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55 SRR MRIR T FE 2 Ee At ) &
FOREAIT ZE PR T

SIET = 7 INA N RRE ARG O M s R i A x5 & L7z CD26 fifk & PD-1 Hiufk
Pembrolizumab & OffHPEIEDF 2 FHEAN FETG 5k

WHERFEE HA BR ERERFRFLE IR
TSI« DS A SEIRTBIR R R R

MEEE

HEVEMRS R LT AR MEL B L - CTRAET ZHIRMEEMNERE CH D, T = v
7 RA » MRESE (ICD 3% L <, FEETH PD-1 Bk Z #ill b 5955172 £ & o ffH
DFTHUERRIE L U CRA SN2, 4B RFEITR 1.6 FREICE EE-TRY, K
RELTTHRIIRRTH S, Fxldt Mb CD26 Hifk YS110 ZBH¥ L. 77 v A2 CHZE
Ao U725 1 MR Z ML, ENTH P EEIC T 558 1/2 MatBha i Uiz, 1G9
IO BRI LT, CD26 HFUAHEFTH @mWEIS TRREZE (SD) &72 0 R
DOHUEGENETRRD DA, AN X0 BRI 3 2 ARPUE 2 AW e 0F ik o
BIRIZEE L ECH 5, BUEENE T O F R IEORRHRBRIL, RIFEOBEF T 2 WlEE
P F I ALTFHERIAREIS BT D ZIRIBEANE & A LT, ICT AE M & )t iz LT
BB E 2 EM ST, £ 2T, ICT it OB R ReEA TS b je R 59~ %
CD26 #i{k & Pembrolizumab & OFFHFEIEDS 2 FHFRER 2 51l L7z, FIFEEIX, 1RBRIEMEIR
Hlo#&fiE, PMDA &, 16BRFNEEAT « Mgk OYEFES, FRRBREA A2 611 7= MEfH % 9206 L
77

CD26 HiAEAIDOE NG 1/2 FIREREE 2D ORAZ F\V T, CD26 HFUk oA 7023 R iR
Fi T BB L TR TEOINA A~ — I — DR EAT o TE IR SFEIT I N ETITEM L
T NESREAAR D DNA~A 7 a7 LA T —X Ot k% RE L, DNA~A 27 a7 LA O
AT & E R PCRIZ L DT 24T\, PFS M EHAMERGE U7 A 20E & e & 2 bk L,
AR RS U CORBIA AW IR 7, BRI I U CRIDMRWEE T2 RE L, 5.
CD26 HLiFIRIEDBAGRTICHUARIEN AN 2 BE 2 TR TE DA F~— I —I272 0 55D
BT B,
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A. BFZEEW

M eh Bz fE I IS 7 ARZ MEL FEIC K
0 FE AT 2 M hs Rz H Sl o S VR P S e
ThbH, 7 ANA MIKBENOLRIEE TOE
RIIEIER 30-50 & S, HAZIZIUH &
LTELETARZ MERBREE LI TW

WHEZR ET U7 - PR TIIEERN S % E
TEFTNTHEEZLNTND, XA ML
X REVARTTF LD FFRIER OOF
HANEREREE L THOY LR TE A
Clin Oncol. 2003), % F = v 7 KA » ~MH
FHIACHDBRG; T, TRETS PD-1 fiufkz
2 ALFHER e & & OO DS HT BTG RS
& UCRRAT S ARFRIEA & 0 S BALEDS
FRI X3 CU B (Lancet. 2021, 2023), L L,

éﬁf@ﬁ¢%ﬁi15$ﬁ?f%@ —JE
BRI ER 5y 2280 (PR) 2 /- T b D DI BT
@mkﬁé%%ﬁ@§<fflﬂ;n%®%
F R U152 B> 2h 2 ia ik o
BN I N TV D,

WS D IXTHIRFRIER & LT
CD26 2% H L, t MK CD26 HitikZz Bz L
T7 7 AN THEZ J1.0 12 First-in-
Human %5 1 FHESKFER 217 (Br J Cancer.
2017), AFRT b IR UE D Wik B Jid 4
KGR E 1 AHRER A2 17V \(Lung Cancer. 2019),
PUAHELEH B4 6mg/kg & LT 2 fHRER %
4 31 B2 EJii L 7-(JTO Clin Res Rep. 2021),
HERZ LT, AFETOHE 1/2 FHiBR § 40
BIOHF T, ICI THEINTVWD LS REE
REFBFLIIDR 772 1 HAR
ERIBRICBIF R E BN RSN TND, &5
W AR T 1/2 #7305k 40 41 Nivolumab
TRIR DA T S AVRPIPE 7R U723 13 5]
BENTBY ZNLDOREIIEIT DiER
ANEIT, PR A 7.7% (1/13), JiE%E(SD)
2N 53.8% (7/13)C. Nivolumab JEHEFED 7220
fthod 27 Bl & [RHEDFIMEEZ R LI Z LM,
CD26 HLiRIZ ICI & 1 I/E AT 3 572 0 [ ICT
BHEOTRIEREICOARI CTh 25 v HEM:
D3R < R S AL,

CD26 HUAREAITOENE 1/2 FH5A5 TIX
—H D BREITE IR PR-SD A3HikE L72(6 A
A IRf 0T O MRS AR HAR (PFS) 31X 25.7%
(9/35)72753, PR OEIG I & SD O
FBENEE RN D Z & D A TORhE
IXFRETH T,

BULE S BB R D Ak & 70 Bl R EABR 23
ITOITNDD, EFIL PD-1 Fifkz i e L
7o 2 FIETITZ A0 OB FE & 72>
TWb, ZZ T, CD26 HiikH ICI & 1 ThifE



GVEMMEFE N B2 5 Z LICER L. B ER
T CD26 Hiik & PD-1 Hifk & OB OIE
R POC % HUfF L7z,

1) BLESEM O R IEOBRRBIT, R
WEDBE TR D HENRR, £721%, 1k
S FRVE AT S BN 9D RIS
LA LT, ICT NI A X5z LT
B AR RBRS EM S T, £ 2T,
FRCR LT-BEED R EDE IR,
BT ICI IRRICAE IR TR 2R In s
DIIRNH Rz R A %52 L7z, CD26
Uik & PD-1 HUfA Pembrolizumab & D
FAFEE D 2 A8 ERR S E R B 2 318 L7z,

2) & HIZ CD26 HUAHAITHE H AL A A
~— N —RRBERER & 5 F 2T CD26 Hiik
& PD-1 Huk & OOFHRIED FMEE T
WTEDHDNRA, F~—T—%RETH, &
1T CD26 HUA R T DA R 2 18841
TEXHONA A ~—T—%FET 5,

BAFRFE
BI. FRPREABRBA A6 HE(H
1) 1RBREHGAH] OFEAR - PMDA %t
BT R OARMFFE OB R G FTRE B 1%
FMTHEIOA 1L ENLTholzlzd, £F
9 H 725 CRO (Contract Research Organi
zation) DIETE 21T > 72, CRO2 13 L OIHK
BRI TFHBIE R =L BRIRATE - 1h
B & % — (ARO: Academic Research
Organization) & ZFt EBNA DI HH DO
ATV ENENDHER OF ] & KPR O
oW EMEAZZRE LT, IHRE KT ARO &
CRO 2 HICFEFET DML 2 IE LT,
F 7o EG BRI K OV S E & FE kT
DINEERE DB E BTV RIS 21T o 70,
WEAHIRAT I, FIFRAGRD 2RV RERTE AR

(ERE RS T — & A = AT
WAHRHT A 2 L, T 65513 CRO
WCEFETHZ LT LT,

2025 4510 H 30 HIZ PMDA & O S ijHE ik
(FHERIX 7 TR AR L) 21TV, FHBEEE
fHE B2 DWW THIZE 2 > b 1 — /L= (DCR)
DO ZGNFORRWCEE T 5H Z L BELUS
B S ARE BRI R L TR L W2
FHIHOBE & ZT T2 AEE LIRS &
TATITENGEETDHLX 2T N —H
(= AFRIRARFRIC S LGB A% L
7o, 2025412 A 18 HIZ 2 [l H O FHhiHE
HROAHEX Sy VX2 T FY —H o = R
WEARFR) AT > T2, FIENEHIZ Ipilimumab &
Nivolumab D ff G %247 - 7= BEITXI 3
HBVE 2%} 7=, Pembrolizumab % 55k FE fi
FHEELRICFOR LAk R CEET SR
& 70 2 BRI 727 — 2 O e & xt )
SEHRERRICH-ICEHEH L TR LW
OB & Z I FEIE L7=% ., PMDA xfifBh S
[T L O FERAH Y 20264 1 A IZPMDA
KBS HIAZZITUV, PMDA 75 IREEH
H MR OB E 2307, 2026 4 3 A 18
HIZ PMDA & OXFB)E & 35 L7, B
ELR RN RENTZOHRTH Y IR ENE
HEEONFICOVWTIMRAENE LN
T 5%, BUIE, PMDA 75 DB S ~DOR}IG %
&b TRBR FEREFHEE O M OB EETT - T
BY., BECOBREICH D,

2) IRBREREEERD - fiFk OYLTE

AWFFEBAAGIRF T, AN —Je A2 (LA 9
SWVFERE) - AL A CREERE V¥
—) -+ A RasE e AR (SN KRR B I R
B2y I A A AE (U E R At v % —)D 4 i
RN DA ER O RE 215 H T3,
A LTV 55 2 FMRERER O T EIE IS 42



FlThHdZ L EBE LT RABRIM 2T
BT DI KRR E S OICHOT 2 L 2R
L7,

% ZC, BAME T 1 sk, AbiEE T 1 fiEr
PEFe T 5 2 & TR0 RGP O TR IERE &
Yo7 n—bhTE5EEZ, BRE, JbimED
EIREERE & L TR RIS — A EER KT
[E B v & —) 3 X Ol URE o A= (A
KRB D> D R O A 2 1572,

BIL. A Z~—h —RRBOWFF5E

SR ESE
(f B~ DBLIE)

AR DN T TR S e F 0 2 & i
fbL. BF RS RERSCE AR L2,
URAEE(FN 8 4R D), A EIRBEBE D TR
BEEZEDFITHIIEREAEZESICBY
THRELZZITHTETHD,

7% CD26 HUARHAIOENGE 1/2 fHi5k
BERRIK DAL T~ — T —RBFE IO N

TIET CILFEMAREHFT TN D,

JufE R

1) CD26 HLAHAIDENE 1/2 FRERIK
DRSSP ERAHA O AR 1R BUARAT

AHFFED BHIE, CD26 HLIRIEN AR 72
BEEZBINRTED AN, A~ — I —ZRET
HTETHDH N A ~— I —RRFEEIDIG
S IVENEDFHE S T & 7= 22 fil & MER - f1
7 « Nivolumab #% G- DIE B TR L 7o 4k
H. SDJERFIE PD SEGIZ 3 FILL EELD D
WX, T - ERAY - Nivolumab #¢5-FEHE L |
(SD 6 fil/PD 4 f5il) DA To -7z, % Z TDNA
~A a7 LA ZTOMARE LT, SD 6JE
B, AR AW PFS 23R\ 3 1 (PFS
296 H, 211 H, 139 H) & PD 4 & &N L

PR A

72 ZHBHO SD 3 il CD26 DIEHGHIESR
1% 30%, 70% 90%C PD 4 50> CD26 DIEHLS
PESRIT 95%, 100%, 60%, 95% CHEE D CD26
FEHELME SR 72 8% CD26 Hiik D A 2tk & FH R
LNz EnvRaniz,

ZZTCEBRLEETH I VENETNOME
EERAL 291 L., Total RNA Hhifti & DNA =
AT VAT ZAT 512, E DR, DNA <
Ara7rvAxE L 7T T rENE
N CTEInFIZ L » T raw data D> 7 FIUH
DI IZAR N S DR L < R b7z, 2R
Nz U UEENT T 4 Rk (FFPE) 7y
Sl L7z Total RNA (3 LML TH
0. WAL EA TS0, DNA <A 7 1
T LA DEEIAD T 0 — T EFNDHE Ly D
wm%%amﬂféfkaﬁ\mﬁﬁwm
DR B (7 ©—H) OFfiS TE Ty
Lo LHE Lz, £ Ta#EBETT, raw
data @ 7 F VAN 10 Kl 72> T\ B
7 Wi no data & L THKU, SD X 3 il
2 BILL E, PD I 4 B 2 BILL I data 238 %
BIRFIET Z M5 & L,

2) FEEISEEARE D DNA ~ o 7 1 7 LA fi@hT
AEODNA~A 70T LA &frol=H
7°ViX. GSEA (Gene Set Enrichment
Analysis) filfffr & B AANZATV, FrEDEWT:
HIRR BRSO RE | B 3 2 B n FHEDS KR T
WCABEICEH L WD EHLI L,
BHikSITWAHDH Hallmark) OB 7 2V —
DEfsFEy FOHFTSDHEE PD L OFH
THEE b B TEY FELT, 49
DOty MR L,
['TNFA_SIGNALING_VIA_NFKB].
[EPITHELIAL_MESENCHYMAL_TRANSITION].
IMTORC1_SIGNALING] @ 3t > K Tix, SD



HEOHNRPDEEL D RIANAFRICEH N &
DR E T, — T, [IMYOGENESIS] Dt v
FTIE, PDEEDO A SDREL W & RE LA

IEWZ ENRES T,

IHlcENLDOEEFEY hOF T, SD
FED S FEEL L ~UL & PD BED S FE LN
VDFEPKE L I OREB OREER AN S
WEBEFEBRIR LT,

FIZTDNA ~A 77 LA L=
TV ERBRIC, HEEA R L7z cDNA &2 VT
aRT-PCR Z1To72 & 2 A, < OBEETT
DNA w4 7 a7 LA &Sl L7l il o
Nz, iRz TEL TWD72H, BARR
PREAG T AT L7228, qRT-PCR IZH W
T% PDJERFI & s L-C SD JER 3 fillc i@
LTEFEB L TV HEEF. BT, SD JE
Bl & B UC PDJERFNZ L@ L CEsEl LT
WD & R LT,

D. BE

CD26 HFURDAH TR AL F~—T1—%
PRIRT 57212, CD26 HUAHAIDENE 1/2
FRTEE PR AR FB S o R BIIE A & VT SD
34L& PD 44D DNA~A 7 a7 LA M &
177,

GSEA AT DFESRD> 5 SD BECTRIL E -
ToBIETIE, RIE - A b U RSB DRI
TEYEL L TR0 sasEiiia & OB AER 2358
Wz ENnTREIN, F0.
mesenchymal transition 23VE3E Ty M
REEEDS B EB AL T 0 | el DS
< SEEFIE OB RN LT Vi, 12 - #i5
B0t MM SR BE A & R i M & FF o
LR END, —J7T, PD HETIHELN
7o T AR T IX AR AR, H T b B |2 B
PRI DB FREDNZEIL B, I/ ik

epithelial

a7 T LAOHER, Milust~ N 7 2O
b WEERY N ) 7 B 2 18 U TS M oz
LA E 2 PHE LTV 5 AEE iﬁ%i
BIVD A TSR EAR AL O o Yl
D%%ﬂk@@%%@%ﬁ%%ﬁ?éows
DOHIRIA R < CD26 HUIRIRIE DNRFI A N 7RE
Bl & PDREB & DHBNAH D E D D et
T2,

E. *&5

CD26 HriARHA| o ENER AR B D H
AR & 1% DAz Total RNA &2 F\C SD
SER 3 5] & PDSER] 4 IO DNA v A 7 a7 L
A FRIT AT o T fRT HIEE B LT — 2 %
PRS2 Z & TODNA = A 7 a7 LA Off
%k*ﬁbfd@ﬂﬁﬁﬁbf%%f%*

WL CTHRED EWIB{S T & PDEF] ¢ M

L CHRENEOEE T2 R L,

F. REEDOTERVOSHEDORE
HIFEEEIT, TRBR SRR OB A, PMDA i
i TRBR ISR AT - Mk OYEFE S, BRI
BRARIZ A 7o Yl & S U7, IRAFEE T, TR
B SRt R T A b L B TRV R B
LER L OB FEFIEE L ER L 72 % TR
BZ B TOEE JRREEEEORI 21T
V2 FRBR OB E TEL TV D,
CD26 HLARHANDOENE 1/2 tHBRBE D
MES R AR 2 O C . DNA~ A 7 a7 LA
DRI &0 15 5 A=l 70 1 D fa i Y
BEATUV, 2D D538 CD26 HLIRDH L)
PZ TR TEDLNAL A~ =T =272V 55
NEWHLNIZT S L L HIT D26 Hiik &
Pembrolizumab & OFfFEIEIZEBNTY, [A]
& LT B s A O FE BRI 23 OF R E O A %)
PEFRNC A HNE S D EEtd 5,
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55 SRR MRIR T FE 2 Ee At ) &
SRR

