leading to
changes in the current historical prognosis of mesothelioma.
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Abstract

Objectives: In Japan, benign asbestos pleural effusion (BAPE) has been eligible for
industrial accident compensation since 2003 as an asbestos-related disease despite
the lack of good criteria. We compiled a criteria into a checklist of essential items and
for excluding other diseases inducing pleural effusion as a diagnosis process.
Method: Thoracentesis was performed in order to confirm the presence of pleural ef-
fusion at the initial diagnosis, and 105 suspected BAPE patients were retrospectively
examined. We complied a checklist comprising the following diagnostic items: (a)
occupational asbestos exposure; (b) confirmation of exudate of pleural effusion; (c)
exclusion of pleural effusion with malignant tumors based on negative results of
CEA and hyaluronic acid, and cytology of pleural effusion; (d) exclusion of rheu-
matic, bacterial, and tuberculous pleuritis; (d) radiological findings for exclusion of
malignancies; and (e) histopathological findings based on thoracoscopy that exclude
malignancies (when thoracoscopy was not performed, there was confirmation that no
malignancies were present during 3-month follow-up observation). Cases that satis-
fied all items were defined as BAPE.

Results: Among the 105 suspected cases, there were five cases that had no occupa-
tional asbestos exposure; six cases in which transudate of on pleural effusion; one
case each of rheumatoid pleuritis and tuberculous pleuritis; and five cases of pleu-
ral mesothelioma based on chest radiography and histopathological findings within
3 months after initial diagnosis. Therefore, we excluded 18 cases from the 105 can-
didates and determined 87 cases of BAPE.

Conclusion: We consider that six items described above are suitable for diagnosing
BAPE.
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benign asbestos pleural effusion, exudative, occupational asbestos exposure, pleural mesothelioma,
pleural plaques
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1 | INTRODUCTION

Benign asbestos pleural effusion (BAPE) is a non-malignant
pleural lesion induced by asbestos exposure, which is also
known as asbestos pleuritis. Eisenstadt' reported BAPE as a
new disease concept for the first time in 1964, and BAPE typ-
ically presents unilaterally and with a small volume of pleural
effusion.

Epler et al” reported diagnostic criteria such as (a) asbes-
tos exposure, (b) presence of pleural effusion by chest radio-
graph or thoracentesis, (c) no other causes except asbestos
exposure, and (d) no appearance of malignancy during a pe-
riod of 3 years from diagnosis. These criteria were generated
for prospective epidemiological observation, and clinical fol-
low-up for 3 years was set in order to exclude pleural meso-
thelioma. Hillerdal et al® showed that clinical follow-up for
only 1 year is sufficient if precise checking is followed by
diagnostic imaging such as chest computed tomography (CT)
scanning in 1989. However, other new criteria have not been
proposed since. Therefore, we cannot compare with standard
data described the previous studies.

It is speculated that the pathogenic mechanism of BAPE is
mechanical irritation of the visceral pleura by asbestos fibers,
obstruction of the lymphatic drainage of the parietal pleura
induced by pleural fibrosis,* or autoimmunity due to the ad-
juvant effect of asbestos fibers.? However, the true mecha-
nism has not yet been established. It may be defined that the
inflammation of visceral pleura induced by asbestos fibers
induces BAPE.

In Japan, BAPE was approved in 2003 as an asbestos-re-
lated disease for industrial accident compensation. However,
this compensation to BAPE patients was judged despite the
lack of diagnosis criteria. It is suspected that some patients
with BAPE have been overlooked because there are no diag-
nostic criteria for BAPE. Therefore, we examined retrospec-
tively the diagnosis of BAPE based on occupational history,
pleura, chest images, and laboratory data of pleural effusion
together with data from reported BAPE patients.ﬁ"8 We then
established a diagnosis manual for BAPE, and report the
findings.

2 | MATERIALS AND METHODS

From 2012 to December in 2019, 105 patients who were di-
agnosed with BAPE at the initial diagnosis at the Okayama
Rosai Hospital, Toyama Rosai Hospital, Yokohama Rosai
Hospital, and Tohoku Rosai Hospital in Japan, were exam-
ined retrospectively, and the validity of the diagnosis was
investigated. These cases were diagnosed as BAPE at the ini-
tial diagnosis based on data from laboratory and radiological
findings. However, we reinvestigated these cases based on
a checklist of proposed new criteria, and some cases were
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deemed to be diagnosed incorrectly. Therefore, the remain-
ing cases were diagnosed definitely as BAPE. It was made
clear that BAPE should be diagnosed based on these proce-
dures containing these exclusion items.

We complied a checklist for diagnosing BAPE as given in
Figure 1, and judged retrospectively the validity of the diag-
nosis depending on this checklist for the 105 cases who were
diagnosed as BAPE at the initial diagnosis. The checklist was
basically complied based on (a) the presence of occupational
asbestos exposure for confirmation of asbestos exposure, (b)
pleural effusion findings with thoracentesis and exclusion of
other diseases in the criteria defined by Epler et al” in 1982.

1. In order to confirm asbestos exposure, we inquired con-
cerning occupational asbestos exposure. In the cases with
confirmed asbestos exposure, we inquired concerning the
age at first exposure, exposure term, and job duty, and
investigated the latent period from the first exposure to
the onset of BAPE. We designated cases as questionable
exposure to asbestos where pleural plaques appeared in
radiographs without confirmation of occupational asbestos
exposure. We, therefore, excluded these cases.

In order to exclude other diseases that might induce pleu-
ral effusion, we checked the past history and present ill-
ness. There were 15 cases with heart disease, two cases
with kidney disease, and one case with prostate cancer.
However, none of these cases were excluded because
these diseases were assessed not to cause pleural effusion.
In the next step, we examined the pleural fluid. Since pleu-
ral fluid results from inflammatory disease with asbestos
fibers, the fluid was confirmed to be exudative based on
Light's criteria.’

(a) For exclusion of cases with malignant pleural effusion,
cytopathological examination of the pleural effusion as
well as assay of carcinoembryonic antigen (CEA) and hya-
luronic acid in the pleural effusion were performed. (b) To
exclude rheumatoid pleuritis, rheumatoid factors (RFs) in
the serum and effusion were examined. (c) For exclusion
of bacterial pleuritis, a bacterial check of the pleural effu-
sion was performed and we confirmed that lymphocytes
were more than half in the leukocytes of the pleural ef-
fusion. (d) Furthermore, to exclude tuberculous pleuritis,
adenosine deaminase (ADA) was checked, and a bacte-
rial smear and culture for tuberculosis were performed in
addition to polymerase chain reaction for Mycobacterium
tuberculosis (Tbc-PCR).

At chest imaging, the absence of irregular pleural thick-
ening and no tumorous mass were confirmed in order to
exclude pleural mesothelioma.'”

To exclude the early stages for pleural mesothelioma,
macroscopic findings based on thoracoscopy and biopsy
of the parietal pleura were checked. Histopathological ex-
amination had not been performed in some of the cases,
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Checklist for diagnosis of benign asbestos pleural effusion

MM/DD/YYYY
1 Name Date of birth / / Age years
Occupational asbestos histories
OvYes [ ] O Unknown
2 Occupational asbestos exposure Exposure term
3 Pleural effusion O Yes [ O bloody [ others  ( )J [ None
[0 Heart disease [ Kidney D [ Collagen D [ Malignan [J None
4 Past history and present illness
[ Thoracic surgery within 6 months [ Others ( )
XLight's criteria
5 pI | effusi 1. Effusion TP/Serum TP>0.5
eural effusion 2. Effusion LDH/Serum LDH>0.6
3. Effusion LDH>Serum LDH 2/3
Exudate OYes [ONo . O T-protein ( ) g/dL
Effusion O LDH ( ) UL
O T-protein ( ) g/dL
Seum | O |ph ( ) U/L
Cytological result in PE O Class I O I C I [ Negative [ None
CEA in PE less than 5.0 ng/ml O Yes CEA ( Ing/mL O None
HA in PE less than 100,000 ng/ml [0 Yes HA ( )ng/mL [ None
Rule out rheumatism and other collagen Effusion RF ( JIU/mL, Serum RF( JIU/mL
di O Yes I None
\sease Others ( )
ADA in PE less than 40IU/L O Yes Effusion AD, ( )U/L I None
Lymphocytes in PE (%) O Yes Lymphocyte ( )% [0 None
Bacterial examination in PE Bacteria O Positive[ O—-— Cx Ci1+ C2+ C3+ ] [ Negative
<§ Smear O Positive [ Negative
o
o
E’— Culture [ Positive [ Negative
23
]
) PCR [ Positive [ Negative
6 Chest radiological examination
Malignant signs by chest CT [0 None O Yes
Pleural plaques O Yes 0 None
[ ]
7 Thoracoscopic examination O Yes [ Pleural plaques [ None
[0 Susp of malignant chages
Pleural biopsy O Yes [ [0 Malignant findings 711 O None
Pathological exam
BAPE O OK O NO O Pending
o MM/DD/YYYY ,
Registration date / / Confirmer

HA : Hyaluronic acid , PE : Pleural effusion

FIGURE 1 Checklist for diagnosis of benign asbestos pleural effusion
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and no malignant tumor was confirmed in follow-up ob-
servation during a period of at least 3 months.

3 | RESULTS

All 105 cases suspected as BAPE at the initial diagnosis were
male and aged 60 to 96 years with the median age of 79 years
at diagnosis.

1. One hundred cases (95.2%) were confirmed to have
occupational history of asbestos exposure and four cases
were suspected to have asbestos exposure with pleural
plaque imaging without definite occupational asbestos
exposure. One case was not confirmed to have occupa-
tional asbestos exposure and pleural plaques as indicated
in Figure 2.

2. Differential diagnosis of pleural effusion was per-
formed according to the Diagnostic Approach to Pleural
Effusion.!! Thoracentesis was performed on all 105 cases
and 79% proved to be bloody effusion.

