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¥ RRIRERRIF T R B MBI &
SEREREE

b Mgk~ v 22Vt ME CD26 fiufk & it PD-1 hifk & Dt AZIR OB

MEK/RRE FE X BEREXFXFREFHER
: R - BASTIRBRERE FEBR
MESEE FE2H B IERERFRFEREEHER
R« BAERIBRFEHE SEBHE
WMRESEE BE BB MTBEAYBHERRTLME
TANR MNRBIFR - BHER 7 — Bk
WESEE WE BA REERKFEFR REF 8%
WEHHE KB £ IBREXRFXREREFHEH
RN « BAEIRIGTRERIE HEBIR
HEBNE SFAEKRR AKX z— . V—KEXSHt REREHER CEO
IR ZRERCD)

BrREE

EMMEPEEIT T ARR ME BIZ X » TR Z 2 BEAMEEMER 24, MR T& 51k
BB, FlRBREORMLAEEND, bivbhik, FREFRENSFL LTEE
MM R AEIC B S5 CD26 ICHFB L, b ML CD26 Hifk YS110 2BAR L7z, 77 R
WCTEMPRERZPLELAEE I MERAREYEREL. ENTHEBETREICS T8
VII HHEER R 2 E5E L7, 2019 £ I BKRRBRORKBE~OBRENKT L,
REODEHNET LI AR, BEMBERIN, 77 VA TOH I BEKRAR LR
ZOFPEE RBTIBRBB LN TV, IBFIEFRE OB RIEREICX L T.CD26
HiiEBATH B\ E|4 T Stable Disease * Partial Response & 72 Y HilEBEHRIIRH O
7R, X EHIEEESRERE L, BUEETFML 52 0 5F5EE RVicH
RFAFEOHRELEERRECH S, ¥2 T, b Maglbvv 2RVt FEMPE
[EHIRAERE S AT NV ERESL L, YS110 & PD-1 filk: OFRBREZRF LR, Th
FROEF LY LERVERDESBOLNET—F 2B, 7. YS110 #EIL X - T
MmiEF D Thl FEETETHA VBEPBEEITHMT 32— T, Th2 HEET TV A VRER
BO+5ZLERHL, BECEET >REMREELISETVIAEERELLND,

A. BFEER THD, 7T ARR MEK B ORIEE TOW
EMRBEREEILT AR MEKEIZE RREIERK 30-50 F£L S, BEREZEDH
> TR AMEPKAROMIBEEEEE B/ v FRETOT -PRTIIBEENS
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BETETHMTELEBELON TV, FH#
3B TEL (HREA THE TE D18
T2 Bl RIBREOHAUNEEN D,
bhbhid FBRIEN S FL LTEED
RIEMRIZRETH CD26 ICFHBHL, B b
{t. CD26 HifE%BAR L T7 7 AT TEME
o Bz i % 9702 First-in-Human 5 I f8ERR
HER%1T>7-, Infusion reaction (B{E#vE
RIS ERVWTHETREEEAL R, &
SURHBIND L LI B ARERM
OEMEFEERE 19 FlT 10 #)5% modified
RESIST ##fi C Stable Disease (SD)& 729 |
FDH5H5FIk6 y ALLE, BET399H
SD 235 L. AL ™R TR LEDL
A 7=(Br J Cancer. 2017),

AT H IS ARHETEO B R IEIC
3 5% VI HEERREBREZ EfE L. 5 T
1~3 ak— & 3BT HDOFH 9B, HBIIH
1 31 Bl E&1TV . 2019 FEHIHE I 1
DEBRBE~DEEBKRT LIz FUVIIHET
40 Bl EZITV, O BHEESRE £
iRTRETE o 7= D% 85 #IC. PIERIL Partial
Response (PR) 2 | - SD 21 #i - Progressive
Disease (PD) 12 #C, PR - SD =i 65.7%
(23/35) THLA A RHEHLE O Btk o R RE B E
W L TRWEIE THREEDRSBD O
5%, 582EH(Complete Response: CR))
2L XY RYBRERES R REL . &
WMEAFHMEEL NI EREEZAVWE
B2 OFRRREDBRR LEELRRETH S,

B2 X E Tk Me CD26 Hitkoht
EFERA =X bt LT HEERERD
PR FEMREEADCOMREMICm L, 2
AFAROMERRE LD CD26 IZHiEBHEd
DT LITL HEENRHEEMEERZAL
MIZ L T & 7 (Clin Cancer Res. 2001,

12

Immunology. 2002, Clin Cancer Res. 2007,
PLoS One. 2013), ¥£7=. CD26 Hifkid.
CD26 3 F4E 3% DPP4 BERIEMICITE
BB L2V, #iaE Lo CD26 5F0
OB PICE» DO SN CTHEET
% soluble CD26 DO ZBPI IR BH7-D,
CD26 Hitk%#& 59 % L DPP4 EEREMED
HRHETT 5, EFEOHMAN L, DPP4
BERIEMERILETHL DPPA LK BT ED
A v DY & BEHEET 55T o, 5 R
IR 2R EHESEMT 5. T abbiE
ERBETTEICE< Z &AM AR E N Nat
Immunol. 2015, Nat Immunol. 2019), t b
{t. CD26 JUEIZBRIRA D =X LEN LT
FIESHIRZREEL TS LB OND
T R&E X, ENE VI HEERRER 40 B0
f12i% PD-1 Hif& Nivolumab EZhHIAS 13
BIEENTEY., 2055 11 BIBHIELES
REFMEFIRET. PR1#I-SD 74 -PD 3
BT 72.7% (8/1D)AR PR-SD THY, ZD
Zinh CD26 HilkidfEF = v 7 RA
MAERICDEFEOBECLEHTHD
T & ICI LidRig D A =R L THIEES
RERETHZ LI TRINTE,

£ 2T, BHERDEF D2 CD26 Hi
EOFRETEN Loy FIREE, i
ICI LtoptREEZRARE T, t Mk
CD26 #iifs & PD-1 Hilk & DG AZHIR & Brdt
L7z, ICI BHEESR & RET 572D
T #Mkaz .0 & Li-REHRBTFRTH
D . FYURCFARDO= Y REFHREBAT D
HEETANLIAVLND, —F T,
CD26 MEMHEEHR L BB T 572D
it + CD26 4 F LS LEETDH
b (Clin Cancer Res. 2007), & h&<w R &
TIIAFERIZBITS CD26 ORREH K&



B3 Z & b(Immunol Rev. 1998), & k
it CD26 HilkDT —#BFiciit MESHK
WRIZE FBRERTORBITHRLATH S, LA
EoBEENL, b MaFlbe v A EERL,
DU RERAWEEPREEENAE
FZEW T MECD26Hifk E PD-14ifk
- LOGFRABRERI L.

B. RGE
1) ke

v FEMEPREMRRE JMN(RER) L
H226( L&) X, 10% FBS Z¥HML -
RPMI16403%#i5 C 37°C, 5% CO BT T
L, b Mf#M CD34 Btk msria
it RIKEN BioResource Center 7> HHA
L7,

2) vUR

NOD/Shi-scid, IL-2RyKO Jic (NOD.Cg-
Prkdcseid T12rgtmiSug/Shidic)< 7 R (LA TF,
NOG < 7 2)iZ In-Vivo Science Inc.%> 58
AL, VR RIEREKRED specific
pathogen free (SPP)#isk CHAHE L 7=,

3) Ptk &R

Flow cytometry (ZiX Tt bt MMRER
itk & v iz, BUV395-labeled anti-CD3
mAb (clone SK7), PE-labeled anti-CD26
mAb (clone M-A261) & 8 APC-R700
-labeled anti-CD4 (clone RPA-T4)i% BD
Biosciences 7> 5 A L7-, Brilliant Violet
421-1abeled anti-CD45 mAb (clone HI30),
Brilliant Violet 510-labeled anti-CD14
mAb (clone MS5E2), Brilliant Violet
605-labeled anti-CD11c mAb (clone 3.9),
FITC-labeled anti-CD11b mAb (clone

ICRF44), PerCP/Cy5.5-1abeled anti-CD8
mAb (clone RPA-T8), PE/Cy7-labeled
anti-CD56 mAb (clone 5.1H11), APC
-labeled anti-CD19 mAb (clone 4G7)R O}
APC/Fire 750-labeled anti-mouse CD45
mAb (clone 30-F1D)R ULEDIEFERE R
A% 7 vy s+ 5%57%H O Human
TruStain FeX, TruStain FeX (anti-mouse
CD16/32)ix BioLegend 2> b A L7, £7-.
Brilliant Violet Fl+ D45 RS &M
Z 578 ® Brilliant Stain Buffer plus |%
BD Biosciences 2> HEA L7z,

4) b et~ X ZRAVWEEET L
NOG = U A& E(100cGy) THUH##
B L., ¥R e MNEF@M CD34 BEEME
HIBE 1x105 cells Z B#IRMNNAOBA LT,
b hMEmMBMREBA LTS8, 9E, 138,
17 B~ U ZRERRD D RRAY ICER 0 &
TV, b MaERRoAE R L, B b
EEMiaEBE L T 138% 0  THl
BEF LT RIZ, IMN £7213 H226
FRAREEIE & Matrigel # 1'1{BELT1IT
H7=Y 1x108 cells T ORIEHIZE FHBAL
7o JMN F72i3 H226 xEE THALTS5E
FIRE L /N E RREET R L HEsE L 7 RE R D
5. control human IgG1 (Bio X Cell), t b
it CD26 H1#5(Y’s AC Co., Ltd) B, mouse
anti-human PD-1 mAb (Bio X Cell; clone
J116)EM, v MMk CD26 Hifk L PD-1 Hilk
DA %EFNFh 200 pg/dose Ti&E 3 E# 5
i, BBV A X158 2 EEESHL,
JMN £7-13 H226 BA 9 BRRIC< Y R %
fREIL R TOEEZEIR L TERZAIEL
2o MEBO—ERITIREMFTOIZDIT 10%K
V=Y TEEL., &YX Liberase TL
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Research Grade (Roche) 0.25mg/ml TEEFE
E %17\, DNase I (Roche)7#7E T THAK
IR L CHESAAR P DM % 151, IEEN
BHEY U REROAENH TiX. MagniSort
Human CD3 Positive Selection Kit
(invitrogen) % (% [EasySep Magnet
(STEMCELL) 2 B\T V) ki %17
Too Efo, BENEEY /3R & ORI
DF=HIZ, FBEED Y » SEREEFT IT o 7,