T = v 7 KA 2 NEIRIEBUE O UIBR A GEET T P R fE 2 x5 & L7z
CD26 #ifk « ~ L7 ) X< 7 HHARIEDH 2 tHERAR TSR O B Ak HE(H

WEEE R R ERERZR R E SR
IR« DS A JCRIB IR L R

WHoesiE WEE B OERERFRERE AR
TSI« DS A SEIRTRIR AL R EEER
WHIEs A R R RIS SRR ISR R - AR R R
WgeoEE  BA few WEIRFETE Nk o 7 LV —NR #d%
WroEs g Al B SEEREC X — WEGENE BRIRPTERR
W EE g A UER A 2 — FERERNEL ERD
MAEEE

ffsErf BB T AR A MEL B & - TRAET ZHIREEEIESE TH D, g T = v 7
KA v FHEKACD &S L, PEIETY PD-1 fiikzdilic, CTLA-4 Hiiko b2 LAl
& DOPFRANFRIETE & U TR S en, 2AFEHIR P REITR 1.6 FREICE EE -
T, KRE L TTPRIIARTH D, bivbiud, FliawiEr s+ & LTk pfiE
IZHBLT 5 CD26 12 H L, B Mk CD26 HUiK YS110 B L7z, 77 v AT THE
ZHub e U725 1 M a £ L, BN TS T REICRT T 258 1/2 kiR g i Lz, 16
PEARGUME D TP IR (2% LT, CD26 HURHAITH & W EIG THRELESD) & 72 v ik
FEDOPUEEZN RITRRD S8, AREN X 0 RIIRERE - 2 A PR 2 AW 72 OF
WIEOHBITEERRE CTH D, £, BUEEN O T RIEORARER T, RIGROEHE
(ZXPT D RIENERE, Fid, ALFEERIRE NGNS 2 ZRIBESIE L A 8T, ICT R
B & 6 G LT BRI RBR N i S v T ey, £ 2T ICT #EBTE 0 YIBR AR REXET T
s Bz B2 64 % CD26 $ifk & Pembrolizamab & OOFHRED S 2 FHAER £ 58 L 7=,
WIEEEL, 1B E AR OFlE, PMDA Xfi, 1GBRSEHEEAR - Mgk OILFeSE, MR
BRARIZ [A) T 7= e & 520 L 72,

A. HREM oA > R L7 U7 - h R TIIBRERNS
B BRI L T AR MESFEICE BETETHEMNTLLEZZLNTND, R
0 AT D IS R R H ke o BT A R Mot RETRTTF & Db PRIEA
ThD, TARA MIKBEPORIEETOWR  OJFHMEREERE LTREL CBRIRENT
RIANETR 80-50 & s, HAZEZDH X723 Clin Oncol. 2003), #fEF = v 7



A v MLEFEERACDN B L, FREETYH
PD-1 HilAZ 2, CTLA-4 HUk<c bk
Fil & OPFRDHBIEHRIE L U TR S 4L 5
(2 AR O 1 BB Sk L TR R IR L 0
HENLE N RIE STV 5 (Lancet. 2021,
2023), L L722d3 6, AAEFHIE i X
L5 FELLFTH Y | —EMIHEILE 2% (PR)
T HDODEDRIFEBETPD) & 725 E
FHo IRIRBIAA RN PD & 23 5 BE K
ZAAE L, 2D D BE 2R LIS 5 B
OFNRIERIE DN TILE SN TV D,
WFFEAER DI HHUEFRIER & LT
Wz R R BL 5 CD26 IZEH L, E
~Mb CD26 HitkZ I L T7 7 v AL TH
F i %t First-in-Human 28 1 AB AR
B% %17~ 7=(Br J Cancer. 2017), A THIE
PEARFTE O M B2 il & b BT B 1 AHRRER
% 3 &, 4 3 #liZ(Lung Cancer. 2019), #t
RHELEH B % 6mg/kg & L CH 2 HRBR 2 2
31 B2 5266 L 7-(JTO Clin Res Rep. 2021),
PL7p T LT AFRTOH 172 tHRER 71 40 51
DR T ICI THEINTWS L5 REER
FEHERIX, F1HETIE 111% 1/9)., F2
FETIX 19.4% (6/31) &7, 7T A5 1
FRFRBR & [FIRRIC BAF R Z MR ST
Do BT AFRTOH 1/2 FHFER 40 Bl
(L2215 12 Nivolumab 1BENHIT I,
Nivolumab (2%} U CTHPLE %2 78 L 7 SEB] 3
13 Bl EN TV, ZNHDOBEICEITD
BB RIE, PR S 7.7% (1/13), JRE%L
E(SD)2Y 53.8% (7/13) Td 7=, Nivolumab
TG D Zp Mo 27 il & R O A EWEZ 7~
LizZ &b, CD26 HLRIE ICT & I3 /EMH%
e gy | ICHEEFH O R REREIZLH
ZhCTd 2 AIREMED IR < R S HuTz,

CD26 FLIRHAITOENG 1/2 FH7ER Tl

(b F91EANR° Nivolumab [ ZHSHUME D Rz i
B 40 Bl LT, RBHBREGIRIT PR 28
5.0% (2/40), SD 7% 52.5% (21/40) T > 7=,
— O BEITEWE PR - SD MEHE L72(6
7~ A IRg LT o0 M G AR A7 )R] (PFS) =R 1%
25.7% (9/35))23,. PR OEIE KN &, SD
OB ENBENND Z 0D HAITO
FhEITHRERETH T,

BUE S R LT k92 Bk & 7l R EBR 3
fTONTWD2, T4 PD-1 ik zdi s L
72 2 FlFE IS HIOFH OIRERD 19T & 72 o
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ARTICLE INFO ABSTRACT

Keywords: To better understand the mechanism by which T cells mediate allograft rejection, we
effector CD8™ T cells investigated the fate and function of graft-specific CD8" T cells expressing the activated
alloimmunity isoform of CD43 in mice and humans. Agonism of the CD43 1B11 receptor in vitro induced
costimulation blockade CD8" T cell proliferation in the presence of subthreshold antigen stimulation, and CD43
tolerance 1B11 agonism in vivo overcame costimulation-blockade induced tolerance and enhanced

CD8™ T cell cytokine production and cytotoxic function. Effector CD43 1B11" CD8™ T cells
not only expressed high levels of T-bet but also maintained Interleukin-7 receptor subunit
alpha (IL-7R[alpha]), and T cell factor 1 (TCF-1) expression at both effector and memory
timepoints. In adoptive transfer experiments, CD43 1B11" CD8" T cells were persistent
following graft rechallenge and also formed TCF-1"IL-7Ra™ memory cells. Human CD8" T
cells expressing CD43 and the glycosyltransferase GCNT1 were present in rejecting
kidney allografts and had high expression of IFNG, ICOS, and perforins/granzymes. In

Abbreviations: CTLA-4, Cytotoxic T-Lymphocyte Associated Protein 4; CTV, CellTrace Violet; GCNT1, glucosaminyl (N-acetyl) transferase 1; HEV, high endothelial venule; ICOS, Inducible T-cell
Costimulator; IFNG, Interferon-gamma; Ig, immunoglobulin; IL-7R[alpha], Interleukin-7 receptor subunit alpha; mAb, monoclonal antibody; PBS, Phosphate buffered saline; TCF-1, T cell factor 1;
TCR, T cell receptor; TNF, tumor necrosis factor.
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healthy human donors and transplant candidates, the CD43 1D4 monoclonal antibody

clone defined antigen-experienced cytokine-producing CD8" T cells. In sum, these data

support an important role for activated CD43" CD8™" T cells as potent effectors and point to

a potential role for CD43 1B11 signaling in augmenting effector functions in the context of

subthreshold antigen or costimulation.

1. Introduction

T cell-mediated allograft rejection is a major contributor to
early graft loss." Multiple studies have highlighted that CD8™"
T cells, which have potent cytolytic and cytokine-producing
functions, mediate rejection in preclinical models and pa-
tients.*® In the widely held early precursor model of T cell
differentiation, CD8" T cells become either short-lived effector
cell populations or longer-lived memory precursor populations
in the initial cell divisions after antigen priming. Although many
features of effector and memory CD8" T cells have been
defined by pathogen infection, the overarching model of CD8*
T cell differentiation in transplantation is not well
understood.®'?

CD43 is a transmembrane sialomucin that is broadly
expressed on leukocytes and functions in cellular signaling,
adhesion, and trafficking.13'16 However, T cell activation elicits
the core-2 O-glycosylation of CD43 by the glycosyltransferase
GCNT1,"”"8 which is denoted by the binding of the CD43 1B11
antibody clone. Our group and others have shown that effector
and memory CD8" T cells upregulate expression of the acti-
vated CD43 receptor.'®'929 We found that after transplantation,
CD43 1B11 CD8" T cells were potent effectors that expressed
high levels of granzyme B, the cytokines interferon y/TNF-a, and
rapidly infiltrated allografts.’® In the present study, we further
delineated key aspects of the fate and function of this CD8" T
cell population in mice and humans.

2. Materials and methods
2.1. Animals

C57BL/6J, C57BL/6J Ly5.2-Cr (CD45.1), C57BI/6-
Tg(TcraTerb)1100Mjb/d (OT-1), and C567BL/6-Tg(CAG-OVAL)
916Jen/J (Act-mOVA) were obtained from The Jackson Labo-
ratory (Bar Harbor, Maine) and used at 6 to 2 weeks of age. Balb/
cJ was bred at Johns Hopkins University. This study was con-
ducted in accordance with the Guide for the Care and Use of
Laboratory Animals and approved by the Animal Care and Use
Committee at Johns Hopkins University.

2.2. Skin transplantation and in vivo treatments

Full-thickness tail and ear skins were transplanted onto the
dorsal thorax of recipient mice as previously described.”’ As
indicated, mice were treated with 250 pg/dose of CTLA-4

immunoglobulin (Ig) (BioXCell) and anti-CD40L (MR1 clone,
BioXCell) or 200 pg/dose CD43 1B11 monoclonal antibody
(mADb) (BioLegend) or rat IgG2a (BioXCell) via i.p. injection.

2.3. Heatrt transplantation and graft-infiltrating T cell
isolation

Heterotopic heart allografts were performed as previously
described.?? Graft-infiltrating cells were isolated as described
using collagenase Il (5000 U/mL) and DNase | (500 U/mL)
(Worthington Biochemicals) in HBSS (Corning) followed by a
GentleMACS Tissue Dissociator (Miltenyi).?®

2.4. Flow cytometric cell sorting and adoptive transfer

Effector CD8™ T cells were collected from the spleen and
graft-draining lymph nodes of Balb/c skin grafted CD45.1 mice.
For adoptive transfer, postgraft CD45.1* CD44" CD8" T cell
populations were sorted based on CD43 1B11 and CD62L
expression using a MoFlo XDP instrument. Either 0.9-1.2 x 10°
(graft rechallenge) or 1.5-2 x 10° (memory) of each purified cell
population was transferred via tail vein into C57BL/6J mice.

2.5. Real-time RT-PCR

Heart graft-infiltrating and splenic CD8" T cells were flow
cytometrically sorted into CD43 1B11" and CD43 1B11-CD8" T
cells. cDNA was synthesized using protocols and primers as
described.?® Data were analyzed using the 2-AACt method and
normalized to Hprt expression and naive CD8" T cells.

2.6. In vitro T cell stimulation

Ninety-six-well flat-bottom tissue culture plates were coated
with CD3¢e, CD28, or CD43 1B11 mAb (BioLegend) at the indi-
cated concentration in 60 pL of PBS/well for 90 minutes at 37 C.
2 x 10° naive CD8" T cells (Miltenyi CD8" T Cell Isolation Kit)
stained with CellTrace Violet (CTV) (Invitrogen) per well were
incubated at 37 C for 4 days in Complete R10 media and
analyzed by flow cytometry as described below.

2.7. In vitro cytokine production and cytotoxicity assay

For cytokine production, 5.0 x 10° CD45.1 lymph node cells
from day 15 postgraft mice were cocultured with 5.0 x 10° Balb/c
splenocytes for 4 hours in complete R10 media at 37 C in the
presence of Monensin (BioLegend). Positive control samples
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were treated at 2 uL/mL Cell Activation Cocktail with Brefeldin A
(BioLegend). For cytotoxicity, purified postgraft day 15 CD45.1
CD8" T cells (CD8" T Cell Isolation Kit, BioLegend) were
cocultured with 2.5 x 10% each of Balb/c and C57BI/6 B cells
(CD43 B cell isolation kit, Miltenyi) in complete R10 media at 37
C for 24 hours.

2.8. Immunofluorescence microscopy

Flash-frozen draining lymph nodes were cut into 6 pm sec-
tions, fixed in cold 1:1 acetone:methanol for 5 minutes, and
washed in PBS. Slides were incubated in primary antibodies and
secondary antibodies diluted in PBST (PBS + 0.03% Triton-X-
100 + 0.5% BSA) for 1 hour. Slides were imaged using an
Accu-Scope EXC-500 fluorescent microscope (Nikon) and
analyzed with Volocity software (PerkinElmer). Mean of mean
fluorescence intensity was calculated within the demarcated
high endothelial venule (HEV) region. Group comparisons were
made by taking the sum of HEV area with fluorescence over total
HEV area x mean fluorescence intensity.

2.9. Murine T cell enrichment and flow cytometry

Magnetic bead enrichment for H-2L% QL9 (QLSPFPFDL, NIH
Tetramer Core Facility) or CD45.1 was performed as
described.'® Samples were stained with Live/Dead near-infrared
(NIR) Zombie (BioLegend), indicated antibodies, and the Tran-
scription Factor Staining Kit (eBiosciences). Samples were ac-
quired on a Cytek Aurora 4L or 5L.

2.10. Human peripheral blood cell analysis

Healthy donor peripheral blood was collected in Vacutainer
tubes containing sodium heparin (BD Biosciences). For cytokine
production, 1.0 x 108 peripheral blood mononuclear cell were
stimulated with 0.5 pg/mL CD3e mAb (OKT3; ThermoFisher) and
10 pg/mL GolgiStop (ThermoFisher) in 96-well U-bottom platesin
complete RPMI for 20 hours at 37 C. Samples were incubated
with supernatant from 1D4 hybridoma for 30 minutes, followed by
antimouse IgG PE, and stained with indicated antibodies.

2.11. Human scRNAseq kidney transplant biopsy
analysis

Four samples from belatacept and tacrolimus-treated patients
(“Bela 1,” “Bela 2,” “Bela 3,” and “Tac 3”) were reanalyzed.?*
Gene count matrices were generated using CellRanger and
analyzed in R (4.3.0) using Seurat (4.3.0.1). Cells with excluded
with >200, >2500 gene counts, or >20% mitochondrial DNA.
Mature CD8™ T cells expressed at least 1 chain of CD3, CD8A,
and not expressing CD4. The samples were integrated using the
top 2000 genes and 50 dimensions, and clustering analysis was
used on the first 12 dimensions and 0.5 resolution. Figures were
generated with ggplot2 (3.4.3) and pheatmap (1.0.12).
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2.12. Quantification and statistical analysis

2.12.1. Statistical analysis

The frequency Ki67" of T cell populations was calculated as
(Kie7"Markert/Total Marker™) x 100. The percent of cytotox-
icity (killing) was calculated as 100 — ([(%H-2d target cells with
effectors/%H-2° target cells with effectors)/(%H-29 targets no
effectors/(%H-2° target cells no effectors)*100]). Statistics were
performed using GraphPad Prism 9 or 10.

2.12.2. Study approval

Healthy donors and kidney transplant candidates were iso-
lated following protocols approved by the Johns Hopkins Insti-
tutional Review Board.

3. Results

3.1. CD43 1B11 agonism with mAb provides a
costimulatory signal to CD8" T cells

Prior studies have reported that the CD43 receptor can pro-
vide either costimulatory or inhibitory signals to T cells.'>?>%° We
stimulated purified CD8" T cells with a range of plate-bound
CD3e and CD28 mAb in the presence or absence of
plate-bound CD43 1B11 mAb (Fig. 1A). We found that a con-
centration of 2.5 pg/mL either CD3e or CD28 mAb elicited uniform
proliferation of CD8™ T cells (Fig. 1A), whereas either 2.5 pg/mL
or 0.625 pg/mL of CD3e with 0.625 pg/mL CD28 mAb was below a
threshold necessary to induce maximal CD8™ T cell proliferation
(Fig. 1B). However, the addition of CD43 1B11 mAb agonism to
these subthreshold stimulation conditions elicited robust prolif-
eration of CD8™ T cells (Fig. 1B). These data demonstrate that
the CD43 1B11 pathway can provide a costimulatory signal to
CD8* T cells when a subthreshold strength of antigen or CD28
stimulation is present.