3. Pleural fluids of 99 cases (94.3%) were proven to be
exudative. Among these, 55% satisfied all three items of
Light's criteria, 22% satisfied two items, and 17% satisfied

Total
105
. Occupational history
Questionable < of asbestos . NO .
4 YES 100
Transudate _|YES
NO 94 1 6
Malignant pleural
effusion > YES
NO 9 0
Rheumatoid pleurisy | YES
NO 93 " 1
Tuberculous pleurisy _|YES
NO 92 i 1
Pleural mesothelioma | YES
NO 87 i 5

FIGURE 2 Differential diagnosis of BAPE from other diseases
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CEA in PE less than 5.0 ng/mL

one item. Six cases (6%) that did not satisfy any item were
determined as transudative, and were excluded at this
stage.

. (a) Only one case showed more than 5 ng/mL of CEA,

and the malignant marker threshold was 6.5 ng/mL, but its
malignancy was denied. Two point four percent of cases
exhibited hyaluronic acid exceeding the 100 000 ng/mL
threshold, but did not exceed 120 000 ng/mL, and pleu-
ral mesothelioma was denied. For cytology, with regard
to Class III diagnosis, 4.9% of cases were Class III, but
they were mild (Class IIla) and malignant tumors such as
mesothelioma were not observed during follow-up (Table
1). (b) One case with high levels of serum and effusion
RFs was later proven to be rheumatoid arthritis. This
case was diagnosed previously with rheumatoid pleuritis.
(c) One case with an ADA level in the pleural effusion
of 60.5 U/L was proven to be tuberculous pleuritis with
detection of Mycrobacterium tuberculosis (M. tb) after
2 weeks culture, despite negative results with Tbc-PCR
and interferon-y releasing assay (T-SPOT) as given in
Figure 2. (d) In regard to bacterial pleuritis, all cases pre-
sented negative in the bacterial test. The majority of cases
(97.5%) had more than 50% of lymphocytes among the
leukocytes in pleural effusion, and 3.5% increased in eo-
sinophils, but no case increased in neutrophils (Figure 2).

. For radiological examination, 97.5% of cases presented

with pleural plaques, but no pulmonary asbestosis. No tu-
morous thickening of the pleura was detected at the initial
diagnosis; however, three cases exhibited irregular pleural
thickening in 1-3 months of follow-up. Figure 3 shows
one of these three cases without positive findings in all
sites containing the left pleura except pleural effusion on
the left side with PET-CT. After 3 months, the left pleura
exhibited slight irregular thickening, and distinct narrow-
ing of the left thorax was present as shown in Figure 4. We
suspected left pleural mesothelioma and was diagnosed
definitively based on thoracoscopy as given in Figure 2.

TABLE 1 Laboratory findings in pleural effusion

Lymphocytes dominant in PE

YES 98.8% YES 96.5%

NO 1.2% NO 3.5%
HA in PE less than 100,000 ng/ Exclusion of RA pleuritis

mL

YES 97.6% YES 96.4%

NO 2.4% NO 3.6%
Cytology in PE ADA in PE less than 40 IU/L

Class I 30.5% NES 98.8%

Class II 64.6% NO 1.2%

Class IIT 4.9%

Abbreviations: HA, hyaluronic acid; PE, pleural effusion.
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FIGURE 3 PET-CT shows no positive lesions in the left thorax
with pleural effusion

L

FIGURE 4 Chest CT that was taken 6 mo after first visit shows
irregular pleural thickening in the left pleura. The left thorax becomes
smaller than the right thorax suggesting left pleural mesothelioma

6. Just after the initial diagnosis, thoracoscopy in three
cases among these five cases was performed but biopsy
results were negative. However, tumorous pleural thick-
ening appeared during the 3-month follow-up period,
and subsequent biopsy proved to be sarcomatoid pleural
mesothelioma. The other two cases complained of persis-
tent severe chest pain as a subjective symptom although
there were negative radiological findings. Pleural biopsy
with thoracoscopy was performed and these cases were

i 5of8
Joural o Oecupatonal Heath \pp | =*

proved to be the epithelioid type of pleural mesotheli-
oma. Therefore, we assessed the necessity of more than
3 months of follow-up after thoracentesis for the diagnosis
of BAPE.

Based on the exclusion criteria, we determined BAPE in-
duced by occupational asbestos exposure for 87 cases. All of
the final defined 87 cases were male and aged 60 to 93 years
with the median age of 79 years. In terms of the occupational
history, the main occupation was shipbuilder followed by
construction worker as indicated in Figure 5. The asbestos
exposure term ranged from 2 to 55 years with the median of
38 years. The latency period ranged from 18 to 73 years with
the median of 53.5 years.

4 | DISCUSSION

Pleural effusion comprises transudate occurring from im-
pairment of the flow of body fluid such as heart failure or
nephrotic syndrome, and exudate induced by local inflam-
mation extending to the pleura or by malignancies. BAPE
is visceral pleural pleuritis induced by asbestos fibers pen-
etrating the pleural cavity, and has been considered to be
an asbestos-related disease since the 1960s.' No new crite-
ria for BAPE have been determined, since Epler et al® de-
scribed criteria in 1982. In Japan in 2003, BAPE was added
to the list of asbestos-related diseases for which patients
were able to receive industrial accident compensation.
Although no new criteria were identified, compensation for
this disease was determined. Therefore, we present a new
checklist to use as a reference in diagnosing BAPE based
on a retrospective reinvestigation of the cases diagnosed as
BAPE at the initial diagnosis that screens out the misdiag-
nosed cases.

Although asbestos exposure history is a criterion reported
by Epler, we propose occupational history of asbestos expo-
sure in order to ensure asbestos exposure. For this reason,
there are no reports of BAPE induced by environmental as-
bestos exposure. Almost all cases were induced by occupa-
tional asbestos exposure. Based on the checklist, we excluded
five cases including four cases whose occupational history
of asbestos exposure was unclear from the 105 cases under
investigation. Although almost all cases (97.5%) presented
with pleural plaques, pleural plaques were considered as a
reference item only and occupational asbestos exposure was
considered more important.

By confirming the exudate as inflammatory pleural ef-
fusion using Light's criteria classification,” six cases with
transudate were excluded. Ninety-three percent to 96% of
cases meeting this criterion were reported to have exudate.
Furthermore, the cases that did not satisfy this criterion were
determined to be transudative.
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FIGURE 5 This figure shows the
number of occupational histories for 87

20 25

] 23

0 5 10 15
Shipbuilder
Construction worker ] 13
Insulation worker I -
Chemical worker ) 147 {
Sprayer ——— 15
Electrician 14
Pipefitter I
Sailor 13
Asbestos material worker [ 1 3
Iron worker 113
Arc welder 12
Casting worker 12
Transporter 12
Dismantler 12
Firebrick layer ] 1
Warehouse worker 11
Automotive repair J1
Locomotive engineer 11
Asbestos sprayer 11
Elevator maintenance [ 11
Other 12

confirmed BAPE cases. Shipbuilder and
construction workers are main components
for BAPE cases as reported for asbestos-
related lung cancer or mesothelioma cases

For differential diagnosis to exclude malignant tumors,
we considered CEA, hyaluronic acid, and cytology data.
The CEA concentration in pleural effusion was reported to
be less than 1.8 ng/mL for BAPE'? and useful in identify-
ing BAPE. However, for mesothelioma, CEA is not helpful
in distinguishing from pleural mesothelioma because almost
all pleural mesothelioma cases were within normal limits.
The majority of pleural mesothelioma cases exhibited hyal-
uronic acid concentrations of greater than 100 000 ng/mL;
however, almost all BAPE cases exhibited concentrations of
less than 100 000 ng/mL.6 Fujimoto reported that three cases
among 87 cases with BAPE exceeded the concentration of
100 000 ng/mL, but those were less than 120 000 ng/mL.’
Our results regarding hyaluronic acid in pleural effusion were
consistent with this report and we assumed that there were no
cases that suggested mesothelioma. It is relatively easy to dif-
ferentiate malignant effusion using cytological examination.
Five cases showed Class I1I, which was difficult to judge, and
these were Class IIla. We denied malignancies from clini-
cal course. From these results, we judged that there were no
cases with findings suggestive of a malignant tumor.

At the next step, differential diagnosis of collagen disease
such as rheumatic pleuritis was performed. There was no case
affected by these diseases based on past history and present
illness. One case presented with high RFs in serum and pleu-
ral effusion, and was examined carefully at a later date. This
was likely rheumatic pleuritis from diagnosis of rheumatoid
arthritis,13 and was excluded. In addition, to exclude bacterial
pleuritis, we performed bacterial examination and assayed
the differential count of leukocytes in the pleural effusion.
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There were no abnormal cases. Although the percentage of
lymphocytes in leucocytes in the pleural effusion was greater
than 50% in most cases, three cases presented with eosino-
philia. BAPE cases with eosinophilia were reported,14 and
these results did not affect this diagnosis.

To exclude tuberculous pleuritis, which presents with
many lymphocytes in pleural effusion, we performed ADA
assay and bacterial examination. Only one case showed a con-
centration of greater than 40 U/L (60.5 U/L) of ADA. It has
been reported that cases with ADA of greater than 40 U/L are
suspected to suffer from tuberculosis.'® This case presented
negative for Tbc-PCR in effusion and serum T-SPOT tests,
but culture of pleural effusion proved M. tb positive. We de-
termined that this was tuberculous pleuritis. We excluded 13
cases due to the results so far.