5) 7u—%A hA MY —

< U R ERNDOE M REMIROLEE 2R
T 50T, < U AOREIR) SR L TH
7-kK#M %, Human & Mouse IZXt9 5
TruStain FcX ZMGFHRM L., #CEARER
ik T L%, BD FACS Lysing
Solution (BD Biosciences)iZ Tl & & E
B EITV, i L7=%. BD LSRFortessa
(BD Biosciences) TRIEZ 1TV, B ohieT
— % % Flowdo (BD Biosciences) CH##T L 7=,

6) ENE V11 HERRRBR 7 2 k=2

% 1 HEEERRRIZ L ML CD26 Hifk%
2mg/kg, 4mg/kg, 6mg/kg TZNEh 3 FlF
-, fE#E R % dayl & LT dayl, day8,
day15, day22, day29 ¥ CT& 1 EIDOREIRT 5
BRI E 21TV, EZFBLTHDH 6
114 (day42) DR R CTEMIC K 2 HilEEZ
ROHERTHON, PRELIZISD LHEE
ni-BEIX. LEROHE 5 ERE. 6 BREE
ICHEESRHEL 1Y A4 71 L LTPDIC
RBETHAL 7N/ L,

% 11 FRERRRER X2 31 Flizc CD26 Fifk
% 6mg/kg T& 1 BIORIRR T 5 B&EIRNZRE
1TV, LR RERICHE 5 EikS, 68/
BICHEEDRHEEZ 19471 LTPD

14

WCRBETHA IV E2/R LT,

7) Bio-Plex v VF 7V v 7 AT vE&A
RAREEB I VCENS VI HERRRR
% d CD26 HifE9E# 5-Fi(daylpre) * 3 [E]
H# 5 8i(dayl5pre) + 5 [E B #5-Ai(day29
pre)DMIEDRMEZZ T, MFF A bAoA
v TEHA VRE% BioPlex vV F 7V
7 AVAT ALY BIE L7, Bio-Plex
Pro Human Chemokine 40-Plex panel
(Bio-Rad)# AT, fHBO 7 a haLilg
V» Bio-Plex system (Bio-Rad) CEIE%1TV>.
B bhi=F — % % Bio-Plex Manager
(Bio-Rad) CAE#T L 7=,

(REE~DEE)

bt ME#IM CD34 [t i L »
RAREEORMEMLEZAWZHEIZONT
T HRAENBEEEE CTHIERERERTF
BEEZEH IR CERREEIT 5 D OBFFREH
EES > HEEAEZESRE L. KEL2H
TWA(EXE RS 2020280 5, 2020291 &),
F7=. b Mk CD26 HiiknENE U1 85
KRAROBEREEZAV AL A~—T1—
BEMEIOVTE, BRRAREEZES.
FIRRERBRADIBREEZESICT.R
BROEM L BbE TS A=—0—FRH
i - EFEEREORBHI SOV THEBE .,
ERAREPBRBELTH D, RIEMOREE
T BB TR R B D NRIBEH
L OEBEERUHEIC L VRN RENZIT
SAFI%E, FIRZEORALZITV, BE@TOA
VI F—bKearky b EEHETHS, B
EROERIIVDOWD 3R IZEINTITV,
IR A EE SRR E RS I ERH
EHEZRHLESBOL, ABINTWAHE



&5 2021056),

C. HEREHR
1 b bk~ v AD{ER

b MMk CD26 Hiffid~ 7 2 CD26 (Zi%f
A LRRWzD b FOBEEFEEE RV 5 %
ERH Y, PD-1Hifk L O EE BT
H7-HITiE, b MaEHIasER Le MR
Bt~ AT 20 ERH D, T DD
i3, BEEORERE~ T A THDH NOG ~
U AAERE OB HR A BH L, & FOER
Bl E BT A LER D D P BRERSE T
i I A AR AT 21T O BRI & IR B & Al
FCORMIZERICEELZ I DN TS,
b A I 3 i A 4 T oD A R & BEiS SR
HEHEHL, MWESRTE b T Mlasig4e
T B FEETS Lz, b b & i 2 2 h
LT10AMERT HETIE~v Y A0 F D
b kS HINE 0% 90%74% B AHAR(CD19 BBtE)
T, 10@LIFEIZE b CD4 T #ifa(CD3 Btk
CD4 #tt) - CD8 T #MAa(CD3 [tE CD8 5
P DENERRLICE X TWE 13 HE T
b FOmEAROF 10-15%2% T g, 17
8 B T34 25-35%28 THIAR CTdh D Z L H3FE
REnz@ 1), ZOETFTATIEE M NKH
f(CD56 FHPE)IT 1-2%FREE, b b BBk
(CD14 FHHENERY 1-2%FRRE, b MEHRHIAR
(CD11c FBE)IE 1%HK TdH - 72(K 1),

A oh 7 A A JMN(PIERY) 35 & O
H226( EA)IE, in vivo TORIFEAIERIZ
B U AOETIZBAL THLIEREF
KT 5ETIZ5-6 BN D D, vV R
ATE b T fMlaoMiainsfz T< 5E&Mm
sp RS 13 38 B (2B B iE A ik % B
TBATLHZEELL,

Percentage of Immune cells in Human CD45" cells
(%)
1004
] .1

80
60
40

20+

0 rey
Sw 9w 13w 17w
[ Beell [1CD4 Teell [1CD8 Teell EINK [[Imonocyte [l DC
B EFE#MCDIRI ML BELINOGT Y ADKM PO
ErEEHBO#HRFERMICRITLE, 108ERT 5ETIE

i BRI B (C DASER ) D 990 X BERES(CD19BR )= AL
LR IZCD4 THIR - CDS THRIRAD MR AR 2 IcHRBEh -,

2) & MMt CD26 #ifk & PD-1 Hifk & Off A
RO

JMN 5 L1V H226 # & &k~ v A0
PSS TRALT 5 BfmB L, /hE
7R EIE T K % fERB L 72 BE s 5| control
human IgGi, t k1t CD26 #i{& H i,
mouse anti-human PD-1 mAb (LAF, PD-1
P EM, v MM CD26 Hiifk & PD-1 Hifk
DOFR % EH 200pg/dose Tilll 3 [Bl#: 5
Al 7o, HEESY A XERIC 2 [k L
#E 5. control HA# 58 & bl L T, CD26
LB (YS alone). PD-1 Hi{fkHi(PD1
alone)Z 1L Z 1L CRESBFHEFE O A R o
=0, BHEESHYS+PDD T & HITHE
B A X3S W2 E R Eniz(E 2),

INNEE A
ctrl 1gGh VS akone

Tumor volume (mmi)

\

PDI alose

IMNEE B AR

cul IgG YSalne PDIa

B crEEFEBERRINVNEELQBLETOAOMEBICETEALTSAMSE . MABAMN
BoHohTHALERREORSEMEL. MAY A XEERMETLIER. #HORE
BEEEOSBERONE, RU v ANORHECRRERLIER).
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212 JMN Ofi &R L2y, H226 128
WTHRROEREPBONTND(T —F K
180,

JMN B A 9@ #EIC~ 7 A ZfE L, K
T ORERE % E U T — ISR R fR T &
TV R O RSN U S ERO RSB A
WT 7 x /¥ A 7O, mRNA FEHAFHT
B{ToTW5, HEETELEEHED n BB
LIRS, RIS D 9 B T O AR
BLUEM L-EHEREOW 5 T, control
L YSalone B, F721% control # & PD1
alone HTHEEERD bR WVW—F,
control # & YS+PD1 # T p<0.05 DHEZE
FR 8 HAU(Fisher D% EELEHRTE), MHLAE
OPFRBENFEIND,

St BHEO n LEIDLITHEDST L ED
W NEBRNREY L oREROD T = ) A TR
HET5 DR BLEERYfiRYT 24T\, CD26 Hifk &
PD1 $ifk & OFUIEBIER A W =X LDiEN
[ZDWT L0 BEMICARAT L FRZI R OFEZD
HEFEIET D,

3) t Mk CD26 ko= Al {EH A
H =X ADRFENE

CD26 HURIZIZZ R PIEEER 2 I =
ALPREZ b, ZHETIZ CD26 #RE
T ARAMBEOMIERE o CD26 (ZHiEA
FEAT DI & T EBERIEEMGER T
A EltEHLMILTEE, L4, DPP4
BERIEM A2 PAE T 5 Z & A~ %
R EERME 5 2 EREE SR,
CD26 ik bBABEITHLTEDL S &2
x5 REMES IR S,

F7-, ZHE TIZ CD26 HiiEDE N 111
FHEG AR R B O MUE AR M Y v Bk &
AT, CD26 HifkdDF1% - 16FERhE 2 T}l

16

LBANS Fw—h—DEFERATEE
2, MiEPOYA by TEDA DR
T CD26 Hifk#e 5.2 X - THaxt 238 ms
HZL0 WL THHONRHH I ERRINI,
BT, AFAYAR Thl MlalEE 7 Eh A~
Té 5 MIG/CXCL9 & IP-10/CXCL10 &
CD26 Hiihf 512 K - THujif i B 3 g
[N L 7okt L, RE&E7: Th2 MifdiE
FEENA 2 THD TARC/CCL17 & MDC
/CCL22 D hiREIRMA3+5Z & & Rt
L., ERA - Z4E5Y - pIRERY O ARERE I 01
TR L2 ATH W oMEER T HIT
CEAMNEDBETHBLTELLLTWNEZ L
BREN(H 3),