3.2. CD43 mAb treatment overcomes tolerance to
induce graft rejection

We reasoned that because CD43 1B11 can provide activating
signals to CD8" T cells and CD43 1B11* CD8" T cells are potent
effectors, signaling through this receptor could elicit graft rejec-
tion. We induced tolerance with combined CD28/CD40 cos-
timulation blockade (CTLA-4 Ig and CD40L mAb; Fig. 1C) and
treated mice with CD43 1B11 mAb on days 8 to 14, which cor-
responds to the initial expression of CD43 1B11 epitope on CD8"
T cells."® We found that while costimulation-blockade induced
graft survival to 30 days, treatment with CD43 1B11 elicited graft
rejection in 73% of mice by day 20 (Fig. 1D). Although cos-
timulation blockade elicited few activated effector CD8™ T cells,
mice treated with CD43 1B11 had a higher frequency of highly
proliferative CD62L'°CD27"° T cell population (Fig. 1E and Sup-
plementary Fig. S1A). CD43 1B11 mAb enhanced the frequency
of interferon y-positive among PD-1* CD8" T cells (Fig. 1F and
Supplementary Fig. S1B) and enhanced the cytotoxicity of CD8™
T cells against Balb/c target cells (Fig. 1G). Together, these data
demonstrate that in the context of limited antigen or
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Figure 1. CD43 1B11 agonism of CD8+ T cells can overcome subthreshold antigen and costimulation signals. (A) Purified naive C578BI/6 CD8" T
cells were labeled with CellTrace Violet and incubated in wells coated with varied concentrations of CD3e, CD28, and CD43 1B11 mAb for 4 days. (B)
Example histograms and summary data of CD8™ T cells after 4 days of stimulation with the indicated mAb. (C) C57BI/6 mice were provided with Balb/
¢ skin grafts and treated with tolerance-inducing costimulation blockade with CTLA-4 Ig and CD40L mAb (250 pg/dose, postgraft days 0, 2, 4, and 6).
Groups of mice were treated with IgG2a isotype control or CD43 1B11 mAb (200 pg/dose) on postgraft days 8, 11, and 14. (D) Skin graft survival was
assessed on mice treated as described in panel A. (E) On postgraft day 14, the phenotype of CD8™ T cells was assessed in the blood of skin-grafted
mice. (F) Draining lymph node CD8" T cells were restimulated for 4 hours with Balb/c splenocytes to assess for interferon y production. (G) Purified
CD8™ T cells were incubated with Balb/c or control C57BI/6 B cells for 20 hours, and the percent of killed target cells was calculated. Each data point
depicts an individual mouse. Summary data depict pooled results from (B) 3 independent experiments (n = 3 mice/group), (D) 3 independent ex-
periments (n = 9 = 11/group), (E-G) 2 independent experiments (n = 5-9 mice/group). Error bars depict mean + SEM. Statistics performed by (B, E,
F) unpaired Student’s t test (2-tailed), (G) 2-way ANOVA with Sidak’s multiple comparisons test. Error bars depict SEM. ANOVA, analysis of
variance; CTLA-4, Cytotoxic T-Lymphocyte Associated Protein 4; E:T, effector to target ratio; Ig, immunoglobulin; mAb, monoclonal antibody; N.D.,
no data; PMA/lono, phorbol 12-myristate 13-acetate/ionomycin; SEM, standard error of the mean. **P < .01, ***P < .001, ****P < .0001.
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costimulation, CD43 1B11 agonism can enhance CD8" T cell
effector functions and elicit allograft rejection.

3.3. The CD43"ICOS™ phenotype specifically identifies
a population of proliferative graft-specific CD8" T cells

As transplantation elicits relatively weak expansion of graft-
specific CD8" T cells,'®?” we next evaluated whether the
CD43 1B1171COS™ phenotype can be used to identify relatively
rare proliferative CD8™" T cells after transplantation by evaluating
expression of Ki67, which denotes recently divided or actively
proliferating T cells, in H-2° C57BI/6 mice that received an H-2¢
Balb/c skin graft on day 14 postgrafting (Fig. 2A).

Among the canonical activation markers CD44" or CD62L'°,
many CD44" or CD62L"° cells were Ki67", indicating that these
markers are not specific for proliferative graft-specific CD8" T
cells (Fig. 2B). Consistent with prior studies,'®?’ we found that
very few KLRG-1" cells were elicited during acute rejection
(Fig. 2B), precluding further analysis of KLRG-11Ki67 " cells. We
found that 57.9 £ 4.7% and 32 + 4.3% of CXCR3™ cells were
Ki67" in the L° QL9" and bulk CD8" T cell compartments,
respectively (Fig. 2B). However, both CD43 1B11% and ICOS™
populations were highly enriched for Ki67" CD8™" T cells (Fig. 2B).
Among ICOS™, 81.1 & 4.1% of LY QL9 " and 66.0 =+ 3.8% of bulk
CD8™" T cells were Ki67"; among CD43 1B11% cells, 87.5 +2.9%
LY QL9™ and 64.5 + 4.7% bulk CD8™ T cells were Ki67™.

To directly visualize the proliferation of CD8" T cells during
acute rejection, we adoptively transferred polyclonal CTV-
labeled naive CD45.1 CD8" T cells into naive C57BI/6
(CD45.2) hosts, followed by Balb/c skin grafting (Fig. 2C, D). In
parallel, we transferred CTV-labeled Thy1.1* OT-1CD8™" T cells
into C57BI/6 hosts and provided Act-mOVA skin grafts as a
comparison high-affinity antigen-specific response. After 14
days, we identified the graft-specific LY QL9™ CD8™ T cells, bulk
CD8" T cells, or OT-I cells using magnetic column enrichment.
Expression of ICOS and CD43 1B11 was largely restricted to
divided cells in each population (Fig. 2E, F). Among divided bulk
CD8™ T cells, the frequency of ICOS™ cells was 41.6 + 4.9%,
whereas 73.6 + 4.8% were CD43 1B117. L QL9 CD8™ T cells
displayed a similar profile, with divided cells being 84.2 + 7.5%
ICOS™ and 91.8 + 4.6% CD43 1B11". Thus, at this timepoint,
although both ICOS and CD43 1B11 are specific for proliferating
CD8™ T cells, CD43 1B11 is a modestly more sensitive marker
for proliferating graft-specific CD8" T cells.

We also evaluated whether the expression of CD43 1B11 is
solely a consequence of strong T cell receptor (TCR) affinity.
Among monoclonal OT-I T cells activated with Act-mOVA skin
grafts on day 14 (Fig. 2G), a fraction of CD44" cells expressed
CD43 1B11 in the draining lymph nodes (64 + 11.7%) and
spleen (42.4 + 9.4%, Fig. 2H), strongly suggesting that CD43
1B11 expression is controlled by factors beyond TCR affinity.

3.4. CD43 1B11" CD8™" T cells rapidly infiltrate heart
allografts during acute rejection

We next evaluated whether CD43 1B11" CD8" T cells
contributed to acute rejection in fully vascularized heart
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allografts. We assessed the phenotype of heart graft-infiltrating
CD8" T cells relative to the spleen on day 5 postgraft
(Fig. 3A), which corresponds to the peak of acute rejection,?®>°
and found that although only 7.4 + 3.6% of CD8" T cells were
CD43 1B117 ICOS™ in the spleen at this early timepoint, 53.4 +
14.7% of graft-infiltrating CD8™ T cells were CD43 1B1111COS™
(Fig. 3B). Relative to CD43 1B11~ CD8™ T cells, graft-infiltrating
CD43 1B117 CD8" T cells expressed similar levels of interferon
v, but elevated levels of granzyme B and granzyme K (Fig. 3C).
These data demonstrate that CD43 1B11" ICOS™ comprise a
significant portion of the effector graft-infiltrating CD8" T cells
during acute rejection.

3.5. CD43 1B11" CD8™ T cells maintain expression of
IL-7Ra and TCF1 during acute rejection

We next evaluated the expression of key effector and stem-
like markers of graft-specific CD44" CD8" T cells at effector
and memory timepoints (Fig. 4A). CD43 1B11" CD8" T cells
were nearly universally positive for Ki67 (Fig. 4B, C). However,
CD431B11" CD8™" T cells also expressed similarly high levels of
IL-7Ra to naive, CD62L" and CD62L"° effector populations
(Fig. 4B, C). CD43 1B11" effectors expressed significantly
higher levels of T-bet than either CD43 1B11~ effector population
(85 +2.9% CD43 1B11" vs 48 + 3.1% CD62L"CD43 1B11~and
52 + 5.1% CD62L"CD43 1B11%; Fig. 4B, C). Finally, CD43
1B11" CD8" T cells also maintained relatively high levels of
TCF-1 (69.9 + 4.3%) similar to naive and CD43 1B11" effector
CD8™" T cell populations (Fig. 4B, C). A similar expression profile
of Ki67, IL-7Ra, T-bet, and TCF-1 was observed for bulk CD44™
CD8™ T cell populations (Supplementary Fig. S2).

At a memory timepoint (>35 days postgraft), we found that all
3 populations of CD8" T cells were high for IL-7Ra and TCF-1
(Fig. 4D, E). However, CD43 1B11" CD8" T cells maintained
higher expression of T-bet (72.6 + 3.9% CD43 1B117 vs 48.0 +
5.0% CD62LTCD43 1B11~ and 47.2 + 6.2% CD62LCD43
1B11%; Fig. 4D, E). Together, these data show that CD43 1B11"
CD8™ T cells not only have an effector and memory program
characterized by high T-bet expression vs CD43 1B11~ pop-
ulations but also largely maintain expression of self-renewal
markers IL-7Ra and TCF-1.

3.6. Effector CD43 1B11" CD8™ T cells robustly
respond after graft rechallenge

We used an adoptive transfer approach to assess the fate of
CD431B111 CD8" T cells relative to CD43 1B11~-CD8™" T cells.
We adoptively transferred equal numbers of effector CD45.1
CD44" CD62L"° CD43 1B11"and CD43 1B11" CD8" T cells into
CD45.2 C57BI/6 mice, challenged them with a Balb/c skin graft,
and evaluated the number and phenotype of transferred pop-
ulations on day 21 postgraft (Fig. 5A). We found that relative to
CD43 1B11~ T cells, greater numbers of CD43 1B117" T cells
were recovered from secondary lymphoid tissue (Fig. 5B).
Although CD43 1B11" T cells remained CD43 1B11™ after skin
graft rechallenge, a fraction of CD43 1B11™ T cells converted to
CD43 1B11%1 T cells (Fig. 5C). Evaluation of the localization of
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Figure 2. Proliferative CD8" T cells are defined by CD43 1B11" and ICOS™ phenotype after transplantation. (A) C57BI/6 mice were provided with
Balb/c skin grafts, and CD8™ T cells were assessed on day postgraft 14 in the spleen and graft-draining lymph nodes. (B) Representative flow and
summary data depicting the frequency of Ki67* cells among CD8™ T cells expressing the indicated marker. Minimal expression of KLRG-1 precluded
analysis. (C) 2 x 108 naive CD45.1 or 1 x 10° Thy1.1 OT-I CD8" T cells labeled with CellTrace Violet were adoptively transferred into CD45.2 C57BI/
6 mice, who were provided with Balb/c or Act-mOVA skin grafts, respectively. Transferred cells were enriched using paramagnetic beads specific for
APC, which were stained with Thy1.1 or LY QL9 tetramers. (D) Among the adoptively transferred CD8" T cell populations, gates were drawn around
the undivided (gray) and proliferation (orange) populations. The minimal number of undivided OT-I cells precluded further analysis. (E) The frequency
of ICOS™ cells among each indicated adoptively transferred CD8™ T cell population. (F) Frequency of CD43 1B117 cells among each indicated
adoptively transferred CD8" T cell population. (G) C57BI/6 mice were adoptively transferred with 5 x 10° Thy1.1* OT-I T cells and provided with Act-
mOVA skin grafts. (H) The frequency of CD43 1B11+ CD8+ T cells was assessed in the draining lymph nodes and the spleen. Each data point
depicts an individual mouse. Summary data depicts pooled results from 2 to 5 independent experiments (n = 5-10 mice/group) and depicts mean +
SEM. Statistics performed by (B) 1-way ANOVA with Dunnett’s multiple comparison test vs CD44". Error bars depict SEM. ANOVA, analysis of
variance; APC, allophycocyanin; N.D., no data; due to low cell numbers; SEM, standard error of the mean. *P < .05, **P < .01, ***P < .001.
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Figure 3. Effector CD43 1B11+ CD8+ T cells participate in heart allograft rejection. (A) C57BI/6 mice were provided with heterotopic Balb/c heart
grafts and assessed on days 5 to 6 postgraft. (B) The phenotype of CD8™ T cells was assessed in the spleen and heart graft on day 5 postgraft. (C)
CD43 1B11" and CD43 1B11" CD8™ T cells were flow cytometrically sorted from heart grafts, and gene expression was assessed using real-time
RT-PCR. Each data point depicts an individual mouse. Summary data depicts pooled results from 2 to 5 independent experiments (n = 5-10 mice/
group) and depicts mean + SEM. Statistics performed by (B) unpaired Student’s t test (2-tailed) or (B) paired Student’s ¢ test (2-tailed). Error bars
depict SEM. ANOVA, analysis of variance; N.D., no data, due to low cell numbers; SEM, standard error of the mean. *P < .05, ****P < .0001.

these transferred populations in the draining lymph node
revealed that the CD43 1B11™ population localizes to the HEV
relative to the CD43 1B11~ CD8™ T cells (Fig. 5D). Together,
these data demonstrate that CD43 1B11" CD8™ T cells appear
to be a terminal phenotype, as they are formed from CD43 1B11~
precursors, and are persistent after rechallenge in vivo.

3.7. Effector CD43 1B11T CD8™ T cells are maintained
in a memory state in the absence of alloantigen

We next questioned whether effector CD43 1B11" CD8™ T
cells are short-lived in the absence of alloantigen. We flow
cytometrically sorted CD8" CD44" effectors into CD62L", CD43
1B117, and CD43 1B11" populations and parked them in con-
genic C57BI/6 mice for 35 days (Fig. 6A). We found that CD62L"
effectors were recovered at the greatest number, whereas fewer
CD43 1B11~ and CD43 1B11™ effectors were recovered in the
secondary lymphoid tissue (Fig. 6B).

We next evaluated the phenotype of these transferred
memory populations. A fraction of CD62L" effectors became
CDs2L"° memory cells, but all remained CD43 1B11~ (Fig. 6C,
D). A significant subset, 30.3 + 5.5%, of CD43 1B11~ effectors
differentiated into CD43 1B11" memory cells. The majority, 76.9
+ 3.5%, of effector CD43 1B117" cells remained CD43 1B11™
memory cells, with a small fraction, 10.27 + 2.3% becoming
CD43 1B117 (Fig. 6C). Among the transferred populations, there
was a similar high expression of TCF-1 and T-bet among
memory subsets (Fig. 6E, F). However, the CD43 1B11"
transferred effector population expressed significantly higher
levels of IL-7Ra than CD43 1B11~ transferred effectors (Fig. 6E,
F). Together, these results show that effector CD43 1B117"
CD8"' T cells persist as memory T cells in the absence of
alloantigen.

3.8. CD8™ T cells that are SPNTGCNT1™" are present in
the rejecting allografts of kidney transplant patients
experiencing acute rejection

In order to investigate whether activated CD43" CD8™ T cells
infiltrate kidney allografts during acute rejection using a data set

published by Shi et al** (Supplementary Fig. S3A). Among 4
kidney transplant patients experiencing acute cellular rejection,
we identified 8 clusters of CD8" T cells (Supplementary
Fig. S3B, C). All clusters expressed the CD43 gene SPN,
consistent with its uniform expression on most leukocyte pop-
ulations. We reasoned that expression of the glycosyltransfer-
ase GCNT1, which is responsible for glycosylating the CD43
receptor,'>'”'8 could be a surrogate for CD43 1B11+ CD8" T
cells. We found that clusters 1, 2, 4, and 6 were SPNTGCNT1*
(Supplementary Fig. S3D). Analogously to CD43 1B11+4 CD8+
T cells, the SPNTGCNT1™ clusters expressed relatively higher
levels of granzyme B (GZB) and lower levels of CD62L (SELL).
The SPNTGCNT1' clusters also expressed high levels of
granzymes and perforin (GZMA, GZMH, GZMK, PRF1). Over-
all, these results reveal that populations of effector
SPNtGCNT1" CD8"' T cells are present in rejecting kidney
allografts.

3.9. CD43 1D4 mAb identifies a population of effector
CD8™ T in healthy human donors and kidney transplant
candidates

In humans, the CD43 1D4 mAb clone identifies a large core-2
O-glycosylated isoform of CD43 on human T cells.*® In healthy
donors, we found that a fraction of CD14" monocytes and CD8™
T cells stained for CD43 1D4 (Fig. 7A). We investigated whether
the CD43 1D4" CD8" T cells corresponded with the canonical
naive (CCR7"CD45RA™) or antigen-experienced T cell pop-
ulations: central memory (Tcw, CCR7TCD45RA"), effector
memory (Tem, CCR7'CD45RA), or T effector memory RA™
(Temra, CCR7 CD45RA™) populations. Although CD43 D4~
CD8" T cells were predominantly found within the naive
compartment, CD43 1D4" CD8™ T cells were found predomi-
nantly within antigen-experienced fractions (Fig. 7B). Further
exploration of the phenotype of these cells revealed that CD43
1D4" CD8" T cells had lower expression of CD27 and higher
expression of CXCR3 and ICOS than CD43 1D4~ CD8™ T cells
(Fig. 7C).