Finally, it is difficult to differentiate diagnosis between
BAPE and early stage pleural mesothelioma. Kato et al'® fo-
cused on the thickening of the mediastinal pleura for one of
the features of pleural mesothelioma, but no positive cases
presented with this indicator in 92 cases examined. Although
clinical symptoms during 3 months of follow-up presented
only as pleural effusion, two cases complained of severe
chest pain and three cases exhibited irregular pleural thick-
ening and narrowing of the affected thorax. In three cases
among them pleural biopsy was performed under thora-
coscopy. Visual change in the tumors was not observed in
these cases, and they were diagnosed with fibrinous pleuritis
based on biopsy. However, after manifestation of irregular
pleural thickening, the second pleural biopsy indicated pleu-
ral mesothelioma. The reason for this discrepancy was that
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the biopsied sites were thought not to be suitable for defi-
nite diagnosis. Two other cases had no positive radiological
abnormality but indicated persistent chest pain. We again
performed thoracoscopic biopsy and made a definite diagno-
sis of epithelioid mesothelioma. The diagnosis of these five
cases changed during the 3 months of follow-up, and we as-
sessed the necessity for a 3-month of follow-up observation
period after administering a pleural effusion test.

From the report by Metintas et al,'® in the 287 cases that un-
derwent thoracoscopy, 101 cases diagnosed with fibrinous pleu-
ritis by biopsy were examined more closely, and the rate of false
negatives was 18%. All of these cases presented as malignant
pleural diseases. Of the 142 cases exhibiting exudate as pleural
effusion, 30% to 40% could not be diagnosed based on histo-
pathological data using thoracoscopy. Of that group 8% to 12%
were found to have malignant pleural lesions and almost all cases
were diagnosed with pleural mesothelioma. The other 25% to
91% were classified as non-specific pleuritis and were treated as
idiopathic pleuritis. If a definite diagnosis is reported to be de-
termined, greater accuracy using invasive biopsy is required.17
For determining BAPE as a diagnosis by exclusion, we consider
that a 3-month follow-up period is necessary. Nevertheless, a
part of pleuritis in which definite diagnosis is not determined
after thoracoscopic biopsy is thought to be grouped as BAPE.
Using these criteria, we diagnosed 87 cases as BAPE.

Thus, when BAPE was diagnosed with (a) a history of
occupational asbestos exposure and (b) the presence of ex-
udate based on a pleural effusion test as the required main
items; and (c) negative results of CEA and hyaluronic acid
in pleural effusion, and cytology of pleural effusion for ex-
clusion of malignancy; (d) exclusion of rheumatic, bacterial
and tuberculous pleuritis; (e) exclusion of malignancy using
radiological images; and (f) exclusion of histopathological
malignancy using thoracoscopy (when thoracoscopy was not
performed, no malignant tumor was confirmed in follow-up
observation during at least 3 months) as required sub-items,
BAPE could be determined with a more than 95% if cytology
was class Ill. If some of these six sub-items are no, we should
carefully make a differential diagnosis.

The age of BAPE onset induced by asbestos exposure
has pointed out the relationship to the volume of asbestos to
which the patient was exposed. The number of incidences
increases and latency becomes short, if the exposure volume
of asbestos increases.'® The median age of BAPE onset was
66 years at our previous report,8 but increased to 79 years at
this report. Similar to previous reports, the history of occu-
pational asbestos exposure is approximately the same such
as No. 1 is shipbuilder and No. 2 is construction worker
as shown in Figure 5, and asbestos exposure in these types
of work was classified as moderate. The median exposure
term was 38 years and the latency from the first exposure
was 53.5 years, which was longer than that shown by pre-
vious data.>®'> As a reason for this, considered together
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with many cases of advanced-age patients, it was suggested
that the exposure dose was low when they worked with as-
bestos exposure. Workers were likely affected with BAPE
after a long latency period with a low dose of past asbestos
exposure.

On the other hand, five cases among those diagnosed as
BAPE at the initial diagnosis were determined as pleural
mesothelioma in their clinical course. The term of clinical
observation was between 1 and 3 months. The reason why
we did not confirm pleural mesothelioma was not that pleu-
ral mesothelioma changed from BAPE, but that we failed
to make a definite diagnosis of pleural mesothelioma at the
initial diagnosis due to the presence of only pleural effu-
sion without malignant findings such as tumorous pleural
thickening by chest CT and that definite diagnosis could be
performed during the progression of the disease. Although
we observed parietal pleura in three of the five cases using
thoracoscopy and performed a pleural biopsy under thora-
coscopy at the initial diagnosis, we failed to reach a definite
diagnosis.

If we do not detect malignant findings that suggest meso-
thelioma based on chest CT, we should pursue more precise
observation through thoracoscopy and perform a biopsy at
the proper site. In particular, in cases presenting with per-
sistent chest pain, we need to consider early stage pleural
mesothelioma based on Positron Emission Tomography-
Computed Tomography (PET-CT) scanning and perform bi-
opsy at suitable sites for final diagnosis.

As mentioned above, we are convinced that the presented
criteria such as occupational asbestos exposure, exudative
pleural effusion, tumor marker in pleural effusion, bacterial test
results, radiological findings and histopathological findings are
suitable for diagnosing BAPE, and it is valid that cases that
satisfied these criteria during the 3 months of follow-up be di-
agnosed as BAPE.
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First-line nivolumab plus ipilimumab in unresectable
malignant pleural mesothelioma (CheckMate 743):
a multicentre, randomised, open-label, phase 3 trial

Paul Baas, Araud Scherpereel, Anna K Nowak, Nobukazu Fujimoto, Solange Peters, Anne S Tsao, Aaron S Mansfield, Sanjay Popat, Thierry Jahan,
Scott Antonia, Youssef Oulkhouir, Yolanda Bautista, Robin Cornelissen, Laurent Greillier, Francesco Grossi, Dariusz Kowalski,
Jerénimo Rodriguez-Cid, Praveen Aanur, Abderrahim Oukessou, Christine Baudelet, Gérard Zalcman

Summary

Background Approved systemic treatments for malignant pleural mesothelioma (MPM) have been limited to
chemotherapy regimens that have moderate survival benefit with poor outcomes. Nivolumab plus ipilimumab has
shown clinical benefit in other tumour types, including first-line non-small-cell lung cancer. We hypothesised that
this regimen would improve overall survival in MPM.

Methods This open-label, randomised, phase 3 study (CheckMate 743) was run at 103 hospitals across 21 countries.
Eligible individuals were aged 18 years and older, with previously untreated, histologically confirmed unresectable
MPM, and an Eastern Cooperative Oncology Group performance status of 0 or 1. Eligible participants were
randomly assigned (1:1) to nivolumab (3 mg/kg intravenously once every 2 weeks) plus ipilimumab (1 mg/kg
intravenously once every 6 weeks) for up to 2 years, or platinum plus pemetrexed chemotherapy (pemetrexed
[500 mg/m? intravenously] plus cisplatin [75 mg/m? intravenously] or carboplatin [area under the concentration-
time curve 5 mg/mL per min intravenously]) once every 3 weeks for up to six cycles. The primary endpoint was
overall survival among all participants randomly assigned to treatment, and safety was assessed in all participants

who received at least one dose of study treatment. This study is registered with ClinicalTrials.gov, NCT02899299,
and is closed to accrual.

Findings Between Nov 29, 2016, and April 28, 2018, 713 patients were enrolled, of whom 605 were randomly
assigned to either nivolumab plus ipilimumab (n=303) or chemotherapy (n=302). 467 (77%) of 605 participants
were male and median age was 69 years (IQR 64-75). At the prespecified interim analysis (database lock
April 3, 2020; median follow-up of 29.7 months [IQR 26.7-32.9]), nivolumab plus ipilimumab significantly
extended overall survival versus chemotherapy (median overall survival 18-1 months [95% CI 16-8-21-4] vs
14-1 months [12-4-16- 2]; hazard ratio 0-74 [96-6% CI 0-60-0-91]; p=0-0020). 2-year overall survival rates were
41% (95% CI 35.1-46-5) in the nivolumab plus ipilimumab group and 27% (21.9-32.4) in the chemotherapy
group. Grade 3—4 treatment-related adverse evenis were reported in 91 (30%) of 300 patients treated with nivolumab
plus ipilimumab and 91 (32%) of 284 treated with chemotherapy. Three (1%) treatment-related deaths occurred in
the nivolumab plus ipilimumab group (pneumeonitis, encephalitis, and heart failure) and one (<1%) in the
chemotherapy group (myelosuppression).

Interpretation Nivolumab plus ipilimumab provided significant and clinically meaningful improvements in overall
survival versus standard-of-care chemotherapy, supporting the use of this first-in-class regimen that has been
approved in the USA as of October, 2020, for previously untreated unresectable MPM.

Funding Bristol Myers Squibb.

Copyright © 2021 Elsevier Lid. All rights reserved.