CD26H RIS THMT DY A bhA - rEDAL

(prml) CXcLs (peml

CXcL10

EEEEE

(prmd) ccLi7 (prml) ccL22

LY.L LT

= IFI'!"“ - ':'l" Wn:z"" Ly "y 'ﬂb-'l"
mean, BRFAIC) 0- 13, S EENVMPM) 021 (LES 019, 5 03 BEE 0-2)
B3 coeAAOBEARVIBEERRISE T HCDAKREISELES

mikh s EHALBOEAE (dayl: K 1B B IR 5 W, day1S: HE3E
BHEW, day29: AESE B 5.

bOfERNG, CD26 #HifkiL DPP4
BEEEM A ETEEHZ L T BEICLDLY
EHAOYMTEENIZE b2 ) TEHEET
BT AR FENA VEARBEK
CHEEA S5 252 L C EEERICREYT
HREMRE bS5 Z B TREINS,

D. E%#
t MMk CD26 Hi{EOREHER 7 Fi| A



EEPLIF-RERAREZRARTIED
2.k Mgk~ 22z FNEHFR
JEHREEET MICT, & ME CD26 ik
PD1 itk & DPFRBREZRET LT

T AERAVWERABAETT AT TV A
& MHC o7a# A 72 B
BERAWSZ LT HALAERNEERR
LY BARBRE LRERICHSATRICHERD
RABRISE RN THENTE S, Fiz,
[EEAMAKE B OVTIRe Y RZT AR b
PIEKBIRBZ L THEBEEOCRDZET
N ELRAWLN TV, ZOETF L TIRE
P EERED L D ICEMBOBERIER
BTHRAMEBREZ Z720 MIBKZBATS
EFNALY S LY BB E O R R & B
LTW5EEXbND, LV RBDKRELE
BLIETAVOFREELWZLIIEOE
TH RV, CD26 B FDOHIETIE T RAD
BRERTRAVEZ LN TELRVEBENEEK
FET 5,

CD26 it + T MlRIZTEMLY 7%k
fmE$ 5 T MlaEi#sFTbdby,. B b
ik CD26 Hif&kix CD26 DY H 2 FTHhHDH
caveolin-1 & CD26 & DA, 2FEVIX T
Hpa~n CD26 Ay 7/ FrobEE: T
ny 743, —FT, vV X THikaDO CD26
IRERIE S FE LTHBELRY, £,
CD26 NHFBJICELTH, bt b T MR TIX
CD26 iX3REME - SRHE - fatE D =481/ %
— EFTOIRL., vV R T Hilaid—##
IZHRBHETH 5, T MRBLSOREBRIZE
7% CD26 OFEBICBALTH, E FTIX T
HERELASME NKT #ifa T CD26 BN R L
535, B #IkaS° NK #ifa Tix CD26 1% &
AEREBRLTHRDDOIZRH L, v ATIEB
AMiETH T ML RAEOHBEELTRT, =

D X 5z, T HRICEBIT 2HEERCRERRIZ
BIFHRBENF—RERE P2y RL
THEHRKERBOVEDH IO . RERICBITS
CD26 DREEEMRIT TiIb MR TOMRYT
BARAARTH 5, ICI KHIEEHR L RET
51D THEEZPLE LIRERDEF
ERFARTHBZ 0D, b M CD26
ikl ICI L DHFRADRZRETT 2 ERIC
it MEBEE~ UV RERAVWAILERDH B,

¥ 7=, CD26 HifESHEER 2 RET S
Tl HiEBREETILCTHRELY
CD26 LHifESHREICRITISZ L. fiu
{£2% CD26 5y F LD EDEHLIZHERT HH
(ZEF—)BEETHY. & MLCD26 L
EOHBEDROT—F 2BRIEBT 33K
<A CD26 &k Tid7#2< ., ik b CD26
REEANVDZLBRARTHS, E ME
CD26 Hifkid~7 R CD26 IZIIREM %R
STELIFEA LV I b b E FOBEME
PREEE AW ERRABRAIRICR S,

Y EomEmh 5, CD26 HifkE: PD-1 Hifk
LDBRBROT—F #RET T E B
RBEFZTOERBLEEN, b Mg~y
2ERAWEEBAET AT BERALTFE
T35, — 0k, RGeS m
fifaEskD HLA 2B L TWHDITHRL,
b MEEERKIET O HLA LiZR25
HLA # B LT3, RAER%
(allogeneic)® T HHfRISEEZ R 2 Z L2V,
AEROBANBEHROBIGE LIRS
EMBLIDBND, 2, b MEEHROMHERK
EALTH, SEOEFALTIEE b T Hia
& B MBI L Tid= v A ENTHoR4E
ERBHOHNDZMB, —FTE b NK #IER
PURIR R O £ RITFEF ITEV, Z DR
B RET 5701z, b b+ IL-2,IL-15,IL-3,
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GM-CSF % Y OREFEARFFER S
NOG =7 AN - FilRShTW5B, vV
A 1 EOMEES bICHEEICRDA, B b
NK #faof iR MRoRE 2RI 51
. ENLDOT R TOBRNOLEILRD L
Zzbh3,

M 3 iR L& 5z ME CD26 Hils%
BETHZETLHERPOYA b IA L TE
HAUHBEMTELDOBOTHHORHB
ZEMBHALMNE RS, TOBRZEHN CD26
ERBTHBAMIRIC CD26 HENFEEY
BT LizEBZ0h, b LLIE T HAEOHRHME
FEHARZR L OHBALSD CD26 BtEHlgIc
REPEETHZEITEDDON AD=K A
DFWERALNTTILENDH D, BHEDK
g3 D MIG/CXCL9 % IP-10/CXCL10 &
MiFPREILR L TELS 2V oizxf LR 3),
JMN R H226 DENDL DT ENA » DFEH
BITHEEIELS . v FMREE~ YV RIZE TR
AL#Eo~=v2mMEPRDOE b MIG
/CXCL9, IP-10/CXCL10 # 8 b RkIzIE<
(F—4kBH). chboHfflakz~v R
BALEET TR BEPREREDOL S 22
BREHE OBMERERELZEHETEZ THRY
AIREMEDSE VY, CD26 Fifkhi A A MDD 7+
A VEEICHBEEZDINE INIZEL
TH.BAMIE & 2 REET A b IA T
I 5 7 LB R RERE ORRIE 2 B
THRIRBMLEIZRD EEZ TV,

e, vV RBBETNVIZEBNT, DPP4
inhibitor (Sitagliptin)% =4 & —#iz~ v
RIZBRRE® D Z LT, CXCR3 Bttd CD4
T #ifa. CD8 T #ifia, NK #fiia<> CCR3 [5
HEDFEEERN N AMIRERIZ X v £/ L JE
BrRBLTRDZZILBREENE
(Nat Immunol. 2015, 2019), 75 AR

18

EROt MMk CD26 HiFEDERKRROKER
b, CD26 itk & 532 L AFFORE
£ CD26 EBET L. ZHiZfEv DPP4 B
RKEMHET 3 5Br J Cancer. 2017, 83X
BfEP), ZOZ E»b, CD26 Hikz s
LEBA BV TH B AMRAERICERET
B HRRE OB E Z 3 ATREMENE
bha, LarLAss, k Me CD26 Hifk
X< TR CD26ITITHEE L2V, ZED=D,
SEDOE Mgk v A EHW-EEBEET
MZBWT, CD26 Hifkide b T #ig LD
CD26 &t MEgHHikbk £ CD26 (Zidfs
AT B, < U A0 ME A BT CHRMESEH
faZ LIc b RBE T 5 CD26 IZIIRSTE T,
EFNobn<7 X CD26 b b CD26 L[AE
B2 DPP4 BERIEMNR H D720, ARDORN
ABEIZ CD26 Filsa&RE L7=RD L D72
DPP4 EERIEMHETIERISFTE e
FHRIND ZORICEALTHEEEILRD
ERETNVOUENRMLELEZOND,

E. &

t b THIlEE BHIRB+IICEF LR
Bt~y RDOERICEII L, & MNEEPEIE
HRaER JMN & H226 # K TBAT HENBA
FEFMIBWT, b ME CD26 Hifk L PD-1
kL oFADREBRFN LEER. EhEh
DEH XY b RVEEHEEARM RS RS
NBT LBRRENT, Fi2, CD26 HLlEDH
-72fE & LT, Thl MIfaEErEhA
DEAZFEIHMEIEIZEERHLE,

F. §%&oRHA

Sk, SO n BEILITHEPOTLLED
W EERNBREY VRO T = ) 2 A TR,
mRNA REAEN. EEORBENITEIT



AN

CD26 #ifk & PD1 Hitk & OHEEER

A B = X LDEVIZHOWT & Y FICHRYT
L. FRDROFIELEILET S, £/, B
R REMRKE R TBATETLOM
2. &V BEORAMBORELZHERFL TV
5¢EZONSENETRIEDBEERBH
(PDX; Patient-derived xenograft)E 7 /LiZ
BWTHHFRABROEDEL RIS 5,

G. BrERR
1. BRXRBR

1))

2)

3)