We next investigated whether CD43 1D4 was expressed on
CD8™ T cells from patients with end-stage renal disease who are
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Figure 4. Graft-specific CD43 1B111 CD8™ T cells have both effector and stem-like phenotypic features. (A) C57BI/6 mice were provided with Balb/c
skin grafts, and CD8™ T cells were assessed on day 14 postgraft (acute effector) or day >35 postgraft (memory) in pooled spleen and graft-draining
lymph nodes. Graft-specific cells were identified after enrichment using LY QL9 tetramers and APC microbeads and gated based on CD62L and
CD43 1B11 expression as depicted. (B) Representative flow plots and (C) summary data depicting expression of Ki67, IL-7Ra, TCF-1, and T-bet
among CD44° or CD44" LY QL9™ CD8* T cell populations at the acute effector timepoint. See also Supplementary Figure S1. (D) Representative
flow plots and (E) summary data depicting expression of Ki67, IL-7Ra, TCF-1, and T-bet among CD44" or CD44" LY QL9+ CD8* T cell populations at
the memory timepoint. Summary data depicts pooled results from 2 to 3 independent experiments (n = 8-14 mice/group) and depicts mean + SEM.
Statistics performed by (C, E) 1-way ANOVA with Tukey’s multiple comparison test (excluding CD44'® population used as a staining control). Error
bars depict SEM. ANOVA, analysis of variance; APC, allophycocyanin; IL-7R[alpha], Interleukin-7 receptor subunit alpha; SEM, standard error of the
mean; TCF-1, T cell factor 1. *P < .05, **P < .01, ***P < .001, ***P < .0001.

waitlisted for kidney transplantation (Supplementary Table). CD45RA and CCR7, demonstrating that this population did not
Similar to healthy donors, a population of CD8" T cells correspond to a canonical Tgym, Tom, of Temra populations
expressed CD43 1D4 (Fig. 7D). We found that relative to CD43 (Fig. 7E). CD43 1D4" CD8* T cells from these patients also
1D47, CD43 1D4" CD8" T cells had similar expression of displayed lower expression of CD27 and higher expression of
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Figure 5. CD43 1B117 CD8™ T cells are persistent after grafting relative to CD43 1B11~ CD8™ T cells. (A) Effector CD45.1 CD8™ T cells (postgraft
days 10 to 14 after Balb/c skin grafts) were flow cytometrically sorted into CD43 1B11* and CD43 1B11~ populations. Approximately 1 x 10° were
adoptively transferred into C57BI/6 (CD45.2) hosts, who were provided with Balb/c skin grafts the following day. Transferred cells were assessed on
postgraft day 14. (B) Recovery of CD43 1B11" and CD43 1B11~ CD8™ T cells in the secondary lymphoid organs. Numbers depict the absolute
number of cells in the CD45.1" gate. (C) Frequency of CD43 1B11" CD8" T cells among adoptively transferred populations. (D) Immunofluores-
cence histology of draining lymph nodes depicting adoptively transferred CD45.1 CD8" T cells (red) and the HEV marker ER-TR7 (green). Arrows
depict localization of adoptively transferred CD45.1 CD8™ T cells outside (CD43 1B117) or within (CD43 1B11™) HEV. Summary data depicts pooled
results from 3 independent experiments (n = 6-10 mice/group) and depicts mean + SEM. Statistics performed by an unpaired Student’s t test (2-
tailed). Error bars depict SEM. HEV, high endothelial venule; SEM, standard error of the mean. *P < .05, **P < .01, ***P < .001, ***P < .0001.

ICOS and CXCRS3 (Fig. 7F). Overall, these data demonstrate
that CD43 1D4 identifies a population of antigen-experienced
CD8"' T cells in human healthy donors and renal transplant
candidates.

3.10. CD43 1D4" CD8™ T cells are efficient cytokine
producers relative to CD43 1D4~ CD8™" T cells

To evaluate the functional capacity of CD43 1D4" and
CD43 1D4~ CD8" T cells, we stimulated peripheral blood
mononuclear cell from healthy donors with CD3e mAb for 18
to 20 hours and evaluated CD8" T cells based on CD45RA
and CD43 1D4 expression (Supplementary Fig. S4A and
Fig. 7G). We found that CD3e mAb stimulation increased
CD43 1D4 expression among both CD45RA" and CD45RA"
populations (Supplementary Fig. S4B). This change was very
modest among CD45RA” cells and was more pronounced
among CD45RA™ cells, presumably due to activation of a
subset of naive CD8" T cells. We found that both CD45RA™
and CD45RA"° CD43 1D4" fractions produced elevated levels
of TNF-a and interferon y relative to the CD43 1D4~ pop-
ulations (Fig. 7H). In total, these data demonstrate that CD43
1D4 is a marker of antigen-experienced and acute effector
CD8" cells that are functional as determined by cytokine
production.

4. Discussion

In this study, we built upon previous work that showed graft-
specific LY QL9* CD8™ T cells express the activated glycoform
of the siaolomucin CD43, defined by the 1B11 mAb.'® We found
that CD43 1B11 agonism with mAb was able to overcome
subthreshold antigen/CD28 stimulation in vitro and break
CD28/CD40L costimulation-blockade induced tolerance in vivo.
These results suggest that CD43 1B11 signals may be redun-
dant under robust activation conditions, but that it can provide a
“rescue” stimulatory signal in the context of limited antigen
and/or costimulation. This is potentially highly relevant for
transplantation, as TCR signaling and costimulation pathways
are targeted by maintenance immunosuppression.

On a population level, CD43 1B11" status was highly sen-
sitive for proliferating CD8™ T cells during acute rejection, and
CD43 1B11" CD8™ T cells were a significant fraction of graft-
infiltrating effector CD8" T cells during acute heart graft rejec-
tion. However, CD43 1B11t CD8" T cells also maintained
expression of memory precursor and stem-like markers TCF-1
and IL-7Ra, were more persistent after graft rechallenge, and
were capable of forming memory cells. These results demon-
strate that CD43 1B111 CD8" T cells are functionally distinct
from a short-lived, terminally differentiated effector population.
Future studies are needed to understand the programmatic
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Figure 6. Effector CD43 1B11* CD8-+ T cells are maintained in memory in the absence of alloantigen. (A) Effector CD45.1 CD8" T cells (postgraft days
12 to 14 after Balb/c skin grafts) were flow cytometrically sorted into CD62L"™, CD43 1B11°, and CD43 1B11" populations. Approximately 2 x 10° were
adoptively transferred into naive C57BI/6 (CD45.2) hosts and assessed on postgraft day 35 in the pooled draining lymphoid tissue and spleen. (B)
Recovery of CcD62L", CD43 1B11-, and CD43 1B11™ adoptively transferred populations. Numbers depict the absolute number of cells in the CD45.1*
gate. (C) Representatively, flow CD62L and CD43 1B11 expression of transferred populations. (C) Representative flow plots and (D) summary data. (E)
Representative flow plots and (F) summary data of IL-7Ra, TCF-1, and T-bet expression among transferred populations. Summary data depicts pooled
results from 3 independent experiments (n = 8-13 mice/group) and depicts mean + SEM. Statistics performed by (B, E) 1-way ANOVA with Tukey’s
multiple comparisons. ANOVA, analysis of variance; IL-7R[alpha], Interleukin-7 receptor subunit alpha; SEM, standard error of the mean; TCF-1, T cell

factor 1. *P < .05, **P < .01, ***P < .0001.

heterogeneity within CD43 1B11" CD8" T cells, including the
defining transcription factors, whether CD43 1B11" CD8" T
cells are predominantly self-renewing or continuously fed by
CD43 1B11-CD8" T cells, and how memory CD43 1B11* CD8*
T cells function upon rechallenge.

In humans, RNA-sequencing samples from patients with
acute cellular rejection showed that effector SPN"GCNT1" are
present in rejecting allografts. Although samples within this data
set without rejection did not include sufficient CD8" T cells for
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analysis (data not shown), these results provide evidence that
CD8™ T cells expressing the activated CD43 receptor participate
in acute rejection. Using an antibody for core-2 O-glycosylated
human CD43, we showed that CD43 1D4" defines a population
of largely antigen-experienced effector CD8" T cells. This
marker does not strongly correlate with canonical CD45RA vs
CCRY effector/central memory populations. CD43 1D4* CD8™ T
cells were CD27°CXCR3"ICOS" and enriched for cytokine-
producing cells, demonstrating that these are an activated
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Figure 7. A population of human CD8" T cells is CD43 1D4™ and has an antigen-experienced effector phenotype. (A) The frequency of peripheral
healthy donor CD14" monocytes and CD8™ T cells that express the CD43 epitope 1D4. (B, C) Expression of CD45RA and CCR7 among CD43 1D4"
and 1D4~ CD8™ T cells from healthy donors. (C) Representative flow plots and summary data showing expression of CD27, CXCR3, and ICOS
among CD43 1D4" and 1D4~ CD8" T cell populations. (D) Frequency of CD43 1D4" CD8" T cells among kidney transplant candidates. (E)
Expression of CD45RA, CCR7 among CD43 1D4" and CD43 1D4~ CD8™ T cells from kidney transplant candidates. (F) Expression of CD27, CXCRS3,
and ICOS, among CD43 1D4* and CD43 1D4~ CD8™ T cells from kidney transplant candidates. (G) Healthy donor PBMC were stimulated for 20 to
24 hours with CD3e mAb (OKT3) and assessed for TNF-a and interferon y production. See also Supplementary Figure S3. (H) Summary data
depicting the proportion of TNF-« (left) or interferon y (right) produced by each CD45RA and CD43 1D4 quadrant population. Each data point depicts
an individual human donor. Summary data depict pooled results from (A-C) 3 independent experiments (n = 12-13 individuals/group), (D-F) 2 in-
dependent experiments (n = 10 individuals/group), and (H) 3 independent experiments (n = 11 individuals/group). Summary data depict mean +
SEM. Statistics performed by (B) 2-way ANOVA with Sidak’s multiple comparisons test and (C, E) paired Student’s ¢ test (2-tailed) and (H) 1-way
ANOVA with Dunnett’s multiple comparisons test. Error bars depict SEM. ANOVA, analysis of variance; mAb, monoclonal antibody; PBMC, pe-
ripheral blood mononuclear cell; SEM, standard error of the mean; TNF, tumor necrosis factor. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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effector T cell population. Further studies are needed to define
the role of CD43 1D4" CD8™ T cells in human allograft rejection,
such as whether they correlate with the histologic grade of T cell-
mediated rejection.

The main limitation of this work is the inability to genetically
remove activated CD43 from CD8™ T cells during acute rejection
in order to assess the role of CD43 1B11 in a reductionist sys-
tem. Given the multiple defined roles of CD43 during T cell
development, activation, and trafficking, it is likely that the
removal of the entire CD43 receptor vs the activated glycoform
of CD43 is a distinct biological question. In sum, this study
provides a new understanding of the differentiation and fate of
CD8™ T cells that mediate acute rejection beyond the canonical
CD44" and CD62L"° activation markers by defining activated
CD43" CD8" T cells as highly activated alloantigen-specific
effector CD8™ T cells in mice and humans.
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ARTICLE INFO ABSTRACT
Keywords: Atherosclerosis is a chronic inflammatory disease wherein macrophage polarization critically influences lesion
Atherosclerosis development. Dipeptidyl peptidase-4 (DPP4), a serine protease expressed on immune cells, has been implicated

Dipeptidyl peptidase-4
Macrophage polarization
M2 macrophages
Inflammation

in vascular inflammation; however, its cell type-specific roles remain unclear. This study aimed to determine
whether Dpp4 deficiency, particularly in hematopoietic cells, affects macrophage polarization and atherosclerosis
progression. Using Apoe-knockout (ApoeKO) and Apoe- and Dpp4-double knockout mice as well as bone marrow
transplantation models, we evaluated the impact of systemic and myeloid-specific Dpp4 deficiency on macro-
phage phenotype and atherogenesis. In bone marrow-derived macrophages, Dpp4 deficiency enhanced M2
marker expression (Argl, Ym1, Mgl2, and Fizz1) and increased the proportion of CD206" M2 macrophages
without affecting M1 polarization, particularly after interleukin (IL)-4 stimulation. Furthermore, in vivo Dpp4
deficiency significantly reduced aortic lesion area and macrophage infiltration in ApoeKO mice. Real-time
reverse transcription-polymerase chain reaction analysis of aortic tissue revealed upregulation of M2-related
genes and I14 expression, while M1-associated markers remained unchanged. Bone marrow transplantation ex-
periments demonstrated that hematopoietic Dpp4 deficiency was sufficient to suppress atherosclerosis, inde-
pendent of systemic glucose or lipid alterations. This protective effect was accompanied by enhanced M2
polarization, suggesting a role for DPP4 in regulating macrophage phenotype. Collectively, these findings
identify hematopoietic DPP4 as a key modulator of macrophage polarization and atherogenesis. Dpp4 deficiency
promotes the anti-inflammatory M2 phenotype and attenuates atherosclerosis regardless of metabolic effects,
indicating that DPP4 may represent a promising therapeutic target for inflammatory cardiovascular diseases.

1. Introduction of pro-inflammatory cytokines, such as tumor necrosis factor-a (TNF-o)
and interleukin-1p (IL-1f), and facilitating inflammation resolution via

Atherosclerosis is now recognized as a chronic inflammatory disease alternatively activated M2 macrophages [3-5]. Histological and exper-
involving complex interactions between vascular cells, lipoproteins, and imental studies have demonstrated that M1 macrophages promote pla-
immune components [1,2]. Macrophages play pivotal roles throughout que formation and instability, whereas M2 macrophages facilitate repair
atherogenesis by contributing to lesion progression through the release and stabilization [6-8]. Therefore, enhancing M2 polarization is a
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promising strategy to limit atherosclerotic progression.

Macrophage polarization is regulated by multiple transcriptional
pathways, including NF-kB, STAT1/STAT6, and peroxisome
proliferator-activated receptors (PPARs). Disruption of these signaling
networks shifts macrophages toward a pro-inflammatory phenotype,
accelerating lesion development. Conversely, promoting M2 differenti-
ation suppresses inflammation and improves plaque stability, and
identifying molecular regulators that control this balance remains an
important therapeutic goal.

Dipeptidyl peptidase-4 (DPP-4), a serine protease best known for its
role in glucose metabolism, is also expressed on immune cells, where it
modulates inflammatory and immune responses [9,10]. Elevated
circulating and tissue DPP4 levels have been associated with obesity and
diabetes, both of which are closely linked to accelerated atherosclerosis.
Beyond its enzymatic activity, DPP4 also functions as a signaling
molecule via interaction with caveolin-1, influencing T-cell activation
and cytokine release [11]. Pharmacological DPP4 inhibitors, widely
used in diabetes treatment, have been shown to exert anti-inflammatory
and anti-atherogenic effects independent of glycemic control [12].

We previously demonstrated that the DPP4 inhibitor, linagliptin,
suppresses inflammation-induced DPP4 expression and increases M2
macrophages within atherosclerotic lesions [13], suggesting that DPP4
contributes to atherogenesis by regulating macrophage polarization.
However, the direct impact of DPP4 deficiency in hematopoietic cells on
macrophage phenotype and atherosclerosis remains unclear.

In this study, we employed whole-body Dpp4-knockout (Dpp4KO)
and Apolipoprotein E-knockout (ApoeKO) double knockout (DKO)
mice, as well as bone marrow transplantation models (Dpp4KO-
—ApoeKO), to determine whether the absence of DPP4, particularly in
hematopoietic-derived cells, enhances M2 macrophage polarization and
suppresses atherosclerotic lesion formation.

2. Materials and methods
2.1. Materials

Lipopolysaccharide (LPS) from Escherichia coli O111:B4 was pur-
chased from Wako Chemicals (Tokyo, Japan). Recombinant murine
interferon-y (IFN-y; 315-05) was purchased from PeproTech, Inc. (Rocky
Hill, NJ). Interleukin-4 (IL-4) was generously provided by FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Rat monoclonal an-
tibodies were purchased as follows: PE-Cy7-conjugated anti-F4,/80
(catalog number 123114), Alexa Fluor488-conjugated anti-CD86 (cat-
alog number 105018), and PE-conjugated anti-CD206 (catalog number
141706) from BioLegend (San Diego, CA); PerCP-Cy5.5-conjugated anti-
CD11b (catalog number 561114) from BD Biosciences (Franklin Lakes,
NJ); and Alexa Fluor488-conjugated anti-iNOS (NOS2) (catalog number
53-5920-80) from eBioscience, Inc. (San Diego, CA). All other chemicals
were of the highest grade available from commercial sources.

2.2. Animals

ApoeKO mice (C57BL/6 background) were obtained from Jackson
Laboratory, and Dpp4KO mice were kindly provided by Dr. Chikao
Morimoto (Juntendo University, Tokyo, Japan). DKO mice were
generated by crossbreeding. Mice were housed under controlled condi-
tions (22 °C, 12 h light/dark cycle) with free access to standard chow
and water. All animal procedures conformed to institutional guidelines
and were approved by the Animal Ethics Committee of Kumamoto
University (A2024-0812).

At 12 weeks of age, mice were fed either a normal chow diet for 8
weeks. Glucose and insulin tolerance tests were performed as previously
described [14]. Mice were euthanized under isoflurane anesthesia, and
aortas and serum were collected for histological and biochemical analyses.
Lipid profiles (total cholesterol, triglyceride, high-density lip-
oprotein-cholesterol, low-density lipoprotein-cholesterol, chylomicron-
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cholesterol, and very low-density lipoprotein-cholesterol), were
measured at Skylight Biotech Inc. (Akita, Japan). Aortic lesions were
visualized by Oil Red O staining, and lesion areas were quantified using
BZ-X700 microscopy software (Keyence, Tokyo, Japan) [14].