Introduction

Malignant pleural mesothelioma (MPM) is a highly
aggressive cancer and typically unresectable at diagnosis,
with less than 10% of patients surviving 5 years or
beyond." Historically, age, sex, tumour grade and stage,
and histology have been shown to be independent
prognostic factors. Notably, worse prognosis has been
reported for non-epithelioid histology versus the
epithelioid subtype.” Until October, 2020, platinum
agents plus folate antimetabolites, such as pemetrexed,

have been the only approved firstline treatment
regimens for MPM since 2004.** However, long-term
survival outcomes remain poor with chemotherapy;**
bevacizumab has been added to these regimens" but its
use varies across regions. As such, there is an urgent
need for new and effective therapeutic options.
Nivolumab, a fully human anti-programmed cell
death 1 (PD-1) antibody, and ipilimumab, a fully human
anti-cytotoxic T-lymphocyte 4 (CTLA-4) antibody are
immune checkpoint inhibitors with distinct but
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Research in context

Evidence before this study

We searched PubMed and abstracts from major ancology
congresses for studies published from database inception until
Oct 2, 2020, relevant to unresectable malignant pleural
mesothelioma (MPM) and cancer immunotherapy regimens,
with a focus primarily on first-line phase 3 trials, using search
termsthat included, but were not limited to (“mesothelioma”
AND “nivolumab”) OR “chemotherapy” OR “pembrolizumab”
OR "“atezolizumab” OR “avelumah” OR "durvalumab” OR
“ipilimumab” OR "tremelimumab” OR "PD-1" OR “PD-L1" OR
“CTLA-4" (full names and abbreviations). Although we
identified several studies assessing immunotherapy in MPM,
we found no published randomised phase 3 studies
investigating the efficacy or safety of immunotherapy
regimens in the first-line setting. Various phase 1 and 2 studies
in previously treated patients with MPM have suggested that
immunotherapy regimens might provide clinical benefit.
Notably, the multicentre, open-label, single-arm, phase 2
MERIT study led to the approval of nivolumab monotherapy
for unresectable recurrent MPM in Japan. However, with
recommended first-line systemic treatments limited to
chemotherapy since 2004, with or without bevacizumab,
there remains a need for new and effective therapeutic
options. In the single-arm phase 2 DREAM study, first-line
durvalumab plus chemotherapy exhibited promising activity
in 54 patients with MPM, but the combination requires
evaluation in a larger, randomised, phase 3 study. CheckMate
743 was designed to investigate the efficacy and safety of
nivolumab plus ipilimumab versus chemotherapy. A previous
non-comparative phase 2 trial (MAPS2) and single-arm

complementary mechanisms of action. Ipilimumab
induces T-cell proliferation and de-novo anti-tumour
T-cell responses, including in memory T cells, whereas
nivolumab restores the function of existing anti-tumour
T cells." Nivolumab plus ipilimumab is approved in
various tumours* and has shown durable overall survival
benefit in melanoma,” renal cell carcinoma,” and in
non-small-cell lung cancer (NSCLC).” Furthermore,
National Comprehensive Cancer Network (NCCN)
Clinical Practice Guidelines in Oncology (NCCN
guidelines) recommend nivolumab with or without
ipilimumab as a preferred treatment option (category 2A)
in second-line or later MPM settings based on results
from three phase 2 trials,”* including the multicentre,
open-label, randomised, non-comparative IFCT-1501
MAPS?2 trial that showed encouraging clinical activity of
the combination therapy.*

CheckMate 743 is a phase 3 study designed to assess
efficacy and safety of first-line nivolumab plus ipilimumab
versus platinum plus pemetrexed chemotherapy in
unresectable MPM. Here we present results from the
prespecified interim analysis, which has led to nivolumab
plus ipilimumab gaining approval in the USA*®

phase 2 study (INITIATE) assessing nivolumab plus ipilimumab
in MPM showed that this regimen was tolerable and exhibited
encouraging clinical activity.

Added value of this study

Here we provide results from the randomised CheckMate 743
study, which is the first phase 3 study to show significant and
clinically meaningful improvements in overall survival with
immunotherapy versus standard-of-care platinum plus
pemetrexed chemotherapy for first-line treatment of
unresectable MPM. This regimen was found to show clinical
benefit and tolerability, thus providing patients with a new
first-line chemotherapy-free treatment option. Notably,
survival with nivolumab plus ipilimumab was similar in patients
with both non-epithelioid and epithelioid histologies,
suggesting that the regimen could be considered for all patients
with unresectable MPM. Responses were durable, with a 2-year
duration of response rate of 32% of immunotherapy-treated
patients. The safety profile of nivolumab plus ipilimumab was
consistent with that observed in first-line non-small-cell lung
cancer at this dose and schedule and no new safety signals were
reported.

Implications of all the available evidence

Nivolumab plus ipilimumab can provide notable and dlinically
meaningful improvements in overall survival versus the current
standard of care. Data from CheckMate 743 support a
favourable clinical benefit-risk profile for nivolumab plus
ipilimumab. Nivolumab plus ipilimumab is now indicated in the
USA and Brazil as a first-line treatment for unresectable MPM.

Additionally, NCCN guidelines recommend nivolurmab
plus ipilimumab as a preferred first-line option (category
24) for patients with biphasic or sarcomatoid histology
and is also an option for those with epithelioid histology.

Methods

Study design and participants

CheckMate 743 is a global, open-label, randomised,
controlled, phase 3 study run at 103 hospitals across
21 countries (appendix pp 2—4, 22). Eligible patients were
aged 18 years or older with histologically confirmed
unresectable MPM that was not amenable to curative
therapy (surgery with or without chemotherapy), and an
Eastern Cooperative Oncology Group performance status
of 0 or 1.” Unresectability of the disease was determined
by the investigator at individual sites using local standards.
Patients must have completed any previous palliative
radiotherapy 2 weeks or longer before initiating study
treatment, with no residual signs of toxicity, and have
measurable disease according to the modified Response
Evaluation Criteria in Solid Tumors (mRECIST)* for
pleural mesothelioma. Patients without measurable
pleural lesions but with metastatic non-pleural lesions
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measurable per RECIST version 1.1 could be considered
for inclusion after consultation with the study’s medical
monitor. Patients were required to have tumour samples
available for programmed cell death ligand 1 (PD-L1)
testing. Baseline laboratory tests required to assess
eligibility included white blood cell counts, neutrophils,
platelets, haemoglobin, serum creatinine, alanine amino-
transferase, aspartate aminotransferase, and total bilirubin
(appendix p 6).

Exclusion criteria included brain metastases (unless
resected or treated with stereotactic radiotherapy and
asymptomatic with no evolution within 3 months before
study inclusion), autoimmune disease, and previous
treatment with drugs targeting T-cell costimulation or
checkpoint pathways. Patients were excluded if they
presented with primitive peritoneal, pericardial, tunica
vaginalis, or testis mesotheliomas. Other exclusion
criteria included inadequate haematological, renal, or
hepatic function; known HIV infection; or interstitial
lung disease that was either symptomatic or might affect
the detection or management of suspected drug-related
pulmonary toxicity. Patients with current or previous
malignancy with less than 3 years of complete remission
(except for mon-melanoma skin cancers and in-situ
cancers) requiring or likely to require concurrent
intervention during the study period were ineligible, as
were patients requiring systemic corticosteroids (>10 mg
daily prednisone or equivalent) or immunosuppressive
medication within 14 days of the first dose of study drug.
More detail on eligibility criteria are in the appendix (p 5)
and study protocol (appendix pp 27-410).

An institutional review board or independent ethics
committee at each study centre approved all versions
of the protocol. An independent Data Monitoring
Committee provided general oversight of efficacy and
safety for the trial. The trial was done in accordance
with the Declaration of Helsinki and the International
Conference on Harmonisation Good Clinical Practice
guidelines. All patients provided written informed
consent,

Randomisation and masking

Patients were enrolled and randomly assigned (1:1) using
an interactive web response system, stratified by sex
and histology (epithelioid vs non-epithelioid [including
sarcomatoid and mixed subtypes]) to mivolumab plus
ipilimumab or platinum plus pemetrexed chemotherapy.
The trial was open label and so patients and investigators
were not masked to treatment assignment.

Procedures

Participants in both treatment groups were pretreated
with folic acid (350-1000 pg orally daily) and vitamin B12
(1000 pg intramuscularly) 1 week before administration
of the first dose of study drug (appendix p 5). Partici-
pants in the experimental group were given nivolumab
(3 mg/kg intravenous infusion once every 2 weeks) plus

ipilimumab (1 mg/kg intravenous infusion once every
6 weeks). Nivolumab was administered first, followed by
ipilimumab. Participants in the chemotherapy group
were given an intravenous infusion of cisplatin
(75 mg/m?) or carboplatin (area under the concentration-
time curve 5 mg/mL per min) plus pemetrexed
(500 mg/m?) every 3 weeks for a maximum of six cycles.
Treatment was continued until disease progression,
unacceptable toxicity, or for 2 years for immunotherapy.
Treatment with nivolumab plus ipilimumab was
permitted beyond disease progression if prespecified
requirements were met (appendix p 7). Dose reductions
were permitted for chemotherapy, but not for nivolumab
or ipilimumab; concomitant use of corticosteroids was
permitted. Patients could receive subsequent therapy
upon the discontinuation of study treatment in either
group at the discretion of the investigator.

Tumour assessments were done 6 weeks after the date
of the first dose of study drug and then every 6 weeks
for the first 12 months. After 12 months, tumours were
asgessed every 12 weeks until blinded independent
central review (BICR) confirmed disease progression per
mRECIST or RECIST version 1.1 criteria, or both. At
the time of investigator-assessed initial radiographic
progression, the site had to request the blinded indepen-
dent central review of progression from a third-party
radiology vendor (E-research Technologies in St Louis,
MO, USA); if progression was not confirmed, treatment
could continue.

Adverse events were assessed at baseline and
continuously throughout the study and during follow-up.
Adverse events were graded according to the National
Cancer Institute Common Terminology Criteria for
Adverse Events (version 4.0). Select adverse events
consisted of a list of preferred terms with potential
immune aetiology grouped by specific category (gastro-
intestinal adverse events, pulmonary adverse events,
renal adverse events, hepatic adverse events, skin adverse
events, infusion reactions, and endocrinopathies). The
definition for serious adverse events is in the appendix
(p 6). Treatment-related adverse events were defined as
those reported between the first dose of study drug and
30 days after the last dose of study drug. According to
study sponsor practice, only events that led to death
within 24 h were documented as grade 5 events and
reported as deaths here. Events leading to death more
than 24 h after onset are reported with the worst grade
before death.

Tumour histology was determined by individual
sites using local protocols. Archival or fresh formalin-
fixed paraffin-embedded tumour samples were collected
before randomisation. Optional on-treatment fresh
tumour samples were collected at weeks 6-8 and at
disease progression, at the discretion of the investigator.
Samples were sent to a ceniral laboratory (Cancer
Genetics, Rutherford, NJ, USA, and for patients in
China, PD-L1 testing was done at Covance, Shanghai) to

www.thelancet.com Published online January 21,2021 https://doi.org/10.1016/50140-6736(20)32714-8

129



Articles

determine the proportion of tumour cells showing
plasma membrane PD-L1 staining of any intensity using
the validated immunohistochemical 28-8 pharmDx assay
(Dako, Carpinteria, CA, USA).