Ohmachi-Ono A, Yamada S, Uno S, Tamai
M, Soga K, Nakamura S, Udagawa N,
Nakamichi Y, Koide M, Morita Y, Takano T,
Itoh T, Kakuta S, Morimoto C, Matsuoka S,
Iwakura Y, Tomura M, Kiyono H,
Hachimura S, Nakajima-Adachi H.
Effector memory CD4+ T cells in
mesenteric lymph nodes mediate bone loss
in food-allergic enteropathy model mice,
creating IL-4 dominance. Mucosal
Immunol. 2021;14(6):1335-1346

Itoh T, Hatano R, Horimoto Y, Yamada T,
Song D, Otsuka H, Shirakawa Y, Matsuoka
S, Iwao N, Aune TM, Dang NH, Kaneko Y,
Okumura K, Morimoto C, Ohnuma K.
IL-26 mediates epidermal growth factor
receptor-tyrosine kinase inhibitor resistance
stress
signaling pathway in triple-negative breast
cancer cells. Cell Death Dis. 2021;12(6):
520

Kaneko Y, Hatano R, Hirota N, Isambert N,
Trillet-Lenoir V, You B, Alexandre J,
Zalcman G, Valleix F, Podoll T, Umezawa
Y, Takao S, Iwata S, Hosono O, Taguchi T,
Yamada T, Dang NH, Ohnuma K, Angevin
E, Morimoto C. Serum soluble CD26
/DPP4 titer variation

through endoplasmic reticulum

is a potential

4)

5)

prognostic biomarker in cancer therapy
with a humanized anti-CD26 antibody.
Biomark Res. 2021;9(1):21

Komiya E, Tominaga M, Hatano R,
kamikubo Y, Toyama S, Sakairi H, Honda
K, Itoh T, Kamata Y, Tsurumachi M, Kishi
R, Ohnuma K, Sakurai T, Morimoto C,
Takamori K. Peripheral endomorphins
drive mechanical alloknesis under the
enzymatic control of CD26/DPPIV. J
Allergy Clin Immunol. in press

Pan K, Ohnuma K, Morimoto C, Dang NH.
CD26/Dipeptidyl Peptidase IV and Its
Multiple Biological Functions. Cureus.

2021; 13(2): €13495

2. FH

2L

3. F2RR

1

2)

3)

19

Komiya E, Tominaga M, Hatano R, Itoh T,
Honda K, Toyama S, Kamata Y, Otsuka H,
Ohnuma K, Morimoto C, Takamori K.
Mu-opioid ligand endomorphin induces
alloknesis at the periphery, B AHFZERfE
RS, 46 BEREMAS -BE
¥74),20214E 12 A

Komiya E, Tominaga M, Hatano R, Itoh T,
Honda K, Toyama S, Kamata Y, Otsuka H,
Ohnuma K, Morimoto C, Takamori K.
CD26/DPPIV
alloknesis at the periphery, 11th World

regulates mechanical
Congress on Itch (WCI), Online congress,
October 2021

Hatano R, Otsuka H, Itoh T, Saeki H,
Yamamoto A, Shirakawa Y, Iyama S, Iwao
N, Sato T, Yamada T, Morimoto C,



4)

3)

Ohnuma K. Anti-interleukin-26 therapy for
the control of chronic inflammation in
GVHD. % 83 Bl B A MIKFS 2021 F 9
H

HERAF, MR, BXNE, FEE
xR, BFEZ. NEHEEICBITST ax
—V ADRIEBBORE, F 17 EhE
BBEXEMESG T4 ),2021 £ 8
A

HERMTF, EXRE, BEFR, S
R, FEE, SBInAE, KB,
KBE, AR, BHEZEZ. CD26/
dipeptidyl-peptidase IV I#HA9 D> H
ORESEFTH D, % 26 EIHARES
a5 7 —YEL(F L TA ), 2021 £ 8
A

H. MOMEROHRE - B&KEL (FEZE

i)

1.
1)

TP ES

REAE: FAER, BEHR., KEBE.
&FHKER. EHDLF: Hi CD26 Hilk
LBIEF = v 7 RA v FREHIE OBF
PRy, HEEHA:20214E 58 31 H, H
%5 45FE 2021-091761, HEA: U

AR z— —HRASH, FRIEANE
KE

RRAFREE
2L

£ Dfth
L

20



FREREBRT T E LR &
S EREE
t Mt CD26 TiEDBEIMET R/ A <= —7 —DIRE :
(=A% TI1 AHERARABR OREST R IR ORI= T SR AT

WERRE HE Sk BERERFXRFREFHER

TR - DASERIBRERE SRR
WESBEE EHEHF B IERERFXRFREZFHER

R« BDALEIRRRERE T
HMESsEE LA BA REEFSKEFEESER RESE #HiF
WESBE BA HEBE MATBIEAGBHERRELLEE

T ARZ MNRBIFE - BHER ¥ — IR
WEHAE FE 2 E IBEXEXFRFREFEHER

GIER - BASEIRBRFEE LR
WEmAHE A - BB SRR BEERNRE
WEHHE HIT BN UWRFHRERESY— BEENE NER2E8E

HRER

EMEEDEEIL 7 ARR MEKBIZ L > TR Z ZBAEEMHER ThH v . HEFA Tl
BTXBBIEIIRL, FRBREORMPEENS, bhvbhid, FRIEFRIENSF
& L CEMEP REICREBR TS5 CD26 ICEFB L, & ME CD26 HigZBAR L7 7R
ITE 1 AERRERE. 2017 £0 06BN TEETRIEIC T 58 VI HERRASR 2 Fts
L7z, REMPHERINBEREL LTOEMMELTRT52&R AL, 2019 FH4IE
14 9 %5 - 45 11 48 31 BIGH 40 B ~DFEEMK T L, BROLHMFET Liz, THhETIC
EPNE U1 8RR O BE N LR 2 Z T - MiF R ORMM Y > 38k %& AT, CD26
REOEPETFR A F~— B —DBRFEEIT o TE B, SFEEIEEHREREH O IEE
WaEvH L, RNAHIHE DNA <4 7 27 LA f#fi%1To7-, Progressive Disease
SEGIFE & il L T Stable Disease SEFIRE Tl L TREANBVHRET. REIBWEE
FOKYAHEITV, CD26 FkOFIETFR A A~v—h—EHERH L, 4%, B
P EEORERRORERELRT L, CD26 Hifk# 5% BT e HfikRENS A S
RBEFHRITERNRLA—I— L2V BEIPERLNNIT B,

A. HEBER

B P EIEIL 7T AR MIKEIZE
- TR Z 2 R K B R OIS B EE
Thd, FHRIIEBD TEL ., FHRE, L%

FIE, BORIRER EMMTON S5, WTh
bR TE IR TId e < B e thR
BORBMHLEEN D, bhvbhid, HFIER
BeoT L L CEETRIERRICRERT S

21



CD26 IZ# B L.t Mt CD26 HilkZ B L
T7 7 AL TEEFRELE PLIT First
-in-Human % I fEERIRRBR & 1T > 72,

IDTTUATOREREZ T, EOBEIC
CD26 FEFIENANROD, WRHRPLTF
BETRTEANAA~— I —DBERENR
BLLTETbNE, 20T Lid, FHER
EBRXYEEIOPHENITLAEIXT
BHOTHEHETHY ., o, RiEREEABRE
ZEONBRIRTENITHIFL TOWZBED
ERBELNVWBEICE TERARERRA
HERND Z LR RV FHRMEITRIC
LEBRTE S,

£ 2T, AGEOT#% - SR TR/ A
FA—H—%RETHDIT, 2017 END
AR CHELZBRIEREGEERERT
Progressive Disease (PD))? BB E
fEizxt3 5 b M CD26 Fifs % VI iR
KRBBE 0T EREER. (2)MmiF,
Q)R Y > B & BV ARITICER Y M A
T& 7,

(278 L Tik, CD26/DPP4 & B
TB3YVAL b A2 rEhA DOEIEB R
21TV, CD26 Hifkik 52 & 3 MiEPRED
EBZ AT L, CD26 HLiED A e & D
BfRZ MR L7, (KM Y > /33RIzBIL
Ti, K> CD4 T #ifa - CD8 T #ifa -
CD25 SRt DFIHEIME CD4 T Hif, KRS
EEREETA I/ 7 —T HROHIE
B-BE. RROREETF = v 7KL My
FOFEBRL . CD26 fuiEDH L DA
FRERNT L7=(2021 EE 35 REREBRBZR
HXABIE MrABEFICER.

A= h TR, (DR ERERAERZ AV
T, EEHALOEIY L. RNA f#liti. DNA
<A 707 VA EHZ1TV>, Stable Disease

22

(SDYE#I & PD fEH] & DRIZTFRED LK
26 CD26 HLkDBEMETRI AL A <—7
— DY ABEITI,

B. 5
1) ENE I HERAR T e by

% 1 KRBT ME CD26 Hifk%
2mg/kg, 4mg/kg, 6mgkg TENEh 3 BT
-, fIE#E R % dayl & LT dayl, day8,
dayl5, day22, day29 ¥ Tl 1 EIORKIRT 5
E#RPER S 21TV, ®EZBBL T D 6
BE % (day42) DR A CTERIC & A HUEES)
B OHENR{THh, Partial Response (PR)
T/ SD L HIEENBEIL, LROTE
5EiE, 6 BEI%ICHEEDRHEL 1
AINVELT PD IZRBETHA I NVEHK
APy

% 11 HHEEERRBRIT 2 31 #ilic CD26 Hifk
% 6mg/kg T@ 1 E ORI T 5 EEIRN&R S
217V, LR L RRICHAK 5 @RS, 68/
BICHEEHRHEEZ 1Y A 71 LTPD
IZR2ETHA IV ZRBE LT,