2.3. Immunohistochemistry

Frozen aortic sinus sections (6 pm) were incubated with primary
antibodies overnight at 4 °C, followed by fluorescent secondary anti-
bodies. Nuclei were counterstained with DAPI (4',6-diamidino-2-phe-
nylindole) solution [13]. Fluorescent images were obtained using a
BZ-X700 microscope (Keyence), and lesion areas were quantified
using Image analysis software [13].

2.4. Bone marrow-derived macrophages (BMMs)

Bone marrow cells were isolated from the femurs and tibias of 6-8-
week-old male ApoeKO or DKO mice and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10 % fetal bovine serum,
antibiotics, and 20 % L-cell-conditioned medium as a source of
macrophage colony-stimulating factor. After 7 days, adherent cells were
collected as mature BMMs [15].

2.5. Flow cytometry

For in vivo analysis, aortas were digested with collagenase I/XI,
DNase I, and hyaluronidase at 37 °C for 1 h [13]. Cell suspensions were
stained with antibodies against CD11b, F4/80, CD86 (M1 marker), and
CD206 (M2 marker).

For in vitro analysis, BMMs were detached using 5 mM ethyl-
enediaminetetraacetic acid, washed, and stained with antibodies against
iNOS and CD206. Data were acquired using an SH800 cell sorter (Sony,
Tokyo, Japan) and analyzed with FlowJo v10 software (Tree Star, Inc.,
Portland, OR) [13].

2.6. Quantitative Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

Total RNA from BMMs or aortas was isolated with the RNeasy Mini
Kit (Qiagen, Hilden, Germany) and reverse-transcribed using ReverTra
Ace qPCR RT Master Mix (Toyobo, Osaka, Japan) [13]. Gene expression
was quantified by real-time PCR using SYBR Green and normalized to
18S rRNA. Primer sequences are provided in Supplemental Table 1.

2.7. Bone marrow transplantation

Bone marrow cells were harvested from the femurs and tibias of
donor mice (ApoeKO or Dpp4/Apoe DKO) and suspended in sterile
DMEM on ice. Recipient mice (ApoeKO or DKO, 6-8 weeks old) were
lethally irradiated with a single 9.5 Gy dose of total body irradiation and
reconstituted with donor bone marrow cells (1 x 107 cells) via tail vein
injection. Four experimental groups were generated: (1) ApoeKO-
—ApoeKO (control), in which both hematopoietic and non-
hematopoietic compartments were Apoe deficient; (2) DKO—ApoeKO
(hematopoietic Dpp4 deficiency); (3) ApoeKO—DKO (non-hematopoi-
etic Dpp4 deficiency); and (4) DKO—DKO (systemic Dpp4/Apoe defi-
ciency). This design allowed us to distinguish the specific contribution of
hematopoietic versus non-hematopoietic Dpp4 deficiency to athero-
sclerosis progression. Successful engraftment and donor cell reconsti-
tution were confirmed by genotyping peripheral blood samples collected
four weeks after transplantation [16].

2.8. Statistical analysis

All data are expressed as mean + SEM. Differences between the two
groups were evaluated by an unpaired t-test with Welch’s correction,
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and multiple comparisons were analyzed by one-way ANOVA followed
by Tukey’s post hoc test. P < 0.05 was considered statistically
significant.

3. Results
3.1. Dpp4 deficiency affected M2 macrophage polarization in BMMs

First, we investigated the effect of Dpp4 deficiency on macrophage
differentiation under various stimuli. Following inflammatory stimula-
tion with LPS and IFN-y, the expression of key M1 macrophage marker
genes, including I11b, Mcp1, Tnfa, and Nos2, was markedly upregulated.
However, Dpp4 knockout had no significant effect on this upregulation
(Fig. 1A). Conversely, while LPS/IFN-y stimulation markedly suppressed
the expression of M2 macrophage markers such as Mgl2 and Ym1, Dpp4

A

b
200
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deficiency partially restored their expression under these inflammatory
conditions (Fig. 1B). Consistent with previous reports, IL-4 stimulation
had no significant effect on the expression of M1 macrophage markers
(Fig. 1C). In contrast, the spontaneous upregulation of M2 macrophage
markers observed in Dpp4-deficient cells was further augmented by IL-4
stimulation (Fig. 1D). In recent years, M2 macrophages have been
further subclassified into distinct phenotypes. Among these, those
induced by IL-4 stimulation are specifically referred to as M2a macro-
phages. Our real-time RT-PCR analysis showed that IL-4 stimulation
upregulated M2a macrophage-specific markers (Fizzl and Il1ra), and
that Dpp4 deficiency further and significantly enhanced this upregula-
tion (Fig. 1E).

Flow cytometric analysis corroborated findings from previous ex-
periments. Within the macrophage population defined as F4/
80"CD11b" cells, M1 differentiation was induced by inflammatory
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Fig. 1. Dpp4 deficiency promotes M2 macrophage polarization in bone marrow-derived macrophages (BMMs)

(A-B) Real-time RT-PCR analysis of M1 macrophage markers (I11b, Mcp1, Nos2) (A) and M2 markers (Mgl2, Ym1, Argl) (B) in BMMs stimulated with LPS and IFN-y.
(C, D) Real-time RT-PCR analysis of M1 macrophage markers (Il1b, Mcp1, Nos2) (C), M2 markers (Mgl2, Ym1, Argl) (D), and M2a-specific markers (Il1ra, Fizz1) (E) in
BMMs stimulated with IL-4. (F-I) Flow cytometry showing proportions of CD86" (M1) and CD206" (M2) macrophages among F4/80"CD11b" cells in BMMs
stimulated with LPS and IFN-y (F, G), or IL-4 (H, I). Data represent mean + SEM; P < 0.05

BMM, bone marrow-derived macrophages; LPS, lipopolysaccharide; RT-PCR, reverse transcription polymerase chain reaction.
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Fig. 1. (continued).

stimuli but remained unaltered by IL-4 stimulation. In contrast, the
proportion of M2 macrophages was reduced by inflammatory stimula-
tion, and this reduction was significantly rescued in Dpp4-deficient cells.
Moreover, Dpp4 deficiency intrinsically promoted M2 polarization, an
effect that was further augmented by IL-4 stimulation (Fig. 1F-I).

3.2. Dpp4 deficiency attenuates atherosclerosis progression and inhibits
macrophage infiltration into atherosclerotic plaques in ApoeKO mice

Based on the significant in vitro findings, we subsequently performed
an in vivo study to examine how Dpp4 deficiency influences atheroscle-
rotic lesion formation. Both groups were monitored weekly throughout
the study, and no significant differences were observed in body weight
(Supplemental Fig. 1A). The DKO group showed improved glucose
metabolism, with significantly lower casual blood glucose levels at

multiple time points (Supplemental Fig. 1B) and enhanced glucose
tolerance in the intraperitoneal glucose tolerance test compared with
controls (Supplemental Fig. 1C). However, the insulin tolerance test
revealed no significant difference in insulin sensitivity between the two
groups (Supplemental Fig. 1D). Serum lipid levels were also comparable
between groups (Supplemental Fig. 1E). At the end of the study, liver
weight was similar between groups, whereas visceral fat mass was
significantly reduced in the DKO group (Supplemental Fig. 1F and G).
Histological analysis of the aortic sinus and thoracic aorta stained with
Oil Red O clearly demonstrated that Dpp4 deficiency suppressed
atherosclerotic lesion development in normal chow-fed ApoeKO mice
(Fig. 2A and B).

Immunofluorescence staining of heart sections revealed that
macrophage infiltration (F4/80" cells) within atherosclerotic plaques
was significantly reduced in DKO mice (Fig. 2C). Consistently,
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Fig. 1. (continued).

quantitative analysis of mRNA extracted from whole aortic plaques
showed a marked decrease in F4/80 mRNA expression in the DKO
group, further supporting the reduced macrophage infiltration observed
histologically (Fig. 2D).

3.3. Dpp4 deficiency promotes M2 macrophage polarization in the aorta

Real-time RT-PCR analysis of the aortas revealed that Dpp4 defi-
ciency did not significantly alter the mRNA expression levels of M1
macrophage markers (Fig. 3A). In contrast, Dpp4 deficiency markedly
increased the expression of several M2 macrophage markers (Fig. 3B),
including the canonical markers Mgl2, Ym1, and Argl as well as M2a
subtype-specific markers such as Ccl17, Il1ra, and Fizz1.

Flow cytometric analysis demonstrated that Dpp4 deficiency did not
affect the number of M1 macrophages (CD86™ cells) in the aorta
(Fig. 3C) but significantly increased the number of M2 macrophages
(CD206" cells) (Fig. 3D).

Furthermore, RT-PCR analysis of aortic mRNA revealed that Dpp4
deficiency significantly increased Il4 expression (Fig. 3E), consistent
with the marked upregulation of multiple M2 macrophage markers
observed in Dpp4KO mice (Fig. 3B).

3.4. Impact of myeloid-specific Dpp4 deficiency on atherosclerosis
progression evaluated by bone marrow transplantation

To exclude the potential influence of Dpp4 deficiency on glucose
metabolism, we conducted experiments using a bone marrow trans-
plantation model. We found no significant differences among the four
experimental groups in body weight (Supplemental Fig. 2A), casual
blood glucose levels (Supplemental Fig. 2B), glucose tolerance tests
(Supplemental Fig. 2C), insulin tolerance tests (Supplemental Fig. 2D),

or serum lipid profiles (Supplemental Fig. 2E). All three experimental
groups (DKO—DKO, DKO—ApoeKO, and ApoeKO—DKO) showed a
significant reduction in atherosclerotic lesion area compared with the
ApoeKO—ApoeKO control group (Fig. 4A). The most pronounced anti-
atherogenic effect was observed in the DKO—DKO group, while no
significant difference was detected between the DKO—ApoeKO and
ApoeKO—DKO groups.

Real-time RT-PCR analysis showed no significant differences in the
mRNA expression levels of M1 macrophage markers among the four
groups (Fig. 4B-E). In contrast, Dpp4 deficiency significantly increased
the expression of M2 macrophage markers (Fig. 4F-H-J), with Yml
showing a similar trend (Fig. 4G). Notably, the absence of Dpp4 in bone
marrow—derived cells was sufficient to enhance the expression of M2
markers such as Mgl2 and Fizz1; this effect was markedly stronger than
that observed with Dpp4 deficiency in non-hematopoietic tissues.

4. Discussion

This study demonstrates that Dpp4 deficiency markedly attenuates
atherosclerotic lesion development in mice, primarily through myeloid-
specific deletion that enhances M2 macrophage polarization. These
findings extend our previous observation that pharmacological DPP4
inhibition increases M2 macrophages within atherosclerotic plaques
[13]. Moreover, hematopoietic DPP4 is identified as a key regulator
linking immune modulation and vascular inflammation.

Importantly, our genetic models allowed us to exclude glycemic ef-
fects, as Dpp4-deficient mice showed no significant changes in serum
lipids or glucose metabolism. Thus, the atheroprotective effects
observed here likely reflect a glucose-independent mechanism. This
aligns with a recent study wherein DPP4 inhibition improved plaque
stability via non-metabolic pathways, such as suppression of senescence-
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Fig. 2. Dpp4 deficiency suppresses atherosclerosis and macrophage infiltration in ApoeKO mice

(A, B) Representative Oil Red O-stained aortic sinus and thoracic aorta sections from ApoeKO and Dpp4/Apoe double knockout (DKO) mice. (C) Immunofluorescence
staining for F4/80" macrophages in aortic plaques. (D) Quantitative RT-PCR of aortic F4/80 mRNA confirming reduced macrophage infiltration. Data represent
mean + SEM; P < 0.05. RT-PCR, reverse transcription polymerase chain reaction. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

associated hemostasis [17]. Our findings further support the concept
that DPP4 in myeloid cells directly modulates inflammatory signaling
rather than merely influencing metabolic control.

Consistent with a recent report demonstrating that hematopoietic
Dpp4 deficiency reduces atherosclerosis and T-cell-mediated vascular
inflammation in Ldlr/~ mice [18], our bone marrow transplantation
experiments revealed that loss of hematopoietic Dpp4 is sufficient to

suppress atherogenesis. Although their study focused on T-cell migra-
tion, we identified M2 macrophage polarization as a complementary
mechanism contributing to the same protective phenotype. These results
suggest that hematopoietic DPP4 promotes atherosclerosis through
multiple immune pathways.

Our bone marrow transplantation model also distinguished systemic
Dpp4/Apoe deficiency from the hematopoietic effects of Dpp4 deficiency.
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Fig. 3. Dpp4 deficiency enhances M2 macrophage polarization in the aorta

(A) The mRNA expression levels of M1 markers (Tnfa, Il1b, Mcp1, Nos2) in the aorta were determined by real-time RT-PCR. (B) The mRNA expression levels of M2
markers (Mgl2, Ym1, Argl) and M2a markers (Ccl17, Il1ra, Fizz1) in the aorta were determined by real-time RT-PCR. (C, D) Flow cytometry showing proportions of
iNOS* (M1) (C) and CD206" (M2) (D) macrophages among F4/807CD11b™ cells in the aorta of ApoeKO or DKO mice. (E) The mRNA expression levels of 14 in the
aorta were determined by real-time RT-PCR. Data represent mean + SEM; P < 0.05. DKO, double knockout; RT-PCR, reverse transcription polymerase

chain reaction.

All transplanted groups showed comparable metabolic parameters,
excluding confounding factors such as insulin resistance or adiposity.
Although total-body irradiation used for preconditioning may itself
promote vascular injury [19], Dpp4-deficient chimeras still exhibited
significant suppression of atherosclerosis, indicating a robust protective
effect.

Mechanistically, our results implicate enhanced M2 macrophage
polarization in mediating this atheroprotection. The absence of Dpp4
may potentiate IL-4/STAT6 signaling, a central pathway for M2 differ-
entiation. STAT6 activation stabilizes plaques by suppressing oxidized
LDL-induced apoptosis and inflammation [20], and its activity is further
regulated through interaction with TRIM24 [21]. It is plausible that
Dpp4 deficiency augments this signaling cascade, thereby promoting M2
polarization and reducing lesion progression.

Nuclear receptors of the PPAR family also govern macrophage

polarization and exert anti-atherogenic effects [22]. Endogenous and
pharmacological PPARa and PPARS ligands promote M2-like pheno-
types and reduce vascular inflammation [23,24]. Dpp4 deficiency may
indirectly activate one or more of these pathways, reinforcing the
anti-inflammatory macrophage profile observed in this study.

Despite offering these insights, this study has several limitations.
First, we did not employ DPP4 overexpression or agonist models, which
would be necessary to confirm the causal relationship between DPP4
activity and atherosclerosis progression. Moreover, elevated circulating
DPP4 levels have been associated with hyperinsulinemia and endothe-
lial dysfunction [25], suggesting that DPP4 exerts both enzymatic and
signaling effects on vascular homeostasis. DPP4 expression on mono-
cytes increases with obesity and dyslipidemia [10,26], linking metabolic
inflammation to cardiovascular disease. Mechanistically, DPP4 interacts
with caveolin-1 in antigen-presenting cells, triggering NF-kB-dependent
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Fig. 4. Myeloid Dpp4 deficiency attenuates atherosclerosis in bone marrow transplantation (BMT) models

(A) Aortic lesion area in four BMT groups: ApoeKO—ApoeKO (control), DKO—ApoeKO, ApoeKO—DKO, and DKO—DKO. (B-E) The mRNA expression levels of M1
markers (Nos2, Mcp1, Il1b, Tnfa) in the aorta were determined by real-time RT-PCR. (F-J) The mRNA expression levels of M2 markers (Mgl2, Ym1, Argl) and M2a
markers (Ccl17, Ilira, Fizz1) in the aorta were determined by real-time RT-PCR. Data represent mean + SEM; P < 0.05. RT-PCR, reverse transcription polymerase

chain reaction.

T-cell activation [27]; it also regulates inflammatory peptide activity in
rheumatoid arthritis [28]. These dual enzymatic and non-enzymatic
functions likely underlie its broader pro-inflammatory role.