Laboratory tests were done within 14 days before
randomisation and within 3 days before each dose. Full
details of all assessments done are in the appendix (p 6).
Hepatitis C RNA and HIV (where locally mandated) tests
were done at screening only. All tests had to be done at
follow-up vigits 1 and 2.

Outcomes

The primary endpoint was overall survival in all patients
randomly assigned to treatment after the US Food
and Drug Administration provided guidance to change
progression-free survival from a coprimary endpoint to a
secondary endpoint (protocol amendment April 25, 2019;
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11 withdrew consent
4 adverse event
2 poor compliance or non-compliance
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Figure 1: Trial profile

appendix p 7). Overall survival was defined as the time
from randomisation to the date of death due to any cause.
Secondary endpoints were progression-free survival,
objective response rate, time to response, duration of
response, and disease control rate (radiographic tumour
assessments per adapted mRECIST for pleural lesisons
and RECIST [version 1.1] for the other lesions by BICR)
in all patients randomly assigned to treatment, as well as
overall survival, progression-free survival, and objective
response rate by PD-L1 expression.

Progression-free survival was defined as the time from
randomisation to the date of the first documented tumour
progression or death due to any cause. Participants who
died were considered to have progressed on the date of
death. Participants who received subsequent therapy
without previous reported progression were considered
to have progressed on the date of death or were censored
at the date of last evaluable tumour assessment before or
on initiation of subsequent therapy. Objective response
rate was defined as the proportion of patients with a best
overall response of partial response or complete response
and disease control rate was defined as the proportion
of patients with a best overall response of complete
response, partial response, or stable disease. Duration
of response was defined as the time between the date of
first response to the date of the first documented tumour
progression, or death due to any cause, whichever
occurred first.

Exploratory endpoints included safety and tolerability
in all treated patients. Analysis of other exploratory
endpoints that are ongoing but not reported here
include pharmacokinetics, biomarkers, patient-reported
outcomes, and immunogenicity; a full list is in the
appendix (pp 119-122).

Statistical analysis
For the primary endpoint of overall survival, a sample of
approximately 600 patients randomly assigned to
treatment with 473 deaths would provide 90% power to
detect a target hazard ratio (HR) of 0-72 with a two-sided
type 1 error of 0-05, by means of a log-rank test. One
prespecified interim analysis of overall survival was
planned for superiority at approximately 403 deaths
(85% of total anticipated events). At the time of database
lock for the interim analysis, 419 patients had died
(89% of total anticipated events); the boundary for
declaring superiority for overall survival was a p value of
less than 0-0345, based on the Lan-DeMets alpha
spending function with O’'Brien-Fleming boundaries.
None of the secondary endpoints were included in the
testing procedure; therefore, we did no formal statistical
testing or allocation of alpha values for progression-free
survival, objective response rate, and disease control rate.
We included all patients randomly assigned to
treatment in demographic and efficacy analyses. We
stratified analyses for overall survival and progression-
free survival by sex and histology. We estimated HRs
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and Cls (96-6% Cls for the overall survival primary
analysis [alpha adjusted for interim analysis], and
95% CI elsewhere} using a stratified Cox proportional
hazards model with treatment group as a single
covariate. We checked the proportional hazards
assumption only for the primary endpoint of overall
survival by adding a time-dependent covariate, defined
by treatment-by-time interaction, into the stratified Cox
regression model of overall survival, We estimated
survival curves and rates using the Kaplan-Meier
method. We calculated exact two-sided 95% Cls for
objective response and disease control rates using the
Clopper-Pearson method. We did prespecified descrip-
tive subgroup analyses for overall survival, summarised
using HRs (with 95% CIs) calculated using an unstra-
tified Cox proportional hazards model. Safety analyses
included all patients who received at least one dose of
study drug. We also did exposure adjusted safety
analyses, taking into account all on-treatment events on
the basis of the total exposure time. We calculated the
person-year exposure as the sum over the participants’
exposure expressed in years. More details on all
analyses are in the appendix (pp 7-8).

We did all statistical analyses using SAS software
(version 9.2). An independent Data Monitoring Com-
mittee reviewed efficacy and safety data on a periodic
basis and at the time of the preplanned interim analysis.
This trial is registered with ClinicalTrials.gov,
NCT02899299.

Role of the funding source

The study was designed by the funder (Bristol Myers
Squibb) and study steering committee. The funder had a
role in data collection with the investigators, data analysis
and interpretation in collaboration with the authors, and
the writing of the report by funding professional medical
writing assistance. All authors had full access to all the
data in the study and had final responsibility for the
decision to submit for publication.

Results
Between Nov, 29, 2016, and April 28, 2018, we enrolled
713 patients, of whom 605 were eligible and randomly
assigned to nivolumab plus ipilimumab (n=303) or
chemotherapy (n=302). 300 participants in the nivolurnab
plus ipilimumab group and 284 in the chemotherapy
group received at least one dose of study drug (figure 1).
At the prespecified interim analysis (database lock
April 3, 2020), the median follow-up for overall survival
was 29.7 months (IQR 26-7-32.9), with a minimum
of 22:1 months. Baseline characteristics were well
balanced between treatment groups (table 1), 467 (77%) of
605 participants were male and median age was 69 years
(IQR 64-75). Overall, 456 (75%) of 605 patients had
epithelioid tumour histology.

As of database lock, five (2%) of 300 patients in
the nivolumab plus ipilimumab group who received

Nivolumab plus Chemotherapy
ipilimumabgroup  group (n=302)
(n=303)
Age, years 69 (65-75) 69 (62-75)
<65 71(23%) 96 (32%)
26510 <75 154 (51%) 127 (42%)
275 78 (26%) 79 (26%)
Sex
Male 234 (77%) 233 (77%)
Female 69 (23%) 69 (23%)
Region
North America 32 (11%) 27{9%)
Europe 177 (58%) 175(58%)
Asia 26(9%) 39 (13%)
Rest of the world® 68 (22%) 61 (20%)
Eastern Cooperative Oncology Group performance statust
0 114 (38%) 128 (42%)
1 189 (62%) 173 (57%)
Smoking status
Current or former 173 (57%) 171 (57%)
Never 127 (42%) 122 (40%)
Unknown 3(1%) 9 (3%)
Histology
Epithelicid 228 (76%) 227 (75%)
Non-epithelioid 74(24%) 75{25%)
Sarcomatoid 35(12%) 36 (12%)
Mixed or other 39 (13%) 39 (13%)
Stage
1 12 (42%) 20 (7%)
2 23 (8%) 22(7%)
3 103 (34%) 106 (35%)
4 160 (53%) 149 (49%)
Not reported 5(2%) 5(2%)
Previous cancer therapy
Radiotherapyt 25 (10%) 28 (9%)
Systemic therapy$ 1{=1%) ]
PD-L1status
Quantifiable 289 (95%) 297 (98%)
<1%9§ 571289 (20%) 78/297 (26%)
21%9 232/289 (o) 219/297 (74%)
Data are median (IQR) or n (%). PD-L1=programmed cell death ligand 1. *Includes :
Australia, Brazil, Chile, and South Africa. TOn a score of 0 to 5, with higher scores
indicating greater disability. One patient in the chematherapy group had a
baseline Eastem Cooperative Oncology Group performance status of 2 (protocol
deviation). tPravious radiotherapy was provided for palliative support, pain
management, or prophylactic track irradiation for tumour biopsy. §Due to
incorrect data entry, one patient was reported as having previous systemic cancer
therapy in the nivolumab plus ipilimumab group. §Calculated as a proportion of
quantifiable patients.
Table 1: Baseline characteristics

treatment remained on treatment and no patients in the
chemotherapy group remained on treatment (figure 1).
The main reasons for treatment discontinuation in
the nivolumab plus ipilimumab group were disease
progression (182 [61%] of 300) and study drug toxicity
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A Nivolumahplus  Chemotherapy
100 = ipilimumab group group
90 Median overall survival (95% C1), months 181 (16-8-214)  141(12.4-162)
% Hazard ratio 074 {96-6% Cl 0-60-0-91); p=0.0020
% 204 68% (95% C162-3-72-8)
ZF 60|
£ 58% (95% C1517-63.2)
E 50 41% (95% C135-1-46.5)
§ 40
S 304 !
20 27% (35% €121.9-32.4) %M
104 — Nivolumab plus ipilimumab group
—— Chematherapy group
T T T T T T T T T T T T 1
0 3 6 g 12 15 18 21 24 27 30 33 36 33
Number at risk
(number censored)
Nivolumabplus 303 273 251 226 200 173 143 124 101 65 30 11 2 a
ipilimumabgroup (0} (2) (40 (5) () (1) (14} (16) (29) (49) (76) (93) (101} (103)
Chemotherapygroup 302 268 233 190 162 136 113 95 62 33 20 1 1 0
0) (15) (18) (0) (20) (20) (21} (23) (36) (55) (66) (73) (82) (83)
Nivolumab plus ~ Ch py

ipilimumab group group

100 4
5 Median overall survival {95% CI), months 187 (169-22.0) 165 (14.9-20.5)
2 Hazard ratio 0-86 (95% C| 0-69-1-08)
0_
69% (95% C1 63.0-75.0)
z 709
:.?‘ 60 56%(95%:159-1—?}8}5
g 50 '
i 42% (95% C135.0-48-1)
B 40~ '
S 1 ;
e 304 | 33% (95%C1268-395) !
20+ :
10+
0 T T T T T T T T T T T T 1
0 3 6 9 12 15 18 21 24 27 30 33 36 39
Number at risk
(number censored)
Nivolumabplus 229 207 192 172 154 135 109 a6 77 47 22 6 2 0
iplimumabgroup  (0) (1) (3) (4 (6) (7 (10) (12) (23) (40) (60) (74) (77) (79)
Chemotherapygroup 227 204 182 150 140 118 101 85 57 36 18 9 1 0
0) (1) (13) (14) (14 (4 (15) (17) (29) (45) (56) (63) (70) (72)
C Nivolumab plus  Chemotherapy
100 ipilimumab group group
50 Median overall survival (95% 1), months 181 (12.2-22.8)  B-8(7-4-102)
e Hazard ratio 0-46 (95% C10-31-0-68)
= 707 63% (95% CI 50-9-72.9)
§ 60
§ 50
E 204 : 38% {95% Ct 27-0-49-5)
S 30 32%(95%C1217-435) |
204 i
10 LLl-o—|—--—o—+
2 8% (95% C13:3-167)
0 T T T T T T T T T T T T 1
0 3 6 9 12 1§ 18 21 24 27 30 33 36 3%
N Bt Time since randomisation (months)
(number censored)
Mivolumabplus 74 66 59 54 46 38 34 28 24 18 8 5 0 0
ipilimumabgroup  (0) (1) (1) @ @ @ @) 4 (6 (9 (8 (19 (24) (24
Chemotherapygroup 75 64 51 31 22 18 12 10 5 2 2 2 ] o
(0 (4 (5} (B (6] (6 (6 (6) (12