2) JEERIRMER

t Mk CD26 HifkDEMERGRE b R REIC
THENE VI HERRRIZE I Br£ 9
B, 3 I fa34 31 B TiThh/dl, £Dh
TSRO A A~ —h —FERIZHE
Engono, E1MEx24, FIIMA
2 21 BIDF 23 BITH -7z, B AFIER
241 PD-1 $iifk Nivolumab {85 % Blt69 3
BNCER SN B R IERESE RV~ Y
VEELTHEREINERF 74 Tay )
OB R OREEZIT .~ I uF L&
Vavil X VIEEROOVHL 2T o7,



3)DNA ~ A 7 a7 LA fi##f

BN Y VEENTT 4 o BEEANEE
kLA TR R s (= B (e A g
TE) Y U7 lEBHRAL % 7% L . miRNeasy
FFPE Kit (QIAGEN)#% H\» T Total RNA
M %ETo, £ 7T 37NV opTHRLE
HNIZRNABN Do TAizib
4 T RNA 44ng 75 TransPlex Whole
Transcriptome Amplification Kit (Sigma
-Aldrich) & DNA
Polymerase (Clontech) % i\ C cDNA &
% & HEE %17 - 7=, SureTag DNA Labeling
Kit (Agilent Technologies)? fi\ T ¢cDNA
O {k. DNA @ Cy3 &%, HiuziT-o7-
#. SurePrint G3 Human GE v+ 7 17
L4 8 x 60K Ver 3.0 (Design ID:072363)
(Agilent Technologies)Z i\ T DNA ~ A
a7 LA T EiT o7,

Titanium  Tagq

(i B2 i ~ 0> AL D)

t MMk CD26 HifkdEMNE VI H AR
BROBEREE AT A~ —— 1R
HFERIZOWTIE, BRERRBREELZRS, &ih
BEMEGNORREEZASICTH RO
Ei L b T A A>—T—EEHE
i - FEEEERREORE SV THES .,
ERiARERSESTH D, mEORMEE
BRI B SR e D ARIBiEE
OBCRE R OHFZEIC K 0 BFEEX RE NZIT 5
FHIZE, FIZRSEOBAZEITV, BRTOA >
TZA—ALF-artrbEEBTHA,

C. WFERR
1) [EPWEE DI HHER AR R FR S o0 I B
O W= F BT

#3— O BEMIE, & M CD26 Hi{FfF

EPRDRBEEZRIRTE LS A~—0
—EEFETHZ L ThHDH, CD26 fiLlkdEN
ER PR 5 CREE R B O A A~ —Hh—
EATICRERE LD, F 1 H32 9
ek 2 i), 55 11 AHA5 42 31 Hilh 21 flDFE 23
{51(23/40) ¢, PIERIEZ PR 0 {5 - SD 16 f -
PD 6 5l - FFliAGE 1 I TH-7=, DNA~
A 7 a7 LA fiHr T SDEERF] & PD JE I it
CFRELEZITORIC.BE T XEHIHL
L CHER - #AEEY - 51 PD-1 $iifk Nivolumab
B 5 OF DT b D, EEHEEAR R D/
A A~——FRFAENEFELNZ 23 FiF,
PUESL SRR EN TE 7= 22 il 2R - 48
7% « Nivolumab #5& OF HDIHE TEA
L7cfERER 17T,

1 EEFEEHBO (AT —H—BREENBOI:
BEASEVIEEERBEESE 2RO - ERY5 R

Phase I/11 Male 20 cascs

Nivolumabi’ - 7¢ L

Nivolumab % 'j-dn 1)

Total

Epithelioid

SD 6/PD 4

SD5PD 0O

15

Biphasic

SD1I/PD O

SD 1/PD 1

3

Sarcomatoid

5

Total

SD 1/PD 1
13

5

20

Phase I/11'1

emale 2 cases

Nivolumab ¥ 5-7e L

Nivolumab{ /j-d» 1

Total

Epithelioid

SD 1/PD 0

SD I'PD O

2

Biphasie

Sarcomatoid

Total

1

-

*FRBONBE: EEY-Nivolumah B 5L 1B OSD MW -PD IR DB
HRER S OUYHL. Total RNARIH . DNATA 207 LA RITEREL]-,

PRI - #HEERY - Nivolumab 5 07 HE3
Al U4, SD fiEf & PD fEf% 3 Ll E
B ndoik, T84« EEAE - Nivolumab #
54| | (SD 6 fl/PD 4 fi) DA ToH o778,
SD 6 fiE 5l EsE A AR PFS 23R 3
B & PD 4 il 5 ESHAAZ AU 0 H L . DNA
<A 7 aT LA EIT27,

SD # 3 ffil& PD # 4 f5l & O TEIET
BB OB 21TV, PD #£ & LT SD
HTEREBEL W28 TFHL SD Ll

23



LT PD HCERBRELTWAHRETEHE
t—bwyFiCELDHEE D,

001 Normatzed Gens Expression 145
[ == L

B1 SDEREPDEMLOMTRARICAALESROHSWRETFH
GREEF B IXFELB)

CD26 FiIEDHNMETFR AL A~ —H—
& U THRRFHIBED FTREMED 8 5 72 80 | BARRY
7 FAITAR LA, SDER 3 filic
d@ L CREEBR L TR Y PDEF 46T
EAERBRLTCOWRWREFXERHBLE,
F7-. SDEMI 3 fllcdbim L TiT & A LR
LTkH 5T PD EFTHEERS RGNS H#
EFY L ZOKVIARZITo1, 5%.X Y,
Z B U CHESHR AR R O S e e 1T\,
PFS O#if 73R < CD26 fiikiEnEIcE
BhigiEf & BEhTiddevy PD ER & DHF
WZHHE S iR 5,

D. %

b hMb CD26 HifEDTF# - GBI RTH
NAF=—A—EBWRTHHIT, CD26 1
EOEWE U1 HERRFER S O 5
#imkz AT, SD fEf 3 5l & PD 5] 4 1
D DNA~A 7 a7 LA E{T 7=,

CD26 HEDHMETFR AL A~ —T—
& L TRFFHBROFREMEDN 8 5 729 BAKRY
IRRETRITAR LeWvwas, SD EETREN
m o TOBAR T I U (L. RAETUHE, 1§

24

5 - REDTEICED S b ORE L BT,
— 5T, PD BECRENE N - LBEFIIH
HIR, T HARBUR I BIfRT D RTINS
¥R B B o b3 o L T D ATREE
BEZ b,

Stk HEBHREMERE O REGRAIZE Y SD
fEf & PD JEF & TR O EHD T O %%
WEFNTT D, 2. TNHOBEBETFEEIRE
B3 BHEF Tk CD26 HuiksFzhie D
N DPEMRATHZ LT, LY CD26
PUEIZ & DR RBE LN S FFRRED
BASICLNR D Z LIS RS,

E. #&&H

t Mk CD26 HifEDEA VI HEEHRR
BREBEDOFRN~< ) CEE-NT T 4 A E
A7 B P R AR O EE L 2 ~ A 7
BX A7 arTHYHL &L HE
o Total RNA % F\ T SD JiEfsl 3 5l & PD
FEF 4O DNA~A 7 07 LA f@ir&1T-
T2o TOFER, SDEFI Tl L THREN &
WBHE X &@LU TEBABSEVERET Y,
ZERHE LI,

F. S%0RE

[EPNE I HHERAR SR B oo e g HiE
#AEBWT, SEODNA~A 7 a7 LA
rick v Bohi-Efs FoRERaLTT
W, ZhbOaTaE M CD26 filEDH
HEEFRTE LA A~ —H =TV &
HINER LT S,

G. HFEHRE
1. BRSCHR

1) Ohmachi-Ono A, Yamada S, Uno S, Tamai
M, Soga K, Nakamura S, Udagawa N,



2)

3)

4)

5)

Nakamichi Y, Koide M, Morita Y, Takano T,
Itoh T, Kakuta S, Morimoto C, Matsuoka S,
Iwakura Y, Tomura M, Kiyono H,
Hachimura S, Nakajima-Adachi H.
Effector memory CD4+ T cells in
mesenteric lymph nodes mediate bone loss
in food-allergic enteropathy model mice,
creating IL-4 dominance.
Immunol. 2021;14(6):1335-1346
Itoh T, Hatano R, Horimoto Y, Yamada T,
Song D, Otsuka H, Shirakawa Y, Mat§uoka
S, Iwao N, Aune TM, Dang NH, Kaneko Y,
Okumura K, Morimoto C, Ohnuma K.
IL-26 mediates epidermal growth factor
receptor-tyrosine kinase inhibitor resistance
through endoplasmic stress
signaling pathway in triple-negative breast
cancer cells. Cell Death Dis. 2021;12(6):
520 '
Kaneko Y, Hatano R, Hirota N, Isambert N,
Trillet-Lenoir V, You B, Alexandre J,
Zalcman G, Valleix F, Podoll T, Umezawa
Y, Takao S, Iwata S, Hosono O, Taguchi T,
Yamada T, Dang NH, Ohnuma K, Angevin
E, Morimoto C. Serum soluble CD26
/DPP4 titer variation
prognostic biomarker in cancer therapy
with a humanized anti-CD26 antibody.
Biomark Res. 2021;9(1):21

Komiya E, Tominaga M, Hatano R,
kamikubo Y, Toyama S, Sakairi H, Honda
K, Itoh T, Kamata Y, Tsurumachi M, Kishi
R, Ohnuma K, Sakurai T, Morimoto C,
Takamori K. Peripheral

Mucosal

reticulum

is a potential

endomorphins
drive mechanical alloknesis under the
enzymatic control of CD26/DPPIV. ]
Allergy Clin Immunol. in press

Pan K, Ohnuma K, Morimoto C, Dang NH.
CD26/Dipeptidyl Peptidase IV and Its

Multiple Biological Functions. Cureus.