Finally, our work focused on the IL-4-induced M2a subtype; how-
ever, macrophages represent a spectrum of phenotypes, including M2b
and M2c subtypes that are induced by immune complexes or IL-10/TGF-
B, respectively [29,30]. Recent studies have described metabolically
activated macrophages (MMe, Mox) that drive obesity-induced inflam-
mation and insulin resistance [31,32]. However, it is unclear whether
DPP4 influences these non-classical subsets. Future studies should

determine how DPP4 deficiency affects distinct macrophage programs
to provide a comprehensive view of its immunometabolic functions.
Overall, our findings identify hematopoietic DPP4 as a key regulator
of macrophage polarization and atherogenesis. The genetic deletion of
DPP4 enhances M2 macrophage differentiation and attenuates lesion
development regardless of metabolic effects, suggesting that DPP4 is a
promising therapeutic target for inflammatory cardiovascular diseases.
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ABSTRACT

In this 5-year follow-up from the CheckMate 743 study in patients with unresectable pleural
mesothelioma (PM), we evaluated updated efficacy and safety outcomes and biomarkers and
performed treatment-switching analyses with first-line nivolumab plus ipilimumab versus
chemotherapy. With a median follow-up of 66.8 months, nivolumab plus ipilimumab
demonstrated continued overall survival (OS) benefit versus chemotherapy in all randomly
assigned patients (5-year OS rates, 14% v 6%; hazard ratio [HR], 0.74.[95% CI, 0.62 to 0.88]);
similar benefit was observed regardless of tumor histology. Of biomarker-evaluable patients
treated with nivolumab plus ipilimumab (n = 242), high baseline monocytic myeloid-
derived suppressor cell (M-MDSC) levels correlated with worse OS versus low M-MDSC
levels (HR, 1.25 [95% CI, 1.09 to 1.43]). After adjusting for 24% of patients in the chemo-
therapy arm who received subsequent immunotherapy, nivolumab plus ipilimumab dem-
onstrated continued OS benefit versus chemotherapy (HR, 0.64 [95% CI, 0.53 to 0.78]). No
new safety signals were observed. These results demonstrate long-term, durable clinical
benefit with nivolumab plus ipilimumab versus chemotherapy, which continued to be
preserved even after treatment-switching adjustment in the chemotherapy arm. Exploratory
analyses suggested greater benefit with nivolumab plus ipilimumab in the low M-MDSC
subgroup. These results further support first-line nivolumab plus ipilimumab as standard of
care for unresectable PM.
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analyses in patients who received subsequent immuno-

therapy after first-line chemotherapy.

Nivolumab plus ipilimumab has demonstrated long-term,

durable survival benefit as first-line treatment in patients
with various solid tumor types.'”3 The randomized phase III
CheckMate 743 study demonstrated significant overall
survival (0S) benefit with nivolumab plus ipilimumab versus
chemotherapy in patients with unresectable pleural meso-
thelioma (PM; hazard ratio [HR], 0.74 [96.6% CI, 0.60 to
0.91] P = .0020).* Subsequently, nivolumab plus ipilimumab
was approved as a first-line treatment option for patients
with unresectable PM in several countries, including the
United States and the European Union.>°®

Four-year follow-up data from CheckMate 743 showed
sustained OS benefit with nivolumab plus ipilimumab versus
chemotherapy (HR, 0.73 [95% CI, 0.61 to 0.87]).” Here, we
report 5-year clinical outcomes from CheckMate 743, the
longest follow-up to date, to our knowledge, for first-line
immunotherapy in PM. Additionally, we report exploratory
biomarker analyses and treatment switching—adjusted

742 | Volume 44, Issue 9 | ascopubs.org/journal/jco

METHODS

The study design and patient eligibility criteria for Check-
Mate 743 are summarized in the Data Supplement (Fig S1,
online only).* Patients were randomly assigned 1:1 to receive
nivolumab 3 mg/kg once every 2 weeks plus ipilimumab
1 mg/kg once every 6 weeks, or cisplatin 75 mg/m? or car-
boplatin area under the concentration-time curve 5 mg/mL
per minute plus pemetrexed 500 mg/m? once every 3 weeks
for a maximum of six cycles.

This trial was conducted in accordance with the Decla-
ration of Helsinki and the International Conference on
Harmonisation Good Clinical Practice Guidelines. The
study protocol and amendments were approved by an
institutional review board or independent ethics com-
mittee at each site. All patients provided written informed
consent.
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CheckMate 743: 5-Year Outcomes

Assessments included 5-year OS, progression-free sur-
vival (PFS), objective response rate (ORR), and duration of
response (DOR) in all randomly assigned patients and by
tumor histology and safety. Additionally, we report OS and
PFS by baseline monocytic myeloid-derived suppressor
cell (M-MDSC) level and OS adjusted for treatment
switching among patients in the chemotherapy arm.
Additional methodology information is included in the
Data Supplement.

RESULTS
Patients and Treatment Summary

Overall, 303 and 302 patients were randomly assigned to the
nivolumab plus ipilimumab and chemotherapy arms, re-
spectively; 300 (99%) and 284 (94%) patients received the
respective study treatments (Fig 1).* Baseline characteristics
were similar across treatment arms (Table 1). Among ran-
domly assigned patients, 6% of patients treated with
nivolumab plus ipilimumab and 24 % of patients treated with
chemotherapy received subsequent immunotherapy (Data
Supplement, Table S1).

Efficacy

At database lock (June 14, 2023; median follow-up for OS,
66.8 months), nivolumab plus ipilimumab demonstrated
continued OS benefit versus chemotherapy (HR, 0.74 [95%
CI, 0.62 to 0.88]); 5-year OS rates were 14% versus 6%
(Fig 2A). Consistent OS benefit with nivolumab plus ipili-
mumab was observed across most subgroups (Fig 2B). Five-
year OS rates with nivolumab plus ipilimumab versus

chemotherapy were 14% versus 8% in patients with epi-
thelioid PM (HR, 0.85 [95% CI, 0.69 to 1.03]; Fig 2C) and 12%
versus 1% in patients with nonepithelioid PM (HR, 0.48
[95% CI, 0.33 to 0.68]; Fig 2D).

Continued PFS improvement was observed with nivolumab
plus ipilimumab versus chemotherapy in all randomly
assigned patients (HR, 0.93 [95% CI, 0.77 to 1.13]); the
5-year PFS rate was 8% for nivolumab plus ipilimumab,
whereas all patients in the chemotherapy arm were censored
or experienced a PFS event before 5 years (Data Supplement,
Fig S2A). PFS analyses by tumor histology are reported in the
Data Supplement (Figs S2B and S2C).

ORRs were 39% with nivolumab plus ipilimumab versus 44%
with chemotherapy in all randomly assigned patients (Data
Supplement, Table S2). Of responders, DOR favored nivo-
lumab plus ipilimumab over chemotherapy (Data Supple-
ment, Fig S3A). At 5 years, 17% of responders treated with
nivolumab plus ipilimumab versus 0% of responders treated
with chemotherapy demonstrated ongoing response. Similar
trends toward improved, sustained response with nivolumab
plus ipilimumab versus chemotherapy were observed across
tumor histology subgroups (Data Supplement, Figs S3B
and S3C).

Biomarker Analyses

Of the randomly assigned patients, 242 (80%) patients
treated with nivolumab plus ipilimumab and 218 (72%)
patients treated with chemotherapy had evaluable blood
M-MDSC measurements (Data Supplement, Table S3). In the
M-MDSC-evaluable population, nivolumab plus ipilimumab

Enrolled
(N =713)

Randomly assigned
(n = 605)

Discontinued (n = 108)
No longer met inclusion criteria (n = 84)
Withdrew consent (n=11)
Adverse event (n=4)
Poor or noncompliance (n=2)
Death (n=6)
Other (n=1)

Assigned to nivolumab plus

ipilimumab
(n = 303)
Did not receive allocated treatment (n=3)
l— Withdrew consent (n=1)
No longer met inclusion criteria (n=2)
Received allocated
intervention
(n = 300)
Still on treatment (n=0)
Discontinued treatment (n = 300)
Disease progression (n=182)
Study drug toxicity (n =59)
Adverse event unrelated to study drug (n=12)
Patient request (n=4)
Withdrew consent (n = 6)
Lost to follow-up (n=0)
Maximum clinical benefit (n=11)
Poor or noncompliance (n=1)
No longer met inclusion criteria (n=4)
An?Ivzed . Administrative (n=2)
Efficacy analysis (n = 303) Other (n=12)
Safety analysis (n = 300) Not reported (n=7)

Assigned to chemotherapy
(n =302)

Did not receive allocated treatment (n=18)
Patient request (n=3)
l— Withdrew consent (n=11)
No longer met inclusion criteria (n=3)
Received allocated Not reported {n=1)
intervention
(n =284)
Still on treatment (n=0)
Discontinued treatment (n = 284)
Disease progression (n =43)
Study drug toxicity (n = 24)
Adverse event unrelated to study drug  (n=9)
Patient request (n=10)
Withdrew consent (n=3)
Lost to follow-up (n=2)
Maximum clinical benefit (n=2)
Poor or noncompliance (n=0)
No longer met inclusion criteria (n=0)
An_alyzed ) Administrative (n=0)
Efficacy analysis (n = 302) Other (n=2)
Safety analysis (n = 284) Not reported (n=0)

FIG 1. CONSORT diagram.
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TABLE 1. Baseline Characteristics in All Randomly Assigned Patients and by Tumor Histology

All Randomly Assigned Epithelioid Nonepithelioid
Nivolumab Plus Chemotherapy Nivolumab Plus Chemotherapy Nivolumab Plus Chemotherapy

Characteristic Ipilimumab (n = 303) (n = 302) Ipilimumab (n = 229) (n = 226) Ipilimumab (n = 74) (n = 76)
Age, years, median (IQR) 69 (65-75) 69 (62-75) 69 (64-75) 69 (62-74) 70 (67-74) 70 (64-76)
Sex, No. (%)

Male 234 (77) 233 (77) 172 (75) 171 (76) 62 (84) 62 (82)

Female 69 (23) 29 (29) 57 (25) 55 (24) 12 (16) 14 (19)
Region, No. (%)

North America 32 (17) 27 (9) 22 (10) 17 (8) 10 (14) 10 (13)

Europe 177 (58) 175 (58) 144 (63) 133 (59) 33 (45) 42 (55)

Asia 26 (9) 39 (13) 11 (5) 20 (9) 15 (20) 19 (25)

Rest of the world® 68 (22) 61 (20) 52 (23) 56 (25) 16 (22) 5(7)
ECOG PS” No. (%)

0 114 (38) 128 (42) 92 (40) 106 (47) 22 (30) 22 (29)

1 189 (62) 173 (57) 137 (60) 120 (53) 52 (70) 53 (70)
Smoking status, No. (%)

Current/former 173 (57) 171 (57) 126 (55) 122 (54) 47 (64) 49 (64)

Never 127 (42) 122 (40) 100 (44) 96 (42) 27 (36) 26 (34)

Unknown 3(1) 9 (3) 3(1) 8 (4) 0 1(1)
Tumor histology, No. (%)

Epithelioid 229 (76) 226 (75) 229 (100) 226 (100) 0 0

Nonepithelioid 74 (24) 76 (25) 0 0 74 (100) 76 (100)

Sarcomatoid 35(12) 36 (12) 0 0 35 (47) 36 (47)
Mixed/other 39 (13) 39 (19) 0 0 39 (63) 40 (563)

Stage, No. (%)

| 12 (4) 20 (7) 8 (4) 15 (7) 4 (5) 5 (7)

[ 23 (8) 22 (7) 15 (7) 16 (7) 8 (11) 6 (8)

1] 103 (34) 106 (35) 85 (37) 84 (37) 18 (24) 22 (29)

\% 160 (53) 149 (49) 116 (51) 107 (47) 44 (60) 42 (55)

Not reported 5(2) 5(2) 5(2) 4(2) 0 1(1)

Abbreviation: ECOG PS, Eastern Cooperative Oncology Group performance status.

aAustralia, Brazil, Chile, Colombia, Mexico, South Africa, and Turkey.

0n a score of 0 to 5, with higher scores indicating greater disability. One patient in the chemotherapy group had a baseline ECOG PS of 2 (protocol

deviation).

improved OS versus chemotherapy (median [95% CI],
19.6 months [17.3 to 24.9] versus 14.9 months [12.3 to 16.5];
HR, 0.72 [95% CI, 0.59 to 0.88]; Fig 3A); PFS favored
nivolumab plus ipilimumab over chemotherapy (Fig 3B).
Among patients treated with nivolumab plus ipilimumab,
higher M-MDSC levels were associated with worse OS and
PFS outcomes in M-MDSC—evaluable patients (OS HR, 1.25
[95% CI,1.09 t01.43]; PEFSHR, 1.23[95% CI, 1.06 to 1.44]) and
the epithelioid PM subgroup (0S HR, 1.27 [95% CI, 1.09 to
1.48]; PFS HR, 1.26 [95% CI, 1.06 to 1.50]; Fig 3C).

Treatment Switching—Adjusted Analyses

Of patients randomly assigned to the chemotherapy arm,
72 (249%) patients received subsequent immunotherapy.
Adjusting for subsequent immunotherapy use in the che-
motherapy arm using the inverse probability of censoring
weighting (IPCW) method, median OS (95% CI) with

744 | © 2026 by American Society of Clinical Oncology

chemotherapy was 12.1 months (10.2 to 13.9), and the ad-
justed HR (95% CI) for nivolumab plus ipilimumab versus
chemotherapy was 0.64 (0.53 to 0.78; Data Supplement, Fig
S4A). Consistent results were observed in sensitivity analyses
(Data Supplement, Fig S5). Treatment switching—adjusted
analyses by tumor histology are reported in the Data Sup-
plement (Supplemental Results; Figs S4B, S4C, S6, and S7).

Safety
Consistent with previous reports,»® no new safety signals
were identified, as summarized in the Data Supplement

(Tables S4-S6).

DISCUSSION

With a median follow-up of 66.8 months, nivolumab plus
ipilimumab demonstrated long-term, durable survival and
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Median OS, months 18.1 14.1
(95% ClI) (16.8 to 21.0) (12.4 to 16.3)
HR (95% Cl) 0.74 (0.62 to 0.88)
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Median OS, Months (95% CI)

Subgroup

Nivolumab Plus Ipilimumab

(n =303)

Chemotherapy
(n =302)

Unstratified HR
(95% ClI)

Unstratified HR (95% CI)

Overall (N = 605) 18.1(16.8 to 21.0) 14.1 (12.4to 16.3) 0.75 (0.63 to 0.89) —
Age '
<65 years (n = 167) 17.2 (13.1 to 28.0) 13.3 (10.6 to 18.3) 0.80 (0.57 to 1.13) —
>65 to <75 years (n =281) 20.3 (17.3t0 24.9) 14.5(11.6 to 17.4) 0.66 (0.51 to 0.85) ——
>75 years (n = 157) 16.9 (11.0 to 21.8) 15.5 (11.7 to 19.1) 0.90 (0.64 to 1.26) +|
Sex 1
Male (n = 467) 17.5 (16.2 to 20.7) 13.7 (11.7 to 15.5) 0.74 (0.61 to 0.90) —— :
Female (n=138) 21.1 (15.7 to 25.9) 18.0 (12.6 to 23.8) 0.82 (0.57 to 1.19) —
ECOG PS '
0 (n =242) 20.7 (17.5 to 25.9) 19.5 (15.2 to 22.8) 0.90 (0.69 to 1.19) —
>1 (n = 363) 17.0 (14.1 to 20.3) 11.6 (9.0 to 13.9) 0.65 (0.52 to 0.82) — :
Smoking status 1
Never (n = 249) 17.9 (14.1 to 25.2) 14.1 (11.8 to 17.6) 0.71 (0.55 to 0.93) —0—:
Former (n = 318) 17.6 (15.5 to 20.3) 14.9 (11.6 to 17.9) 0.80 (0.63 to 1.02) —
Tumor histology :
Epithelioid (n = 455) 18.2 (16.9 to 21.9) 16.7 (14.9 to 20.3) 0.85 (0.69 to 1.03) —
Nonepithelioid (n = 150) 18.1 (12.2 to 22.8) 8.8 (7.4 to 10.2) 0.48 (0.33 to 0.68) —_—— 1
1
Tumor PD-L1 expression 1
>1% (n = 451) 18.0 (16.8 to 21.4) 13.3(11.6 to 15.4) 0.72 (0.59 to 0.88) —— !
<1% (n = 135) 17.3 (10.1 to 23.9) 16.6 (13.410 20.8)  0.92 (0.64 to 1.32) ——
T T II T 1
025 050 100 2.00 4.00

Favors Nivolumab «——
Plus Ipilimumab

FIG 2. 0S in (A) all randomly assigned patients, (B) key patient subgroups, (C) patients with epithelioid tumor histology, and (D) patients with
nonepithelioid tumor histology. The 95% Cls for 5-year OS rates for all randomly assigned patients, patients with epithelioid PM, and patients with
nonepithelioid PM in the nivolumab plus ipilimumab and chemotherapy arms were as follows: 210-18; ?4-10; ©10-19; ¢5-12; ®6-22; and 0-7. ECOG
PS, Eastern Cooperative Oncology Group performance status; HR, hazard ratio; OS, overall survival; PM, pleural mesothelioma. (continued on

following page)

response benefit versus chemotherapy in all randomly
assigned patients and across most subgroups. In patients
with evaluable blood M-MDSC measurements, elevated
baseline M-MDSC levels trended toward reduced benefit.
After adjusting for treatment switching in the chemotherapy
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arm, a greater magnitude in OS benefit with nivolumab plus
ipilimumab was observed.