(7) (o) (o) (1) (12)

(59 [20%]); 25 (8%) of 300 patients completed 2 years of
immunotherapy. During the study, one patient in the
nivolumab plus ipilimumab group discontinued study
drug but received subsequent therapy from the investi-
gator before BICR confirmation of disease progression.
In the chemotherapy group, 176 (62%) of 284 patients
completed all six cycles; 44 (16%) discontinued due to
disease progression and 24 (8%) due to study drug
toxicity. Median duration of treatment was 5-6 months
(IQR 2-0-11-4) in the nivolumab plus ipilimumab group
and 3-5 months (IQR 2.7-3.7) in the chemotherapy
group (appendix p 9). The median number of nivolumab
doses received was 12-0 (IQR 5-0-23:5) and of
ipilimumab was 4.0 (2:0-7.0). After randomisation,
104 (34%) of 302 patients in the chemotherapy group
were given cisplatin and 180 (60%) were given
carboplatin; 29 (28%) of 104 patients given cisplatin
switched to carboplatin after the first dose due to
investigator decision. The median number of doses of
cisplatin was 5-0 (IQR 3:0-6:0), of carboplatin was
6-0 (4-0-6-0), and of pemetrexed was 6:0 (4-0-6-0).
Further information on treatment exposure is in the
appendix (pp 9-10).

In the nivolumab plus ipilimumab group, 134 (44%)
of 303 patients were given subsequent systemic therapy,
ten (3%) were given subsequent immunotherapy, and
131 (43%) were given subsequent chemotherapy. In the
chemotherapy group, 123 (41%) of 302 patients were
given subsequent systemic therapy, 61 (20%) were given
subsequent immunotherapy, and 95 (31%) were given
subsequent chemotherapy (appendix p 11}.

The study met its primary endpoint at the prespecified
interim analysis according to the recommendation of
the independent Data Monitoring Committee. Given
that the study was able to reject the null hypothesis at
the interim analysis, this analysis is considered final.
Median overall survival was 18.1 months (95% CI
16-8-21-4) with nivolumab plus ipilimumab versus
14-1 months (12-4-16-2) with chemotherapy, with a
stratified HR of 0-74 (96-6% CI 0-60-0-91; p=0-0020;
figure 2). The p value for the time-dependent covariate
was 0-9646, indicating that there was no evidence of a
non-constant treatment effect over time. Overall survival
rates at 1 year were 68% (95% CI 62-3-72-8) versus 58%
(51:7-63-2) and at 2 years were 41% (35-1-46-5) versus
27% (21-9-32-4). Overall survival was similar between
chemotherapy regimens: median overall survival was
13-7 months (95% CI 11-8-17-9) with pemetrexed plus
cisplatin, and 15 -0 months (12-2-17 - 9) with pemetrexed
plus carboplatin (appendix p 25). Overall survival
favoured nivolumab plus ipilimumab across most

Figure 2: Overall survival in all randemised patients (A) and in patients with
epithelioid tumour histology (B) and non-epithelicid tumour histology (C)
The hazard ratic in part A is stratified by sex and histology. The hazard ratios in

parts B and C are from unstratified Cox proportional hazard models,

www.thelancet.com Published online January 21, 2021 https://doi.org/10.1016/50140-6736(20)32714-8

132



Articles

subgroups, although survival in patients aged 75 years
and older (n=157) was similar between treatment groups
(figure 3). Notably, overall survival was improved
with nivolumab plus ipilimumab versus chemotherapy
regardless of histology (study stratification factor;
figure 2). We found some evidence of higher treatment
effect in patients with non-epithelioid histology
(HR 0-46 [95% CI 0-31-0-68]) than in those with the
epithelioid subtype (0-86 [0-69-1-08]). Median overall
survival with nivolumab plus ipilimumab was similar
between non-epitheliocid and epithelioid subtypes
(18-1 months [95% CI 12-2-22.8] v»s 18-7 months
[16-9-22-0]), as were 2-year overall survival rates (38%
[95% CI 27-0-49:5] vs 42% [35-0-48-1]). By contrast,
median overall survival with chemotherapy differed
substantially between non-epithelioid and epithelioid
subtypes (8-8 months [95% CI7-4-10-2] vs 16 - 5 months
[14:9-20-5]), as did 2-year overall survival rates (8%
[95% CI 3-3-16-7] vs 33% [26-8-39.5]). Overall survival
benefit by tumour PD-L1 expression level for nivolumab
plus ipilimumab versus chemotherapy was greater in
patients with tumour expression of PD-L1 of 1% or
higher (HR 0:69 [95% CI 0-55-0-87]) than in patients
with expression of less than 1% (0-94 [0-62-1.40];

figure 3; appendix pp 23-24). Nonetheless, median
overall survival with nivolumab plus ipilimumab was
similar in patients with tumours with PD-L1 expression
of 1% or higher (180 months [95% CI 16-8-21.5]) and
of less than 1% (17-3 months [95% CI 10-1-24.3]);
l-year survival rates were 70% (95% CI 63-4-75-3) and
599% (45-5-70-9); and 2-year survival rates were 41%
(34:3-47-2) and 39% (25-9-51-3; appendix pp 23-24).
Conversely, median overall survival with chemotherapy
differed between patients with PD-L1 expression of 1%
ot higher (13-3 months [95% CI 11-6-15-4]) and less
than 1% (16- 5 months [13-4-20- 5]); 1-year survival rates
were 55% (95% CI 48.2-61-8) and 64% (52-3-73.9);
and 2-year survival rates were 28% (22-1-34-7) and 25%
(15-5-35-0; appendix pp 23-24).

The minimum follow-up for progression-free survival
was 198 months. Median progression-free survival was
similar between treatment groups: 6-8 months (95% CI
5+6~7+4) with nivolumab plus ipilimumab and 7- 2 months
(95% CI 6-9-8-0) with chemotherapy (HR 1-00 [95% CI
0-82-1-21]). However, progression-free survival rates at
2 years were numerically greater with nivolumab plus
ipilimumab (16% [95% CI 11.7-21-5]) versus chemo-
therapy (7% [4-0-11.7]; figure 4).

Number of Median averall survival (months) Unstratified hazard ratio
patients fordeath (95% C1)
Nivolumab plus ipilimumab Chemotherapy
group (n=303) group (n=302)
All randomly assigned 605 181 141 —— 075 (0-62-0-91)
Age, years
<65 167 17:2 133 —_— 076 {0-52-1.11)
65tp <75 281 203 149 —— 0-63(0-48-0-83)
=5 157 169 154 ——— 1.02 {0-70-1-48)
Sex
Male 467 175 137 —— 074 (0-60-0-92)
Female 138 214 180 B 076 {0-50-1-16)
ECOG performance status®
1] 242 07 19.5 — 0-87 (0-64-1.18)
1 363 17:0 116 —— 0-66 (0-52-0-85)
Tumour histology
Epithelioid 456 187 165 ——— 0-86 (0-69-1-08)
Non-epithelioid 149 181 88 ————— 0-46 (0-31-0.68)
Stage of cancer
3 209 239 163 —— 061 (0-44-0-86)
4 309 167 108 S 0-67 (0-52-0-87)
PD-L1 expression subgroups
PD-L1 <1% 135 173 165 PSS S 0-94 (0-62-1-40)
PD-L121% 451 180 133 —— 0-69 (0-55-0-87)
025 05 10 20 40
g— ——
Favours nivalumab plus ipilimumab  Favours chemotherapy

Figure 3: Overall survival in predefined patient subgroups

ECOG=Eastem Cooperative Oncology Group. PD-L1=programmied cell death ligand 1. *One patient in the chematherapy group had a baseline performance status of 2

(protocol deviation).
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0 (8 (16 (18) (22) (23) (3) (@5 (8 (29) (9 (29 @9