2021; 13(2): €13495

2. %%

3.
1)

2)

3)

4)

5)

25

L

Fom%R

Komiya E, Tominaga M, Hatano R, Itoh T,
Honda K, Toyama S, Kamata Y, Otsuka H,
Ohnuma K, Morimoto C, Takamori K.
Mu-opioid ligand endomorphin induces
alloknesis at the periphery, B &<HFJERfE
BES, B EFERFENRAS-BE
Y54),2021 % 12 A

Komiya E, Tominaga M, Hatano R, Itoh T,
Honda K, Toyama S, Kamata Y, Otsuka H,
Ohnuma K, Morimoto C, Takamori K.
CD26/DPPIV
alloknesis at the periphery, 11th World

regulates  mechanical
Congress on Itch (WCI), Online congress,
October 2021

Hatano R, Otsuka H, Itoh T, Saeki H,
Yamamoto A, Shirakawa Y, Iyama S, Iwao
N, Sato T, Yamada T, Morimoto C,
Ohnuma K. Anti-interleukin-26 therapy for
the control of chronic inflammation in
GVHD. # 83 Bl B AM#E¥S 2021 9
A

HEXRAT, NBE, BXXE, AL
R, BFREZ. NEEECRIIT R
— Y ADRERBOME, & 17 BN
BBEERESE T4 ), 2021 48
A

HERAF, BXNE, BEHR, Sb
R, R, $EEIRE, BB,
RKBE, FEEXR, MHEBT. CD26/
dipeptidyl-peptidase IV 38§D 1P I



OREHEFTH D, % 26 BEIRFIRET
77 —EB¥L(HA T TA V), 2021 F£8
A

H. SR EREOHE - B&RIR (FELSE

ir)

1. ®EFERE

1) RAE: HFARR, BEEHR, KB=E.
&TFHKER. EHADOLFR: Hit CD26 Hifk
LREF = v 7 BA v FNREFAI L OBF
s, HEHE: 20214 58 310, H
&S $5FH 2021-091761, HFEA: U
A X - — —HBAS, FREANR

Rt

2. ERBREBH
2L

3. Eoft
L

26



. BFFERROTUTICERY 5 —Fk







Rl 4

HERE

HEBREOFUTICET 5 —ER

ERERA

WIXFA FIVA

RREEA

25

./{_.:‘/“

HREE

Ohmachi-Ono A,
Yamada S, Uno
S, Tamai M, Sog

Udagawa N, Na
tkkamichi Y, Koide

o T, Itoh T,

ta S, Morim
oto C, Matsuoka
S, Iwakura Y, To
mura M, Kiyono
H, Hachimura S,
Nakajima-Adachi
H

M, Morita Y, Ta|

Effector memory CD4 +
T cells in mesenteric 1
ymph nodes mediate bo

a K, Nakamura S,ne loss in food-allergic

enteropathy model mice,
creating IL-4 dominance.

Mucosal
Immunol.

14(6)

1335-1346

2021

Itoh T, Hatano R,
Horimoto Y, Yam
ada T, Song D,

wa Y, Matsuoka
S, Iwao N, Aune

aneko Y, Okumur
Ohnuma K.

Otsuka H, Shiraka

a K, Morimoto C,

[L-26 mediates epiderma
| growth factor receptor-
tyrosine kinase inhibitor

asmic reticulum stress si

ells.

resistance through endopl

gnaling pathway in triple|
TM, Dang NH, K{-negative breast cancer c

Cell Death
Dis.

12(6)

520

2021

Kaneko Y, Hatan
o R, Hirota N, Is
ambert N, Trillet-
Lenoir V, You B,
Alexandre J, Zal
cman G, Valleix
F, Podoll T, Ume
zawa Y, Takao S,
Iwata S, Hosono
O, Taguchi T, Y
amada T, Dang N
H, Ohnuma K, A
ngevin E, Morimo
fto C.

Serum soluble CD26/DP
P4 titer variation is a p

rker in cancer therapy w
ith a humanized anti-CD
26 antibody.

otential prognostic biomal

Biomark Res.

o)

21

2021

Komiya E, Tomin
aga M, Hatano R,
kamikubo Y, To
yama S, Sakairi
H, Honda K, Itoh
T, Kamata Y, Ts
urumachi M, Kish
i R, Ohnuma K,
Sakurai T, Morim
oto C, Takamori
K.

Peripheral endomorphins
drive mechanical allokne
sis under the enzymaticc
ontrol of CD26/DPPIV.

J Allergy Cli
n Immunol.

(in press)

27




RRERA

WXFA b4

FeRib4

®5

R—=Y

HR S

Pan K, Ohnuma
K, Morimoto C,
Dang NH.

CD26/Dipeptidyl Peptida
se IV and Its Multiple
Biological Functions.

Cureus.

13(2)

E13495

2021

Sasaki H, Saisho
Y, Inaishi J, Wat
anabe Y, Tsuchiy
a T, Makio M, S
ato M, Nishikawa

amada T, Itoh H.

M, Kitago M, Y

Reduced beta cell numb
er rather than size is a
major contributor to beta
cell loss in type 2 diab
etes.

Diabetologia.

64(8)

1816-1821

2021

ma Y, Fujimoto

Kishimoto T, Koji|Significance of secretory

leukocyte peptidase inhi
bitor in pleural fluid for
the diagnosis of benign
asbestos pleural effusion.

Sci Rep.

11(1)

12965

2021

Hayashi H, Ashiz
awa K, M, Kato

The diagnosis of early p
neumoconiosis in dust-ex

Arakawa H, K|posed workers: comparis
ishimoto T, Otsukjon of chest radiography

nda S.

a Y, Noma S, Holand computed tomograph

Y.

Acta Radiol.

2841851211
022501

2021

o T.

[Mizuhashi K, OkalA patient with epithelioi
moto K, Kishimot|d pleural mesothelioma

(Myxoid variant) who su
rvived for a long period
without treatment.

Respir Med
Case Rep.

33

101381

2021

28




V. BFEREDOHIR]







CIETY FOR MUCOSAL IMMUNOLOGY

i 50C www.nature.com/mi

W) Check for updates

ARTICLE
Effector memory CD4™T cells in mesenteric lymph nodes

mediate bone loss in food-allergic enteropathy model mice,
creating IL.-4 dominance

Aiko Ono-Ohmachi'?, Satoki Yamada®, Satoru Uno®, Masato Tamai®, Kohei Soga®, Shotaro Nakamura®, Nobuyuki Udagawa®,
Yuko Nakamichi®, Masanori Koide®, Yoshikazu Morita', Tomohiro Takano?, Takumi Itoh®’, Shigeru Kakuta®, Chikao Morimoto®,

Shuji Matsuoka®, Yoichiro Iwakura'®, Michio Tomura'", Hiroshi Kiyono'*'>'%, Satoshi Hachimura® and Haruyo Nakajima-Adachi(®*'2%
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Intestinal inflammation can be accompanied by osteoporosis, but their relationship, mediated by immune responses, remains
unclear. Here, we investigated a non-lIgE-mediated food-allergic enteropathy model of ovalbumin (OVA) 23-3 mice expressing OVA-
specific T-cell-receptor transgenes. Mesenteric lymph nodes (MLNs) and their pathogenic CD4'T cells were important to
enteropathy occurrence and exacerbation when the mice were fed an egg-white (EW) diet. EW-fed OVA23-3 mice also developed
bone loss and increased CD44"CD62L'°CD4™T cells in the MLNs and bone marrow (BM); these changes were attenuated by MLN,
but not spleen, resection. We fed an EW diet to F1 cross offspring from OVA23-3 mice and a mouse line expressing the
photoconvertible protein KikGR to track MLN CD4*T cells. Photoconverted MLN CD44"CD62L'°CD4*T cells migrated
predominantly to the BM; pit formation assay proved their ability to promote bone damage via osteoclasts. Significantly greater
expression of IL-4 mRNA in MLN CD44"CD62L'°CD4™ T cells and bone was observed in EW-fed OVA23-3 mice. Anti-IL-4 monoclonal
antibody injection canceled bone loss in the primary inflammation phase in EW-fed mice, but less so in the chronic phase. This
novel report shows the specific inflammatory relationship, via Th2-dominant-OVA-specific T cells and IL-4 production, between
MLNs and bone, a distant organ, in food-allergic enteropathy.

Mucosal Immunology; https://doi.org/10.1038/s41385-021-00434-2

INTRODUCTION Prolonged EW feeding (28 days, chronic phase) attenuates OVA-

Intestinal inflammation, such as celiac disease with small intestinal
inflammation, as well as inflammatory bowel disease (IBD)' —has
been reported to have osteoporosis as a comorbidity. Aberrantly
activated T cells may play important roles in bone loss after
intestinal inflammation®. Previously, in a model of non-IgE-
mediated gastrointestinal food-allergy model of ovalbumin
(OVA) 23-3 mice, which expresses OVA-specific T-cell receptor
(TCR) transgenes3 , we demonstrated bone loss development with
increased numbers of activated CD4™T cells in the bone marrow
(BM)”. Enteropathy is induced in these mice simply by feeding an
egg-white (EW) diet containing OVA". This model shows typical
allergic responses accompanied by weight loss and severe

specific CD4*T-cell activation and ameliorates the inflammation
via regulatory T-cell (Treg) induction®®. Despite these changes in
the enteropathy pathology, bone loss seemed to be maintained
during the experimental period”. As the enteropathy is triggered
by MLNs and their aberrantly activated IL-4-producing MLN
CD4™T cells through food-allergen intake alone’, bone loss in
these mice may occur through allergen-specific immune
responses activated and promoted in the MLNs. Allergic diseases
(e.g., atopic dermatitis) may be associated with osteoporosis’™
One potential mechanism reported from a study of Ick-IL-4
transgenic mice is that continuous and excessive IL-4 production
by activated T cells induces osteoporosis'’. However, it remains

unclear whether food-allergy-associated gastrointestinal inflam-
matory responses affect bone loss.

intestinal morphological changes, followed by intestinal infiltra-
tion by inflammatory cells (7 to 10 days' EW feeding, prima
phase), and serum IgE production (14 days' EW feeding)’.
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We believed that, to clarify the mechanism by which food-
allergic enteropathy induces the loss of bone—an extraintest-
inal organ—OVA23-3 mice were superior to other mouse
models in terms of the technique used to alter their
immunological condition, namely by simply feeding EW. We
therefore analyzed this mouse model and discovered a specific
relationship of the gut-bone axis via Th2-dependent immune
responses between inflammatory MLNs and bone loss in food-
allergic enteropathy.