Improved survival and response outcomes with nivolumab
plus ipilimumab were consistent with or better than other
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c 100 4 Nivolumab
Plus
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Median OS, months 18.2 16.7
(95% CI) (16.9 to 21.9) (14.9 to 20.3)
HR (95% CI) 0.85 (0.69 to 1.03)
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D 100 3 Nivolumab
Plus
Ipilimumab Chemotherapy
80 - (n=74) (n=75)
Median OS, months 18.1 8.8
(95% Cl) (12.2 to0 22.8) (7.4 10 10.2)
HR (95% Cl) 0.48 (0.33 to 0.68)
. 60 -
=
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40 +
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] : 14% 12%°
0 T T T T T T T T T T T T
0 6 12 18 24 30 36 42 48 54 60 66 72
Time Since Random Assignment (months)
No. at risk
(No. censored)
Nivolumab plus 74 59 46 34 26 17 14 9 9 8 8 5 3
ipilimumab (0) (1) (n (4) (4) (5) (5) (5) (5) (5) (5) (8) (10)

FIG 2. (Continued).

first-line immunotherapy-based treatments for unresect-
able PM.°* In a meta-analysis comparing six randomized
controlled trials of first-line treatments for PM, nivolu-
mab plus ipilimumab significantly improved OS versus
chemotherapy, similar to benefit with bevacizumab plus
chemotherapy or pembrolizumab plus chemotherapy.*> The
magnitude of clinical benefit with nivolumab plus ipilimu-
mab versus chemotherapy was greater in patients with
nonepithelioid PM versus epithelioid PM in CheckMate 743,
consistent with results for pembrolizumab plus chemo-
therapy versus chemotherapy in KEYNOTE-483, and may
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have resulted from differences in immune-related gene
expression across tumor histology subgroups, higher levels
of tumor-infiltrating lymphocytes in nonepithelioid PM,
and/or worse OS with chemotherapy in patients with non-
epithelioid PM.">*4

M-MDSCs have been associated with immunotherapy re-
sistance and worse prognoses in patients with PM.'5-2° In
CheckMate 743, OS and PFS with nivolumab plus ipilimumab
were worse in patients with high M-MDSC levels in all
randomly assigned patients and patients with epithelioid
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A 100 - Nivolumab
Plus
Ipilimumab Chemotherapy
50 4 (n = 242) (n = 218)
Median OS, months 19.6 14.9
(95% CI) (17.3 to 24.9) (12.3 t0 16.5)
HR (95% CI) 0.72 (0.59 to 0.88)
— 60
=
(%2}
© 404 1
25%
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: N ipilimumab
0 T | T T T T T T T T T T 1
0 6 12 18 24 30 36 42 48 54 60 66 72 78
Time Since Random Assignment (months)
No. at risk
(No. censored)
Nivolumab plus 242 201 162 123 101 69 54 48 41 36 31 18 5 0
ipilimumab (0) (NA) (4) (NA) (10) (NA) (13) (NA) (13) (NA) (15) (NA) (NA) (NA)
B 100 Nivolumab
Plus
Ipilimumab Chemotherapy
80 - (n = 242) (n =218)
Median PFS, months 7.0 71
(95% Cl) (5.8 to 8.6) (6.8 t0 8.1)
HR (95% CI) 0.83 (0.67 to 1.03)
— 60
=X
wn
L
o 40 -
20 + i
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: 8%° ipilimumab
0 T T T T T T T T T T T T 1
0 6 12 18 24 30 36 42 48 54 60 66 72 78
Time Since Random Assignment (months)
No. at risk
(No. censored)
Nivolumab plus 242 116 62 45 30 25 22 20 13 8 8 4 0 0
ipilimumab (0) (NA) (34) (NA) (41) (NA) (42) (NA) (46) (NA) (48) (NA) (NA) (NA)

FIG 3. (A) OS and (B) PFS in the M-MDSC—evaluable population and (C) associations between blood M-MDSC with OS and PFS in the
M-MDSC-evaluable population and tumor histology subgroups. The 95% Cls for 5-year OS and PFS rates in the nivolumab plus
ipilimumab and chemotherapy arms were as follows: 211-20; 4-11; °4-13; 9NA-NA. All subgroups included in the forest plot were
predetermined at baseline before random assignment. HRs for each 1-unit increase in log-transformed blood M-MDSC levels were
reported. An HR >1 indicated increased risk of an event with higher M-MDSC levels, whereas an HR <1 indicated decreased risk. HR,
hazard ratio; M-MDSC, monocytic myeloid-derived suppressor cell; NA, not applicable/available; OS, overall survival; PFS, progression-

free survival. (continued on following page)

PM; however, additional prospective studies are needed to
confirm correlations between M-MDSC levels and clinical
outcomes with first-line immunotherapy.

Patients with relapsing PM after first-line chemotherapy

may benefit from second-line treatment.?"2# The IPCW-
adjusted median OS analysis in the chemotherapy group

Journal of Clinical Oncology

decreased from 14.1 months to 12.1 months, amplifying the
clinical benefit of nivolumab plus ipilimumab (HR adjusted
from 0.75 to 0.64).

In conclusion, this 5-year update from CheckMate 743

demonstrated continued long-term, durable clinical ben-
efit of first-line nivolumab plus ipilimumab in patients
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FIG 3. (Continued).

with PM, regardless of tumor histology. Future pro-
spective analyses are needed to evaluate the prognostic
or predictive value of M-MDSCs in patients with PM
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ment scores.
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1 | INTRODUCTION

Pleural mesothelioma (PM) is a rare malignancy (Beasley
et al., 2021) which is almost exclusively caused by asbes-
tos exposure (van Zandwijk et al., 2022). The survival
period after diagnosis is as short as 8-19 months (Asciak
et al., 2021; Bou-Samra et al., 2023; Fournel et al., 2022;
Guzman-Casta et al., 2021; Hasegawa et al., 2024; Kang
et al., 2021; Kerrigan et al., 2022). PM causes a series of
debilitating symptoms (Nagamatsu et al., 2022a) and
additional distress as a victim of the asbestos industry
(Guglielmucci et al., 2018). The number of annual deaths
from PM in Japan is about 1600, and this number has
been increasing in recent years (Japan Ministry of
Health, 2025). The scarcity of specialized PM practi-
tioners in Japan often requires patients to travel domesti-
cally within Japan to receive appropriate treatment and
management services. When these patients return to
their own hometown in Japan, their treatment and care
are often discontinued.

A previous study of bereaved family members reported
that PM patients rarely achieved a good quality of life in
the terminal stage at home, which is related to the failure
of care provision (Nagamatsu et al., 2022a). This indicates
that receiving quality care when a patient becomes critical
is crucial at home for PM patients. However, it is very
challenging to provide quality care in a timely manner to
PM patients because of several reasons. Firstly, PM pro-
gresses rapidly. Secondly, care provided in acute care hos-
pitals and in home-based settings operates independently
and remains fragmented (i.e., fragmented care), which
results in a lack of continuity. Care coordination is
expected to improve the fragmentation of care and bring
consistency, continuity, and coordination to care.

Fragmentation of care also hinders nurses in acute care
hospitals from understanding the care needs of PM patients
living at home after discharge, leading to failed care

Results: At pre-test, the groups showed no significant differences in age, expe-
rience of taking care of PM patients, and working department, except for the
years of experience as a nurse. The CCOM program improved the knowledge,
attitude, and confidence in the intervention group, whereas the control group
showed stability in the scores. Repeated measures ANOVA showed signifi-
cantly greater beneficial changes in the intervention group on main measure-

Conclusions: The CCOM program was effective in improving the knowledge,
attitude, and confidence of nurses on the care coordination of PM patients.

ANOVA, care coordination, education, mesothelioma, nurse, randomized controlled trial

coordination. Finally, there is a limited number of medical
institutions providing treatment and care for PM. A meta-
analysis previously reported that cancer care coordination
improved 81% of the outcomes, including screening, mea-
sures of patient experiences with care, and quality of end-
of-life care (Gorin et al., 2017). With the growing complex-
ity of the needs of patients, nurses must play a substantial
role in the care coordination of patients with complex care
needs (Karam et al., 2021). However, previous reviews have
reported on only some conditions for achieving successful
interprofessional care coordination such as having a shared
vision (Khatri et al, 2023), using guidelines (Lisy
et al., 2021), frequent communication and clinical interac-
tion (Khatri et al., 2023; Lisy et al., 2021), recognition of
the skills of other professionals (Khatri et al., 2023), defin-
ing the roles of each health care provider (Lisy et al., 2021),
providing referrals (Khatri et al., 2023), producing summa-
ries (Khatri et al., 2023), and conducting trainings (Khatri
et al., 2023; Lisy et al., 2021). To promote care coordination
in PM care, a care guide was developed previously
(Nagamatsu & Sakyo, 2023). However, to fully accelerate
care coordination, it is necessary to share the care needs of
patients and their families between hospitals and commu-
nities, as well as to confirm the individual roles of nurses
in providing patient-centered care.

In this study, we developed and conducted an educa-
tional program for nurses on the care coordination of PM
patients (i.e., CCOM program). Our primary aim is to
evaluate the effects of the CCOM program on the knowl-
edge, attitude, and confidence of nurses on the care coor-
dination of PM patients.

2 | THEORETICAL FRAMEWORK

The theoretical model of self-efficacy by Bandura and
Walters (1977) and Bandura (1986), which is based on
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the social learning theory, was used as the framework for
the present study. Perceived self-efficacy is concerned with
people’s beliefs in their capabilities to exercise control
over their own functioning and over events that affect
their lives (Bandura, 1994). People's beliefs in their effi-
cacy are developed from four main sources of influence:
mastery experiences, witnessing people similar to oneself
manage task demands successfully, social persuasion that
one has the capabilities to succeed in given activities, and
inferences from somatic and emotional states indicative of
personal strengths and vulnerabilities (Bandura, 1994).
Multiple studies have reported the effectiveness of self-
efficacy in nursing education (Arslan et al., 2018; Cayir &
Ulupinar, 2021). Nurses face limited opportunities to care
for PM patients with complex conditions. In the present
study, we used Bandura et al.'s theoretical model of self-
efficacy to implement an educational program to improve
nurses’ care coordination skills. The program provides
opportunities to learn from and cooperate with other par-
ticipants in the care coordination of PM patients.

3 | METHODS

3.1 | Study design

This study was an open-labeled randomized controlled
trial (pre-test and post-test design) with two parallel
groups at 1:1 ratio. The trial protocol was registered with
the University Hospital Medical Information Network
Clinical Trials Registry (UMIN-CTR). The Trial registra-
tion number is ID: UMIN000052220. We report the trial
results following the CONSORT 2010 Statement (Shulz
et al., 2010).

3.2 | Intervention

The intervention group received the CCOM program
developed and previously pilot-tested by the research
team (Nagamatsu et al., 2025). The intervention was
developed using the instructional design method
(Gagne et al., 2004) to solve the difficulties experi-
enced by nurses in the care coordination of PM
patients. Instructional design is a systematic process of
planning and delivering instruction based on an
understanding of how learning occurs through inter-
nal cognitive processes (Gagne et al., 2004). Steps and
processes of instructional design enable educators to
determine the scope of the course contents, sequence
of instructions, innovative presentation, and evalua-
tion strategies (Obizoba, 2015). Instructional design
identifies instructional problems, goals, learners'

NURSING SCIENCE

characteristics, content and context of instruction
(Obizoba, 2015). Instructional design-driven programs
improve nurses' knowledge, self-efficacy, confidence,
attitude, and clinical practice (Jia et al., 2025; Kim
et al., 2020; Chu et al., 2019). In terms of PM care,
which is a rare disease, nurses were inexperienced and
unable to fully understand the care needs of PM
patients, particularly those in the terminal stage.
Nurses were unclear as to the care plans that they
should implement as well as their roles within the
fragmented healthcare system.

As for designing the instructions of the educational
program, we adopted the Dick and Carey systems
approach model (Dick et al., 2021). The CCOM program
for nurses on the care coordination of PM patients con-
sisted of two stages: (1) preparation and (2) face-to-face
workshop. The preparation stage consisted of nine study
videos featuring various aspects of PM (15 min each
video) and a reading care guide as handout. The contents
of the videos (2 h and 15 min) and face-to-face workshop
(3 h and 30 min) are shown in Table 1. The face-to-face
workshop included a lecture by a home care nurse
regarding the care needs of PM patients and their fami-
lies in the terminal stage at home using actual PM cases.
The control group received no education.

TABLE 1
the care coordination of pleural mesothelioma patients.

Contents of the educational program for nurses on

Preparation of study videos reading care guide as
handout (2 h 15 min)

Asbestos and mesothelioma 15 min
Surgery 15 min
Anti-tumor therapy 15 min
Nursing care 15 min
Social service 15 min
Home nursing 15 min
Psychological support 15 min
Social benefits and peer support 15 min
Narrative of bereaved family of PM patient 15 min
Face-to-face workshop (3 hours 30 minutes)
Introduction and ice-breaking 30 min
Lecture by home care nurse: 30 min
Care needs of PM patients and their families
in the terminal stage at home
Group work: Care coordination plan 90 min
for terminal case
Presentation 30 min
Activity introduction of advocacy group 20 min
Certificate award ceremony 10 min
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3.3 | Outcome measures

The three outcome measures [(1) Knowledge of disease
and treatment of PM, (2) Attitude toward care coordina-
tion of PM patients, (3) Confidence in the care
coordination of PM patients] were originally developed
by the research team (Nagamatsu et al., 2025) based on
the theoretical model of self-efficacy by Bandura and
Walters (1977) which was used as the framework for the
present study to implement the educational program to
improve nurses' care coordination skills. The develop-
ment of these outcome measures was one of the steps in
the instructional design method used to develop the
CCOM Program. The instructional design model by Dick
et al. (2021) consists of 10 steps, and Step 5 focuses on
developing assessment instruments that evaluate
learners' achievement of instructional objectives. Accord-
ingly, nurses' confidence was measured corresponding to
the 10 instructional goals identified in Step 1.

Items for the outcome measure: (1) Knowledge of
disease and treatment of PM (Knowledge) were devel-
oped to assess the information required for nurses to
achieve those goals. Items for the outcome measure.
(2) Attitude toward care coordination of PM
patients (Attitude) were constructed based on the diffi-
culties reported by nurses providing care for PM patients
(Nagamatsu et al., 2012) and the challenges identified
during the feasibility study of the care guide
(Nagamatsu & Sakyo, 2023). Items for the outcome mea-
sure. (3) Confidence in the care coordination of PM
patients (Confidence) were based on the difficulties
encountered by the nurses in the care coordination of PM
patients.

To ensure content relevance, four nurses with clinical
experience in PM reviewed the outcome measures. Based
on their feedback, necessary modifications were made,
and a pilot test was conducted to confirm the clarity and
applicability of these evaluation tools or indicators
(Nagamatsu et al., 2025). To assure content relevance,
four nurses with clinical experience in PM reviewed the
content and based on their comments, the necessary
modifications were made and pilot-tested (Nagamatsu
et al., 2025).

The three outcome measures are detailed below:

(1) Knowledge of disease and treatment of PM
(Knowledge): eight items (1 = right answer, 0 = wrong
answer). The total score range is 0-8, and a higher score
indicates higher knowledge. The knowledge scale con-
sists of eight statements that measure knowledge in the
following areas which are relevant to the care
coordination of PM patients: (1) organ which develops
mesothelioma, (2) pleurectomy-decortication, (3) symp-
tom to control after extra pleural pneumonectomy,

(4) immune checkpoint inhibitors for PM, (5) occupations
posing a risk of asbestos exposure, (6) benefit for PM
caused by occupational exposure to asbestos, (7) asbestos
health damage relief compensation system, and (8) side
effects of immune checkpoint inhibitors in PM (Table 2).
Participants select the answer(s) from the choices
provided.

(2) Attitude toward care coordination of PM
patients (Attitude): Original 10 items; 5-point Likert
scale (1 = strongly agree, 5= never agree). The total
score range is 10-50, and a higher score indicates a posi-
tive attitude. The original items were developed based on
the attitudes of nurses who had difficulties in the care
coordination of PM patients (Table 3). This scale showed
Cronbach's o coefficients of 0.706 at pre-test, 0.872 at
post-test, and 0.873 for the whole study.

(3) Confidence in the care coordination of PM
patients (Confidence): Original 10 items; 5-point Likert
scale (1 = not confident, 5 = confident). The total score
range is 10-50, and a higher score indicates a higher con-
fidence. Items are based on the difficulties encountered
by the nurses in the care coordination of PM patients
(Table 4). This scale showed Cronbach's « coefficients of
0.905 at pre-test, 0.951 at post-test, and 0.938 for the
whole study.

3.4 | Evaluation of the CCOM program
Appropriateness of the program implementation method,
appropriateness of the program duration, and usefulness
in caring for PM patients were assessed using a 5-point
Likert scale (from agree to disagree). Additionally, partic-
ipants were asked to provide open-ended comments
about the CCOM program.

3.5 | Setting and participants

This study was conducted from November 2023 to
December of 2023. The CCOM program for the interven-
tion group was conducted three times in a university in
Tokyo and once in a private hospital in Osaka from
November 25 to December 16, 2023.

We carried out a purposive sampling of nurses who
(i) have a nursing license and (ii) understand the
Japanese language. After obtaining approval from our
university review board, invitation forms were sent to the
24 hospitals that have an asbestos disease center.

The flow diagram for randomization is shown in
Figure 1. A total of 60 nurses agreed to participate in this
study. Of these 60 nurses, two in the intervention group
could not attend the face-to-face workshop because of
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TABLE 2 Outcome measure: Knowledge of disease and treatment of PM.