A Nivolumabplus  Chematherapy
1004 Nivolumabplus  Chemotherapy ipilimumab group group
90 ipilimumab group group (n=303) (n=302)
< 8- Median progression-free survival 6.8 (5.6-7-4) 72(6-9-8.0) Objective response rate
3 70- Ll it n(%) 120 (40%) 129 (43%)
Z Hazard ratio 1-00 {95% Cl 0-82-1.21) i 5945k -
5 60+ —— Nivolumab plus ipilimumab group 95 4145 37 E
g 504 —— Chemotherapy group Best overall response
£ 40 Complete response 5(2%) 0
E 304 Partial response 115 (38%) 129 {43%)
o
£ 1 Stable disease 112 (37%) 125 (41%)
104 Non-complete response and 0 3 (1%)
S 7% e——— non-progressive disease
) i H é 5 1'5 18 o7 1'4 2‘;! 3'0 3]3 315 Progressive disease 55 (18%) 14 (5%)
MNumber at risk Unable to determine 4(1%) 5(2%)
{number censored) N i
Mivolumabplus 303 158 135 g9 64 52 45 36 22 15 i 2 4] f)t e 12(4%) 26(9%)
ipilimumabgroup (0} (21} (34) (41) (51) (540 (54) (57) (66) (72) (79) (83) (B5) Disease control rate
Chemotherapygroup 302 222 144 71 44 33 27 21 10 6 1 0 n (%) 232 (77%) 257 (85%)
(0) (49 (63) (75) (81 (B2) (82) (B3) (86) (90) (9%) (93} (83
95%Cl 714-812 806-883
B Time to response, months
100 -4 Nivolumahplus ~ Chemotherapy Median 27 25
40 ipilimumab group group QR 1.45-3.27 141-3-02
= 80- Median duration of response 11-0 (8:1-16.5) 67(53-71) Duration of response, months
= {95% C1), manths .
& 70 Median 110 67
g 60- 95% Cl B1-16:5 5371
é 50+ Proportion of patients with a response of at least 1 year or2 years™
H
S 40 At 1year 47% 26%
‘Cg; 30 { . g5% 0l 37-56 1834
£ : ih—tu At 2 years 32% 8%
104 { —ﬁ.,L 95%Cl 23-41 3-15
i’ ' 8% |
0 i 6 é 12 1'5 8 = 2'4 2 3‘0 3'3 3I6 Dataare n (%), unless indicated otherwise. Minimum follow-up for ohjective
A R franthe response rate was 19-8 months. *Estimates are based on Kaplan-Meier estimates
Number at risk " H ) of duration of response.
(number censored)
Nivolumabplus 120 98 74 54 45 4 3 212 12 8 2 2 o Table 2: Tumour response, as per blinded independent central review, in
ipilimumabgroup  (0) (5} (10) (12) (16) (16) (16) (28) {(36) (39) {(44) (44) (46) all patients randomly assigned to treatment
Chemotherapygroup 125 99 57 33 23 18 16 8 3 1 il 0 0 L

Figure 4: Progression-free survival in all patients randomly assigned to treatment (A} and duration of
response in confirmed responders (B)

Progression-free survival and duration of response are both per blinded independent central review. The hazard
ratio in part A is stratified by sex and histology.

An objective response was reported in 120 of 303 patients
(409%; 95% CI 34.1-45-4) in the nivolumab plus
ipilimumab group versus 129 of 302 patients (43%; 95%
CI 37-1-48-5) in the chemotherapy group (table 2). Com-
plete responses were only observed in the nivolumab plus
ipilimumab group (five [2%] of 303 patients). Disease
control was seen in 232 of 303 patients (77%; 95% CI
71-4-81-2) with a median time to response of 2.7 months
(IQR 1:45-3-27) for the nivolumab plus ipilimumab
group versus 257 of 302 (85%; 95% CI 80-6-88-9) with a
median time to response of 2-5 months (IQR 1-41-3-02)
for the chemotherapy group. Median duration of response
in all confirmed responders was 11:0 months (95% Cl
8-1-16-5) in the nivolumab plus ipilimumab group versus
6-7 months (95% CI 5-3-7-1) in the chemotherapy group
(figure 4). The 2-year duration of response rate was 32%

(95% CI 23-41) in the nivolumab plus ipilimumab group
versus 8% (95% CI 3-15) in the chemotherapy group.
Safety is summarised in table 3, and all reported
grade 3 and 4 treatment-related adverse events are listed
in the appendix (pp 13-16). Of 300 patients treated with
nivolumab plus ipilimumab, 28 (9%) discontinued
ipilimumab early. In the chemotherapy group, dose
reductions occurred in 89 (31%) of 284 participants who
were given pemetrexed, 18 (17%) of 104 patients who
were given cisplatin, and 85 (41%) of 209 participants
who were given carboplatin, whereas dose reductions
were not permitted for the nivolumab plus ipilimumab
group. Grade 3—4 treatment-related adverse events were
reported in 91 (30%) of 300 participants treated
with nivolumab plus ipilimumab and 91 (32%) of
284 participants treated with chemotherapy. Any-grade
serious treatment-related adverse events were reported
in 64 (21%) patients treated with nivolumab plus
ipilimumab versus 22 (8%) patients treated with
chemotherapy; grade 3-4 treatment-related serious
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Nivolumab plus ipili b group (n=300) Chemotherapy group (n=284)
Grade 1-2 Grade 3 Grade 4 Grade 1-2 Grade 2 Grade 4
Any 148 (49%) 79 (26%) 12(4%) 141 {50%) 73 (26%) 18 (6%)
Diarrhoea 52 (17%) 10 (3%) (v] 19 {7%) 2(1%) 0
Pruritus 46 (15%) 3(1%) 0 1(<1%) 0 0
Rash 40 (13%) 3 (1%) 0 15 (5%) 0 0
Fatigue 38 (13%) 3(1%) 0 50 (18%) 5 (2%) 0 ‘
Hypothyraidism 32 (11%) [} 0 0 0 0 |
Nausea 29 (10%) 1(<13) 0 97 (34%) 7 (2%) 0
Anasmia 5(2%) 1 (<1%) 2} 70 {25%) 32 (11%) 0
Decreased appetite 27 (9%) 2(1%) 0 48 (17%) 2(1%) 0
Constipation 12 (4%) 0 0 41 (14%) 1 (<1%) 0
Vaomiting 8(3%) 0 0 35 (12%) 6(2%) 0
Asthenia 25 (B3) 0 s} 32 (11%) 12 (4%) 0
Increased lipase 7(2%) 11 (4%) 2(1%) 0 1 (<1%) 0
Colitis 3(1%) 7(2%) 0 1 (=1%) 1(<1%) 0 |
Increased amylase 10 (3%) 6(2%) 1 (<1%) 1(<1%) ] o
Thrombocytopenia ] 2 {1%) 0 16 (6%) 4 (1%) 6 (2%)
Neutropenia 0 1 (=1%) 1 (<1%) 28 (10%) 31(11%) 12 (4%)
Dataare n (%). Safety was assessed in all patients who received at least one dose of study drug. Treatment-related adverse events with an incidence of =10% in any group or
grade 3 or 4 severity with an incidence of 22% in any group are shown. All grade 3 and 4 events are listed in the appendix (pp 13-16). Treatment-related adverse events
included those reported between the first dose of study drug and 30 days after the last dose of study drug, *Only events that led to death within 24 hwere documented as
grade 5 and reported as deaths. Events leading to death >24 h after onset are reported with the worst grade before death.
Table 3: Summary of treatment-related ach ts in all treated

events were reported in 46 (15%) patients treated with
nivolumab plus ipilimumab versus 17 (6%) treated with
chemotherapy (appendix pp 17-19). Any-grade treatment-
related adverse events that led to discontinuation (due to
either component of the regimen) were reported in
69 (23%) of 300 patients treated with nivolumab plus
ipilimumab and 45 (16%) of 284 patients treated with
chemotherapy, and 45 (15%) patients treated with
nivolumab plus ipilimumab and 21 (7%) patients treated
with chemotherapy had grade 3—4 events that led to
discontinuation (appendix p 20).

The most frequent any-grade treatment-related adverse
events were diarrhoea in the nivolumab plus ipilimumab
group (62 [2196] of 300 patients) and nausea in the
chemotherapy group (104 [37%] of 284 patients). The
most frequently reported any-grade serious treatment-
related adverse events were colitis in the nivolumab plus
ipilimumab group (nine [3%]) and anaemia in the
chemotherapy group (six [2%]; appendix pp 17-19). The
median exposure time was 65 months (IQR 2-99-12-22)
for nivolumab plus ipilimumab and 4.5 months
(3-65-4-68) for chemotherapy. Treatment exposure was
220-3 person-years with nivolumab plus ipilimumab
and 94-5 person-years with chemotherapy. The overall
exposure-adjusted incidence of treatment-related adverse
events was 502-1 per 100 person-years with nivolumab
plus ipilimumab versus 1355 - 3 per 100 person-years with
chemotherapy.

A summary of treatment-related select adverse events
(those with a potential immunological cause), time to

onset and resolution of treatment-related select adverse
events, the proportion of patients requiring immune-
modulating concomitant medication (mostly cortico-
steroids), and the duration of use of immune-modulating
concomitant medication are shown in the appendix
(p 21). The most commonly reported any-grade treatment-
related select adverse events with nivolumab plus
ipilimumab were skin (108 [36%)] of 300 patients) and
gastroiniestinal (66 [22%]) events. Overall, 198 (66%) of
300 patients who were given nivolumab plus ipilimumab
died, with 183 (61%) deaths due to disease progression.
212 (75%) of 284 patients given chemotherapy died, with
199 (70%) deaths due to disease progression. Three (1%)
treatment-related deaths occurred in the nivolumab plus
ipilimumab group, due to pneumonitis, encephalitis, and
heart failure. One (<1%) treatment-related death occurred
in the chemotherapy group due to myelosuppression.

Discussion

To our knowledge, CheckMate 743 is the first large,
randomised, phase 3 study to show significant and
clinically meaningful improvement in overall survival
with immunotherapy versus standard-of-care platinum
plus pemetrexed chemotherapy for firstline treatment
of unresectable MPM. Based on these results, in
October, 2020, the US Food and Drug Administration
approved nivolumab plus ipilimumab for this patient
population.” With a median follow-up of 29-7 months,
nivolumab plus ipilimumab provided durable survival
benefit versus chemotherapy, with a 50% improvement
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in the 2-year overall survival rate (419 wvs 27%).
Furthermore, estimated rates of patients who still had
a response at 2 years was 8% with chemotherapy
versus 32% with nivolumab plus ipilimumab. The safety
profile of nivolumab plus ipilimumab in this study was
consistent with that seen previously in NSCLC at this
dose and schedule® and no new safety signals were
reported.