RESULTS

EW feeding leads to bone loss in OVA23-3 mice

To minimize the influence of differences in nutrient consumption
and body-weight changes on bone metabolism in EW-fed OVA23-
3 mice, we conducted pair feeding, in which mice were
maintained under the same food-consumption condition (apart
from the difference in the protein source) during the experiment.
Weight gain (Fig. 1a) and serum biomarker levels (Table S1) did
not differ significantly among the four groups, although some EW-
fed OVA23-3 mice lost weight and developed enteropathy during
the experimental period (Fig. 1a). Serum 1,25-dihydroxyvitamin D
levels in EW-fed mice were significantly higher (OVA23-3, Fig. 51
left) than that in casein control diet (CN)-fed mice or the same as
in the CN-fed mice (R23-3/BALB, Fig. S1 right) throughout the
experimental period, showing the involvement of 1,25-dihydrox-
yvitamin Ds in bone loss in our model was not clear. Severe bone
loss—a significant decrease in the percentage change in the
trabecular bone mineral content (BMC) compared with that in CN-
or EW-fed BALB/cA (BALB) mice and CN-fed OVA23-3 mice—
began in OVA23-3 mice on day 7 (primary phase; Fig. 1b, left), and
significant decreases in cortical BMC started on day 21 of EW
feeding (chronic phase; Fig. 1b, right). These bone losses
continued to the end of the experiment. Continuing trabecular
bone loss was further confirmed by examining other bone-
morphologic parameters (bone volume per tissue volume [BV/TV]
and BMC/TV, P<0.01, EW-fed OVA23-3 mice vs. CN- or EW-fed
BALB mice and CN-fed OVA23-3 mice; Fig. S2A). On day 56
(prolonged feeding of the EW diet), significant decreases in some
parameters (BMC, BV/TV, BMC/TV, and trabecular number [Tb.N])
and an increase in trabecular separation (Tb.Sp) in EW-fed OVA23-
3 mice were confirmed (Figs. 1c and 52B). These results clearly
showed that feeding conditions and absorption alterations via
intestinal inflammation were not major factors influencing the
severe trabecular bone loss and inhibition of age-dependent
increases in cortical bone thickness exhibited by EW-fed OVA23-3
mice.

Like EW-fed OVA23-3 mice, the inbred food-allergic enteropathy
BALB mouse model established by EW feeding after sensitization
with OVA and alum (BALB/ALUM mice) showed enteropathy,
recovery from inflammation’ ', and bone loss (Fig. $3). Thus, our
model's bone loss did not result from the presence of the TCR
transgene but from the food-allergic enteropathy.

Aberrant OVA-specific CD44"'CD62L'°CD4" T-cell activation
induced in MLNs and BM by EW feeding triggers bone loss in
EW-fed OVA23-3 mice

EW-fed, but not CN-fed, OVA23-3 mice deficient in recombination-
activating gene (RAG) 2 mice (R23-3 mice) also showed significant
weight loss (Fig. 54A) (a sign of enteropathy induced by IL-4-
producing OVA-specific CD4"T cells)® and bone loss as a
comorbidity. Compared with CN-fed R23-3 mice, the EW-fed mice
also had significant decreases in trabecular BMC (Fig. S4B, C), BV/
TV, BMC/TV, and Tb.N and a significant increase in Tb.Sp (Fig. S5).
In contrast, EW-fed Thi-type RAG-2-deficient D10 mice (RD10
mice)—another strain with OVA-TCR transgenes™'‘—did not
show weight loss or bone loss (Figs. 54 and S5)°. Therefore,
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Fig. 1 Egg-white (EW)-fed OVA23-3 mice display bone loss. BALB
mice and OVA23-3 mice were fed a control (CN) or EW diet for
56 days. a Time course of body-weight relative to initial values
(100%). Initial body weights were: for BALB CN, 24 + 0.99 g; BALB EW,
2457 +0.73 g; OVA23-3 CN, 24.76 + 1.94 g; OVA23-3 EW 24.99 + 1.90
g. Body-weight was measured every 2 or 3 days. b Time courses of
bone mineral content (BMC) in trabecular (left panel) and cortical
(right panel) bone relative to initial values (100%). BMC was
measured by using micro-computed tomography throughout the
56 days. BALB CN, CN-fed BALB mice (open circle (O)); BALB EW, EW-
fed BALB mice (closed circle (@)); OVA23-3 CN, CN-fed OVA23-3 mice
(open square ([J)); OVA23-3 EW, EW-fed OVA23-3 mice (closed
square (). ¢ Computed tomography images of the distal femur
after 56 days of CN or EW diets. Scale bar=1mm.n=3to 5 in each
group. Data are representative of two independent experiments.
*P < 0.05 and **P < 0.01 (OVA23-3 EW vs. BALB CN and OVA23-3 CN);
'P<0.05 and ¥P<0.01 (OVA23-3 EW vs. BALB EW).

aberrant activation of Th2-type OVA-specific CD4*T-cells, inducing
enteropathy, likely plays an important role in inducing bone loss.
In contrast, OVA-specific B cells were not involved, because R23-3
mice developed bone loss despite lacking B cells. We confirmed
the above possibility by establishing a model of transfer of OVA-
specific MLN CD4T cells from R23-3 mice into severe combined
immunodeficiency mice (SR23-3 mice). Only the EW-fed SR23-3
mice showed significant decreases in BMC and weight (Fig. 56,
Results in the Supplementary Information).

Mucosal Immunology
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Fig. 2 Egg-white (EW) feeding induces CD44"CD62L'°CD4'T
cells in OVA23-3 mice throughout the experimental period.
Single-cell suspensions were prepared from mesenteric lymph
nodes (MLNs), Peyer’s patches (PPs), spleen (SP), and bone marrow
(BM) of BALB, OVA23-3, R23-3, and RD10 mice fed a control (CN) or
EW diet for 56 days. a Dot plots represent CD44 vs. CD62L gated on
magnetic-activated-cell-sorting-separated CD47T cells of MLNs, PPs,
SP, and BM in OVA23-3 mice fed a CN diet (Ieft} or EW diet (right).
Numbers in the plots indicate CD44"CD62L'°CD4'T cells and
CD44"CD62LMCDA™T cells (top row, left and right, respectively)
and CD44™CD62L"°CD4'T cells and CD44™CDE2LMCD4 T cells
(bottom row, left and right, respectively) as percentages of the total
number of CD4'T cells. b Each column indicates the ratio in EW-fed
mice (BALB, OVA23-3, R23-3, and RD10) to that in CN-fed mice of
CD44"CD62L'°CD4T cells as a percentage of total CD4'T cells from
different lymphoid tissues (MLNs, PPs, SP, and BM). Dashed lines
indicate a ratio of 1. The data were obtained by mixing cells from
three mice in the CN or EW group and average of two independent
experiments. ND = not detected.

Memory-phenotype CD4*T cells maintained in the BM con-
tribute to persistent IBD, with bone loss as a comorbidity'*~'*. To
clarify the roles of CD44"CD62L'°CD47T cells [effector-memory

16-18

(EM) phenotype], which preferentially reside in BM , we
measured CD44 and CD62L molecule expression on aberrantly
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activated CD47T cells in MLNs, spleen, Peyer's patches (PPs), and
BM of EW- or CN-fed OVA23-3 mice. The proportions of these cells
increased after EW feeding in OVA23-3 mice (Fig. 2a)—markedly
50 in MLNs (to about seven times that in CN-fed OVA23-3 mice)
but also in the other tissues (to about two to four times those in
CN-fed mice) (Fig. 2b). The proportion and number of
CD44"CD62L" cells among MLN CD4*T cells increased through-
out EW feeding (Fig. S7A, B(a)). In MLNs, similar results were
obtained in EW-fed R23-3 mice (to 18 times that in CN-fed R23-3
mice), whereas the increase in the proportion in EW-fed RD10
mice was smaller (triple that in CN-fed RD10 mice) (Fig. 2b).
Residency of EM T cells in BM'®'® was supported by our finding
them there in CN-fed OVA23-3 mice (Fig. 2a); their proportion was
enhanced after EW feeding. (to 1.7 times that in CN-fed OVA23-3
mice, Fig. 2b). EW feeding induced greater RANKL expression on
the surfaces of CD62L'°CD4™T cells in MLNs and BM than in the
spleen or PPs (Fig. S8A). RANKL expression in MLNs was enhanced
time dependently (Fig. S7B(b), C); more than 95% of
RANKLCD4'T cells were of the CD44"CD62L'" phenotype in
EW-fed OVA23-3 mice (Fig. S8B). As RANKL can stimulate
osteoclast differentiation'”, our results suggest that MLNs are a
source of RANKLTCD44MCD62L'°CD4™T cells for BM, with asso-
ciated bone-loss induction, as indicated in different enteropathy
models. (For details, see Fig. 59 and Results in the Supplementary
Information).