1. Choose the organ which does not develop mesothelioma
a. Peritoneum
b. Testicular serosa
c. Pericardium
d. Fascia
2. Choose the correct description below about pleurectomy-decortication
a. Radiation therapy id often given after surgery
b. It is a radical treatment for mesothelioma
c. Less likely to cause atrial fibrillation than extrapleural pneumonectomy
3. Choose the most important symptom that needs to be controlled after extrapleural pneumonectomy
a. Hypoglycemia
b. Constipation
c. Loss of appetite
4. Choose two immune checkpoint inhibitors approved for the treatment of PM
a. Nivolumab
b. Pembrolizumab
c. Avelumab
d. Ipilimumab
5. Which occupations pose a risk of exposure to asbestos?
a. Electrician
b. Teacher
c. Construction worker
d. All of the above
6. Choose the correct statement regarding PM caused by occupational exposure to asbestos
a. Eligible for asbestos health damage relief compensation
b. Workers' compensation can only be applied within 10 years after retirement
c. Not eligible to apply for workers' compensation if one has been informed of the dangers of asbestos
7. Which of the following statement is incorrect regarding the asbestos health damage relief compensation system?
a. Applications can be made even after the patient's death
b. You can receive almost the same compensation as workers' compensation
c. Can apply for compensation at the public health center
d. Patients with asbestos-related lung cancer can also apply for compensation
8. Choose the correct description about the side effects of immune checkpoint inhibitors in PM
a. Frequent dermatitis
b. To ensure effectiveness of the therapy, it is better to tolerate the effects as much as possible

c. Steroids are contraindicated because the intestines and skin become hypersensitive

work duty in their current workplace. Thus, a total as a nurse, number of PM patients taken care of, and
of 58 nurses were evaluated. current work department during the time of their appli-
cation to the educational program. Thereafter, the partici-
pants completed a self-administered questionnaire of
3.6 | Data collection primary outcome at the pre-test and post-test. The inter-
vention group answered at the post-test form at the end
The participants initially completed a self-administered of the education program, and the control group
questionnaire documenting their age, years of experience answered the post-test 2 weeks after the pre-test.
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TABLE 3
coordination of PM patients.

Outcome measure: Attitude toward care

1  Pain in the terminal stage of PM cannot be controlled

2 Ttisdifficult to ask PM patients and their families the
intent for end-of-life care

3 Ifeel hesitant to contact a local medical facility and
consult it about discharged PM patients

4  Iam too busy to provide psychological care to PM patients
and their family

5 I have no one to ask about PM care

6  Itisaburden to suggest home care or palliative care to
discharging PM patients

7  Itisnot the role of nurses to suggest about social benefits

8  Itisnot the role of nurses to introduce a patient support
group

9 I cannot sympathize with PM patients and their family as
regards their anger against asbestos

10 Ido not know how to handle the victim feeling of PM
patients

Note: 5-point Likert scale (1 = strongly agree, 5 = never agree).

TABLE 4 Outcome measure: Confidence in the care

coordination of PM patients.
1  To interview newly diagnosed PM patients to check their
understanding of the disease and treatment
To suggest social benefits to PM patients
To provide information about a patient support group

To provide care to manage the effects of surgery

wm A W N

To assess and manage the side effects of anti-tumor
therapy

[o)}

To connect local care for discharging PM patients

7  To suggest home care or palliative care to discharging PM
patients

8  To ask PM patients where they want to die
9  To suggest grief care to the family

10 To show empathy to the victim's feeling

Note: 5-point Likert scale (1 = not confident, 5 = confident).

Reminder mails were sent to the control group. Data
were collected from the end of November 2023 to the
middle of December 2023.

3.7 | Sample size

The sample size for this study was calculated from the
effects measured from a pilot study conducted by
the research team (Nagamatsu et al., 2025). The pilot
study was a single arm study (intervention group only)

Enrollment o
Participants (N = 60)
Pre-test ‘ Participants (N = 60) ‘
Randomized ‘ Participants (N = 60) ‘
Allocation ‘
Intervention Control Group
Group
n=30 n=30
Absent
* Duty in Two
current — weeks
workplace
(n=2)
Educational
Program
(n=28)
Intervention Control Group
Posttest Group
n=28 n=30
Analysis ‘ Final sample (n = 58) ‘
FIGURE 1 Flow diagram of randomization.

and 31 nurses answered questionnaire before, after,
and 1 month later after the educational program. The
sample size for this study was calculated with a signifi-
cance level of .05, a power of 95%, and an effect size of
0.796 (attitude) which was the smallest among three mea-
sures. It was determined that 10 nurses or 5 per group
would be required using G*Power software version 3.1
(Kang, 2021). To accommodate potential losses and
because there were many nurses who wanted to partici-
pate in the CCOM program, the study enrolled a total of
60 nurses.

3.8 | Allocation

Participants were randomly assigned in a 1:1 ratio to
either the intervention or control group using random
permuted block sizes of 4. The two groups were
assigned so that there was no difference in the propor-
tion of those with or without experience of care of
PM. The randomization sequence was generated by the
principal investigator (corresponding author) using the
cloud service Mujinwari (https://autoassign.mujinwari.
biz/).
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3.9 | Blinding

Participants were not blinded to the group allocation and
intervention. All assessments were self-reported and data
analysis was blinded to the group allocation. Participants
did not know which group they will be assigned to at the
time of giving their consent for participation.

3.10 | Statistical analysis

The distributions of the sociodemographic characteristics
of the participants, such as age, years of clinical experi-
ence, and number of PM patients taken care of, were
described and expressed as mean =+ standard deviation.
The participants’ current workplaces (e.g., palliative care
unit, pulmonary ward) were also described. A difference
was considered significant when the corresponding
p value was < .05. The distribution of all variables was
checked for normality; nonparametric statistics were
used when appropriate. The characteristics of the
participants were compared between groups using the
chi-square test for categorical variables and the t-test for
continuous variables. Repeated measures multivariate
analysis of variance was used to compare the total scores
of the primary outcomes according to group, time, and
group*time interaction. In the present study, “time”
refers to the number of the test; that is, the pre-test and
the post-test, not the actual time between the two tests.
Data were analyzed using SPSS version 27.0.

3.11 | Program evaluation analysis
Descriptive statistics were used to summarize the partici-
pants’ quantitative ratings of the CCOM program. Induc-
tive content analysis was conducted to analyze comments
of open-ended questions in the post-test (Elo &
Kyngis, 2008). Three researchers who have experience of
qualitative analysis independently read the comments
and provided explanatory encoding for every sentence or
paragraph related to the evaluation of the program. Then,
each researcher generated categories and subcategories
based on the similarity of each code. Thereafter, all
researchers discussed the process for generating catego-
ries to enhance the trustworthiness of data analysis.

3.12 | Ethical consideration

This study observed all standards for the protection of
human subjects as set forth by the Declaration of Hel-
sinki. The participants were informed that they could

NURSING SCIENCE

voluntarily stop their participation at any time without
any questions or repercussions. The anonymity of their
responses was also assured. Ethical approval for the study
was obtained from the Research Ethics Committee of our
university (approval number: 23-A074).

4 | RESULTS

4.1 | Sociodemographic characteristics
We recruited 60 participants and randomly assigned
them to two groups. All the participants completed the
pre-test and 58 completed the post-test (Figure 1).
The characteristics of the participants in the intervention
and control groups are shown in Table 5. There were no
significant differences in the means of the age and num-
ber of PM patients taken care of. However, the control
group had a significantly longer nursing experience than
the intervention group (p = .003). Nursing experience
was adjusted as a covariate in two-way repeated analysis
of variance (ANOVA).

4.2 | Impact of the CCOM program on
nurse’ knowledge, attitude, and confidence

A comparison of the mean scores of knowledge, attitude,
and confidence between the intervention and control
groups, as well as the results of the two-way repeated-
measures ANOVA with covariate adjustment (nursing
experience) are shown in Table 6.

4.2.1 | Knowledge

The mean knowledge scores were not significantly different
between the two groups at baseline; however, the interven-
tion group showed significantly higher scores than the con-
trol group at the post-test. The results of the two-way
repeated measures ANOVA test showed a significant large-
size effect of time on the participants’ mean knowledge
scores, indicating a significant change between the pre-test
and the post-test (p < .001, > = .37) across the two groups.
The main effect of the educational program was significant
(p < .001, #* = 42). There was a significant interaction
between group and time (p < .001, > = 0.51).

4272 | Attitude

The mean attitude scores were not significantly different
between the two groups at baseline; however, the
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TABLE 5

Age
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Nursing experience (year®)

Number of MP patient taken care of

0
1-5
6-10
11<

Working department

Ward

Home care/Community nursing

Outpatient department

Chemotherapy department

Nursing administration

ICU

Palliative care

Clinical trial

OR

Others (master student, faculty, midwife, consultant)

Mean scores on measurements (pre-test)

Knowledge

Attitude

NAGAMATSU ET AL.
Characteristics of participants in the intervention and control groups.

Intervention group Control group p value
n=28 n =30
Mean SD Mean SD
39.1 10.8 37.9 9.9 p=.710
8.9 6.9 12.9 0.2 p =.003
n (%) n (%) p=.844
17 17
8 10
1 2
2 1

p =.963
11 8
5 6
2 4
2 3
2 1
1 2
1 1
1 1
0 1
3 3
3.7 1.6 3.5 1.4 p=.591
32.6 4.2 314 5.6 p=.372
23.4 7.9 20.8 8.2 p=.222

Confidence

“There was a significant difference in nursing experience years between the intervention and control groups.

TABLE 6

Knowledge®

Attitude®

Confidence?®

Confidence, attitude, and knowledge by group over time.

Intervention group (n = 28)

Control group (n = 30)

Mean (SD) Mean (SD) Two-way analysis of variance
Baseline Post-test Baseline Post-test Groups Time Group x Time
3.7(1.6) 7.3(0.9) 3.5(1.4) 3.8(1.6) F-value 39.40 32.05 58.02
p <.001 <.001 <.001
n? 0.42 0.37 0.51
32.6 (4.2) 40.0 (5.9) 31.4(5.6) 31.9 (6.0) F-value  15.70 14.82 26.18
p <.001 <.001 <.001
n? 0.22 0.21 0.32
23.4(7.9) 40.3 (5.9) 20.8 (8.2) 24.3 (8.0) Fvalue  43.57 51.99 41.51
p <.001 <.001 <.001
n? 0.44 0.49 0.43

#Years of nursing experience were included as an adjusted covariate.
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TABLE 7
qualitative content analysis of evaluation comments.

Categories and subcategories identified from the

Learning care needs of PM
patients and families

Cause, rarity, and fatality of
the disease

Specificity of surgery and
postoperative sequelae

Understanding applicable
pharmacotherapy

Rapid disease progression at
home

Psychological burden of
patients and families

Empathizing PM patients and
families

Power of family's narrative

Recognizing that universal
risk of exposed to asbestos

Efficiency of face-to-face
workshop followed by
preparation

Time efficiency of preparation
with handouts and videos

Learning from other
participants' experiences

Integrating knowledge into
care through group work

Gaining support to perform
care coordination

Acquainting other
professionals and patient
support group

Meeting nurses to consult
when facing care challenges

intervention group showed significantly higher scores than
the control group at the post-test. The results of the two-
way repeated measures ANOVA test showed a significant
size effect of time on the participants’ mean confidence
scores, indicating a significant change between the pre-test
and the post-test (p <.001, *=.21) across the two
groups. The main effect of the educational program was
significant (p < .001, #* = .22). There was a significant
interaction between group and time (p < .001, 7> = 0.32).

423 | Confidence

The mean attitude scores were not significantly different
between the two groups at baseline; however, the inter-
vention group showed significantly higher scores than
the control group at the post-test. The results of the two-
way repeated measures ANOVA test showed a significant
large-size effect of time on the participants’ mean confi-
dence scores, indicating a significant change between the
pre-test and post-test (p < .001, 7 = 0.49) across the two
groups. The main effect of the educational program was
significant (p <.001, 5> = 0.44). There was significant
interaction between group and time (p < .001, 5* = 0.43).
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4.3 | Evaluation of CCOM program
4.3.1 | Quantitative evaluation of the CCOM
program

The participants rated the CCOM program as appropriate
in its implementation (96.3%) and duration (93.3%), and
useful in caring for PM patients and their fami-
lies (96.7%).

4.3.2 | Qualitative content analysis of
evaluation comments

The results of the qualitative content analysis are shown
in Table 7. The comments from the participants were
classified into four categories: “Learning care needs of
PM patients and families,” “Empathizing with PM
patients and families,” “Efficiency of face-to-face work-
shop followed by preparation,” and “Gaining support to
perform care coordination.” Participants gained under-
standing of the unique characteristics of PM, including
its cause, rarity, fatality, specific treatments, and the psy-
chological burden experienced by the patients and their
families. Moreover, the CCOM program promoted the
ability to empathize from the powerful narratives by fam-
ily members and awareness of the universal risk of expo-
sure to asbestos. Additionally, the participants reported
that the CCOM program, which consisted of preparation
and face-to-face workshop, minimized the time commit-
ment. The group work also provided an opportunity to
learn from other participants and to integrate knowledge
to actual care. Furthermore, the participants gained sup-
port in conducting care coordination from other profes-
sionals and patient support groups, as well as from other
nurses when facing care challenges.

5 | DISCUSSION
51 | Effectiveness of the CCOM program

For mesothelioma care, reports of care fragmentation
remain limited. Warnock et al. (2019) reported that frag-
mented care increased anxiety in Great Britain. In Japan,
PM patients who could not access care when their condi-
tion became critical at home were at a higher risk of not
achieving a good death (Nagamatsu et al, 2022b) and
their bereaved family members suffered complicated grief
(Nagamatsu et al., 2022a). Few studies have addressed
the barriers to the care coordination of mesothelioma in
Japan and other countries. Previous studies have shown
the following barriers to care coordination: fragmentation
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of the health service (Barrios et al., 2022; Klabunde
et al., 2017); lack of experience of health care providers;
lack of defined providers' roles (Hohmann et al., 2020);
lack of a «clear shared-care plan (Hohmann
et al., 2020); inadequate communication between a spe-
cialist and a primary caregiver (Walsh et al., 2010);
reduced personnel (Barrios et al., 2022); lack of a compre-
hensive information sharing and communication system
(Hohmann et al., 2020). The CCOM program was effec-
tive in improving the participants’ knowledge, attitude,
and confidence as the educational program was designed
to show the roles of nurses using an actual case of a PM
patient at the terminal stage, providing a care guide for
PM patients to make up for inexperience, and providing
opportunity to develop a support system with other
nurses which empowers nurses to overcome various
barriers.

The social learning theory by Bandura and Walters
(1977) proposed that learning was possible not only by
personal experience, but also by observing the actions
and results of others. As nurses (1) have limited opportu-
nities to experience providing care for patients with rare
malignancies such as PM, and (2) even more rarely pro-
vide care for PM patients in the terminal stage at home,
it is difficult to learn the care needs of PM patients in the
terminal stage at home from their own experience.
The CCOM program provided opportunities for the
nurses to learn the care needs of PM patients and their
families in the terminal stage from the perspectives of
home care nurses. The evaluation comments indicated
that the face-to-face workshop, preceded by preparation,
enabled the participants to understand the care needs of
PM patients at home, as well as the necessary care to
meet those needs, and explore strategies for care coordi-
nation. Moreover, the collaborative efforts in care plan-
ning were significant, viewing them as a valuable
platform for exchanging expertise and experiences related
to care coordination. This process also facilitates the
development of a support network, which is consistent
with the principles outlined in Bandura's social learning
Theory, thus emphasizing observational learning and
modeling within a social context. All these components
underlie the effectiveness of this educational program in
improving the confidence of the nurses.

5.2 | Limitations and future research

The effectiveness of the CCOM program was assessed
only at two measurement points: pre-test and post-test.
Future studies should include follow-up assessments after
a certain period to examine the sustained effects of the
program.

In the current educational program, we could not
obtain the contents of communication skills in the case
of dying PM patients and their families because we
needed to prioritize the understanding of their care needs
in the terminal stage at home and the necessary care
coordination to meet these care needs. However, commu-
nication skills are essential to the practice of care coordi-
nation (Khatri et al., 2023; Lisy et al., 2021; Walsh
et al., 2010). Therefore, the development of educational
programs that equally focus on advanced communication
skills are essential.

The outcome measures examined in the pilot study
demonstrated only internal consistency and content
validity. Concurrent validity against an external criterion
was not assessed. Future studies should evaluate
criterion-related validity and test-retest reliability and
confirm the factor structure of these measures.

Finally, even if this educational program could
improve the knowledge, attitudes, and confidence of the
participating nurses, effective care coordination requires
the ability to integrate all these three elements into care
practice. The true effectiveness of an educational pro-
gram must be evaluated based on the participants’ future
care coordination practices and the care satisfaction of
PM patients and their families.

6 | CONCLUSION

We conducted a randomized controlled trial to evaluate
an educational program for nurses on the care coordina-
tion of PM patients (i.e., CCOM program). The results
showed that the educational program for nurses signifi-
cantly improved their knowledge, attitude, and confi-
dence in the intervention group compared with the
nurses in the control group without the educational
program.
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