The frequencies of grade 3 or 4 serious ireatment-
related adverse events and those leading to discon-
tinuation were higher with nivolumab plus ipilimumab
than with chemotherapy; however, most were manageable
and resolved with steroids or supportive treatment.
Moreover, when treatment-related adverse events were
adjusted for exposure, the overall incidence of treatment-
related adverse events was lower with nivolumab plus
ipilimumab than with chemotherapy.

Benefit with nivolumab plus ipilimumab was observed
in most subgroups assessed, with the exception of patients
aged 75 years or older. However, these subgroups were
small and did not have statistical power. As such, results
from these subgroup analyses should be interpreted
with caution. Importantly, benefits were observed across
histological groups, albeit at different magnitudes. For
example, median overall survival with nivolumab plus
ipilimumab was consistent between patients with
epithelioid histology (18-7 months; HR 0-86 [95% CI
0-69-1-08]) and non-epithelioid histology (18-1 months;
HR 0-46 [0-31-0-68]), showing dlinically meaningful
survival improvements across both groups; 1-year and
2-year overall survival rates were also similar between the
two histological subgroups. Notably, in the epithelioid
subgroup, nivolumab plus ipilimumab showed an
improvement of 2 months in median overall survival
compared with chemotherapy, with an HR favouring
nivolumab plus ipilimumab despite the 95% CI
overlapping 1. Furthermore, the 2-year overall survival rate
in the epithelioid subgroup showed a long-term benefit of
nivolumab plus ipilimumab with a 9% absolute difference
versus chemotherapy. The larger magnitude of benefit
observed in the non-epithelioid subgroup was primarily
driven by the inferior effect of chemotherapy in the non-
epithelioid subtype, as previously reported.’ This
difference in outcomes between the subgroups treated
with chemotherapy could not be attributed to the type of
chemotherapy received because exploratory data from
CheckMate 743 suggest that patients derive a similar
overall survival benefit regardless of platinum backbone;
median overall survival was similar between pemetrexed
plus cisplatin and pemetrexed plus carboplatin.

Median progression-free survival and objective response
rates were each numerically similar for nivolumab plus
ipilimumab and chemotherapy. Median progression-free
survival was similar to results from previously reported
clinical trials in recurrent MPM.** The progression-free
survival Kaplan-Meier curves crossed at approximately
8 months, reflecting more rapid, although not durable,

disease control with chemotherapy. However, radiographic
assessments in MPM can be challenging because of the
absence of distinguishable tumour margins over time and
successive CT evaluations.® Thus, overall survival is
considered to be a more objective and reliable endpoint in
this tumour type. Notably, nivolumab plus ipilimumab
provided long-term overall survival benefit, although the
slight early survival benefit observed with chemotherapy
was not durable.

The duration of response and durable survival benefit
observed with nivolumab plus ipilimumab in patients
with MPM in CheckMate 743 builds on the existing body
of evidence that shows extended survival benefit with
this dual immunotherapy regimen across a number of
other tumour types, including NSCLC."*** Ipilimumab
is hypothesised to drive memory T-cell production leading
to durable responses when combined with nivolumab.”
Results of the current study also corroborate the pro-
mising activity seen with anti-PD-1 or anti-PD-L1, and
anti-CTLA-4 combination therapies in phase 2 studies in
second-line or later settings of MPM,*** and support the
use of dual immunotherapy over single-agent anti-PD-1
or anti-CTLA-4 inhibitors, which have shown little benefit
over chemotherapy.**

Some treatment guidelines (eg, NCCN guidelines)
include the optional addition of the anti-angiogenic agent
bevacizumab to platinum plus pemetrexed chemotherapy
for firstline treatment of MPM in select patients, based
on the survival benefit seen in a phase 3 trial;*" however,
this regimen is not approved by regulators. Nonetheless,
given the durable survival benefit seen in CheckMate 743,
combining nivolumab plus ipilimumab with other
therapies, including anti-angiogenic agents or, as approved
for NSCLC in May, 2020, a short course of chemotherapy,”
merits investigation to determine whether survival
outcomes can be further enhanced. Similarly, future trials
assessing the benefit of second-line targeted therapies (eg,
bevacizumab and ramucirumab) after nivolumab plus
ipilimumab treatment are warranted.

Reliable biomarkers to predict the benefit of dual-
agent immunotherapy in the treatment of MPM have not
yet been identified. Although PD-L1 expression is an
established biomarker for single-agent immunotherapy in
NSCLC,” its role in predicting treatment outcomes with
dual immunotherapy regimens has not been established.
More specifically, in MPM trials investigating immuno-
therapies, the association between PD-L1 expression and
efficacy is inconsistent.”** In CheckMate 743, overall
survival outcomes with nivolumab plus ipilimumab were
similar in the subgroups with less than 1% and with 1% or
higher PD-L1 expressions and better outcomes were seen
with nivolumab plus ipilimumab than with chemotherapy
at 2 years in both subgroups. However, survival with
chemotherapy was better in patients with tumour PD-L1
expression of less than 1% than those with expression of
1% or higher. These observations suggest that absence of
PD-L1 expression might be indicative of better prognosis
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with chemotherapy. However, these descriptive and
exploratory data should be interpreted with caution given
their potential limitations—ie, PD-L1 expression was not a
stratification factor in the study and the sample size of the
PD-11 expression less than 1% group was small. As such,
the potential for imbalances in known or unknown
prognostic factors does not allow us to draw definitive
conclusions. Better characterisation of this heterogeneous
disease using transcriptomic and epigenetic profiling
should guide future patient selection and therapeutic
strategies, and aid i the identification of mnovel
biomarkers.**

In summary, firstline nivolumab plus ipilimumab
provided a significant and clinically meaningful improve-
ment in overall survival versus platinum plus pemetrexed
chemotherapy. Nivolumab plus ipilimumab has a
favourable clinical benefit-risk profile that has led to
approval in the USA and should be considered as a new
standard of care for previously untreated patients with
unresectable MPM, regardless of histological subtype.
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In this article of EBioMedicine, Mankor and colleagues [1] report
the results of immune monitoring of peripheral blood immune cell
subsets in patients with malignant pleural mesothelioma (MPM)
treated with so-called immune checkpoint inhibitors (ICls). Combina-
tion treatment with anti-PD-1/anti-CTLA-4 antibodies induced an
increase in the proliferation and activation of T cells. In addition,
patients who responded to the combination treatment had low fre-
quencies of naive CD8 T cells and high frequencies of effector mem-
ory CD8 T cells expressing cytokines, such as granzyme-B and
interferon-y. These findings suggest that immune monitoring of
peripheral blood immune cell subsets may provide information for
predicting clinical benefit from ICI-ICI combination therapy.

MPM is strongly associated with asbestos exposure and has con-
tinued to increase in many developing countries. The combination of
platinum and pemetrexed is considered a standard regimen, but
median survival is approximately 1 year [2]. There is no established
treatment option once cases are refractory or intolerable to the regi-
men. The immunosuppressive tumor microenvironment in MPM
suggests that patients may benefit from this kind of immunotherapy.
In recent years, some encouraging results of ICIs have been reported
for MPM. In a Japanese single-arm phase II study examining the effi-
cacy and safety of nivolumab monotherapy, the primary endpoint,
objective response rate, was 29%, and the median progression-free
and overall survival were 6.1 and 17.3 months, respectively [3]. These
results led to the approval of nivolumab in Japan for unresectable
recurrent MPM. However, the efficacy of anti-PD-1 antibody has not
been established in randomised clinical studies.

Recently, the combination of nivolumab and ipilimumab was
demonstrated to significantly improve overall survival compared to
standard chemotherapy in the Checkmate-743 study [4]. An impor-
tant clinical issue is to determine which patients can expect a
response or unacceptable toxicity, as not all patients could benefit
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https://doi.org/10.1016/j.ebiom.2020.103057

from the treatment, and some specific adverse events have been
reported for the ICI-ICI combination. Some studies have revealed the
correlation between responses and higher PD-L1 expression. In
MPM, however, more established outcome data are needed to con-
firm the value of PD-L1 expression as a predictive biomarker. The
tumor mutation burden and tumor microenvironment are associated
with the response to ICIs in some neoplasms, but their roles as bio-
markers have not been shown in MPM.

In this study, Mankor and colleagues show that patients who respond
to combination treatment with nivolumab and ipilimumab have low fre-
quencies of naive CD8 T cells and high frequencies of cytokine-express-
ing effector memory CD8 T cells. A strength of this monitoring is that it
can be performed before treatment induction. Notably, there are some
limitations in this study, including a limited number of responding
patients. However, the findings suggest that immune monitoring of
peripheral blood immune cell subsets may act as a biomarker predicting
a clinical benefit from ICI combination therapy. A prospective study with
more subjects should be planned to validate these findings. In addition,
basic or translational research to identify the mechanisms of action of T
cells and cytokines against mesothelioma cells is warranted.

As a future perspective, the combination of an anti-PD-1 or anti-
PD-L1 antibody and conventional chemotherapy is also under inves-
tigation. Nowak et al. recently presented favorable results from a
phase II trial testing durvalumab, an anti-PD-L1 antibody, combined
with cisplatin/pemetrexed in MPM [5]. A large-scale randomised
study for testing the combination of pembrolizumab, another anti-
PD-1 antibody, and cisplatin/pemetrexed is also ongoing. Platinum
agents can enhance the effector immune response through modula-
tion of PD-L1 [6]. Further development of new biomarkers to deter-
mine patients who would benefit from ICI-ICI combinations, ICI plus
chemotherapy, or conventional chemotherapy is also needed.

A new era in systemic chemotherapy for MPM has just begun.
Immune monitoring would be the key to choosing appropriate
treatments.
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