MLNs, but not spleen, are important to bone-loss induction
upon EW feeding

MLNs are essential to enteropathy development and as a
source of aberrantly activated OVA-specific CD4™T cells in EW-
fed OVA23-3 mice”. To clarify the roles of MLNs in bone loss, we
performed mesenteric lymphadenectomy or splenectomy on
OVA23-3 mice, followed by EW feeding. On day 28 of EW
feeding, in MLN-ectomized mice, the decreases in weight
(Fig. S10A) and in trabecular (Fig. 3a, left) and cortical (Fig. 3a,
right) BMC seen in MLN-sham-operated mice were mitigated
significantly (weight loss, P <0.01; trabecular BMC decrease,
P < 0.05; cortical BMC decrease, P<0.05; EW-fed MLN-ecto-
mized vs. EW-fed MLN-sham-operated mice). In contrast, with
EW feeding, splenectomy alleviated neither the weight loss
(Fig. S10B) nor the BMC decrease (Fig. 3b) induced in spleen-
sham-operated mice. )

BM  numbers of CD44"CDe2L'°CD4'T  cells and
RANKL*CD44"CD62L'°CD4 1T cells were significantly lower in
EW-fed MLN-ectomized mice than in EW-fed MLN-sham-
operated mice (P<0.01, Fig. 3¢c; P<0.05, Fig. 3e, respectively).
Spleen numbers of both cell types were significantly greater in
EW-fed MLN-ectomized mice than in EW-fed MLN-sham-operated
mice (P<0.05, Fig. 3¢, e); in PPs, there were no significant
differences between these two groups, suggesting that the spleen
changes occurring with the intestinal immune response were
unrelated to those in the BM. There were no significant differences
in BM numbers of either cell type between EW-fed splenecto-
mized and spleen-sham-operated mice (Fig. 3d, f). These results
clearly indicate that MLNs, but not the spleen, are important for
bone-loss induction in food-allergic enteropathy. Moreover, MLN
CD44"CD62L'°CD4* T-cell activation may be associated with BM
immune responses in EW-fed OVA23-3 mice.

CD44"'CD62L'°CD4 T cells in MLNs promote bone damage via
osteoclasts independently of cell-surface RANKL expression

We isolated RANKL™/~CD44"CD62L'°CD4™T cells, CD44™CD62L"
CD4"T cells, and CD44™CD62L"CD4™T cells from MLNs of EW-fed
or CN-fed OVA23-3 mice (Fig. 4a) and conducted pit-formation
assays by adding these cells to preosteoclasts. Pit area, which
reflects bone damage (osteoclast differentiation and bone resorp-
tion)-promoting ability via osteoclasts, was significantly greater in
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Fig. 3 Mesenteric lymph nodes (MLNs), but not the spleen (SP), play an important role in the bone loss induced by egg-white (EW)-fed
OVA23-3 mice. Mesenteric lymphadenectomized (MLN-ectomized), MLN-sham-operated, splenectomized (SP-ectomized), and SP-sham-
operated OVA23-3 mice were fed a control (CN) or EW diet for 28 days. Panels show time courses of bone mineral content (BMC) relative to
initial values (100%) in trabecular (left) and cortical bone (right) after a mesenteric lymphadenectomy or b splenectomy. The numbers of
CD44"CD62L'°CD4T cells from different tissues (MLNs, Peyer’s patches [PPs], spleen, and bone marrow [BM]) are shown after ¢ mesenteric
lymphadenectomy or d splenectomy. The numbers of RANKL™CD62L'°CD4*T cells from different tissues are shown after e mesenteric
lymphadenectomy or f splenectomy. MLN-sham-operated CN, CN-fed MLN-sham-operated OVA23-3 mice; MLN-sham-operated EW or SP-
sham-operated EW, EW-fed MLN- or SP-sham-operated OVA23-3 mice; MLN-ectomized CN or SP-ectomized CN, CN-fed MLN- or SP-ectomized

OVA23-3 mice; MLN-ectomized EW or SP-ectomized EW, EW-fed MLN- or SP-ectomized OVA23-3 mice; n=3 to 5 in each group. Data are

representative of two independent experiments. ND = not detected. *P<0.05 and **P<0.01 (EW vs. CN); P <0.05 and

ectomized vs. MLN-sham-operated).

the presence of RANKL" or RANKL CD44"CD62L°CD4"T cells
isolated from EW-fed OVA23-3 mice than in the presence of these
cells isolated from CN-fed OVA23-3 mice (P<0.01, Fig. 4b, c). In
contrast, RANKL~CD44™'CD62L'°CD4 T cells from either CN- or EW-
fed OVA23-3 mice suppressed bone-damage-promoting ability via
osteoclasts (Fig. 4b, c). Notably, in this culture, stimulating
preosteoclasts with CD44"CD62L'°CD4*T cells without adding
soluble RANKL did not induce the in vitro differentiation of
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tartrate-resistant acid phosphatase-positive (TRAP™) multinucleated
cells (ie, there were no osteoclasts) (Fig. S11). These results
indicated that (1) MLN CD44"CD62L'°CD47T cells activated by EW
feeding promoted bone damage, which was independent of T-cell-
surface RANKL expression; and (2) CD44"CD62L°CD4 T cells, but
not naive CD4* T cells or CD44™CD62L'°CDA4™T cells (which suppress
bone damage), in MLNs induced bone damage in EW-fed OVA23-3
mice.
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Fig. 4 CD44"CD62L'°CD4 T cells promote bone damage independently of receptor activator of nuclear factor kappa-B ligand (RANKL)
expression. The bone-resorption effects of each CD4"T-cell subset purified from mesenteric lymph nodes (MLNs) of OVA23-3 mice after
28 days' feeding of control (CN) or egg-white (EW) diet were assessed by pit-formation activity. a Plots represent CD44 vs. RANKL gated on
MLN CD62L"°CD4™T cells separated by using a BD FACS Aria Il Cell Sorter. Each number in the panel indicates the number of cells in the
corresponding quadrant as a percentage of all CD62L'°CD4" T cells. b White columns indicate cells derived from control diet (CN)-fed OVA23-3
mice, black columns represent cells derived from EW-fed OVA23-3 mice, and gray columns indicate CD4* T-cell-free solution; the treatment
was soluble RANKL (RANKL, 0 or 10 ng/mL), n = 3 to 10 for each column. **P < 0.01 (EW vs. CN); tP<0.05 and *P < 0.01 (CD4" T-cell subsets vs.
CD4°T cell-free, treated with 10 ng’mL RANKL). ¢ Stereo-microscopic images of representative resorption pits. Resorption pits appear as darkly
stained areas. + or —, positive or negative expression of RANKL molecule on CD4 T-cell surface. Scale bar = 500 pm.

MLN CD44"cD62L'°CD4 T cells migrate preferentially to the
BM -

To examine whether OVA-activated MLN CD4'T cells directly
migrated to BM, we generated K23-3 mice from a cross between
Kikume Green-Red (KikGR) mice”” and OVA23-3 mice. Using KikGR
mice allowed us to pinpoint the original tissue (i.e., MLN) of cells
migrating to BM more precisely than with standard techniques such
as adoptive transfer of carboxyfluorescein-succinimidyl-ester-labeled
cells. Violet-light exposure of MLNs revealed that over 80% of all
MLN cells photoconverted from green to red (Fig. 5a). After 10 days
of EW feeding, K23-3 mice, like EW-fed OVA23-3 mice, exhibited
enteropathy with weight loss (Fig. 5b, ¢) and bone loss (Fig. 5d). To
analyze the influence of EW feeding on cell migration, MLNs of EW-
fed K23-3 mice were exposed to violet light on day 9 (Fig. Se). We
then euthanized the mice and quantified the CD44"'CD62L" cells as
a percentage of the total number of KikGR-red CD4 T cells in each
tissue on day 10 (Fig. 512). In CN-fed K23-3 mice, MLN CD4*T cells
migrated to BM (3-6% of KikGR-red CD4"T cells); migration was
increased significantly by EW feeding (25-33% of KikGR-red
CD4™T cells; P < 0.01, Figs. 5f and S12). Interestingly, the percentage
of KikGR-red-converted CD44"CD62L°CD4™T cells in EW-fed K23-3
mice was greater in BM than in MLNs, spleen, and skin-draining
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lymph nodes (sDLNs) (Fig. 5f). In MLNs, no difference was observed
between EW- and CN-fed K23-3 mice in CD44"CD62L'°CD4"T cells
as a percentage of the total number of KikGR-red CD4'T cells
(Fig. 5f) or in RANKL cells as a percentage of the total number of
KikGR-red CD44"CD62L'°CD4*T cells (Fig. S9E), indicating that
CD44"CD62L'°CD4T cells tended to stay in MLNs during inflam-
mation, probably to respond to invasion by allergens. Therefore,
although CD44"CD62L'°CD4 T cells can migrate easily to BM, even
with control feeding, the enteropathy induced by EW feeding
promotes migration of these cells from MLNs to BM once they leave
the MLNs and enter the circulation.

IL-4 predominates in both intestine and bone of EW-fed
OVA23-3 mice

In studies analyzing cytokine mRNA expression, we concluded that
IL-4 and IL-1B,—but not IL-6 and TNF-a—were representative
cytokines produced by whole cells from each lymphoid organ in
our model (Fig. S13). IL-17 was analyzed because exFoxpTh17 cells
were reported to induce bone loss®' %, On day 9 of severe
inflammation from EW feeding, intestinal IL-4 mRNA expression
was significantly greater in EW-fed OVA23-3 mice than in CN-fed
mice; in the bone, levels of both IL-1B and IL-4 were significantly
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28.06 +3.42 g and that of EW-fed K23-3 mice was 28.47 £ 1.82 g. ¢ Hematoxylin and eosin-stained paraffin-embedded small intestinal tissues
(4 pm thick). Scale bar = 100 pm. d Right tibia scanned by micro-computed tomography (left). Scale bar =1 mm. Trabecular bone mineral
content (BMC), bone volume per tissue volume (BV/TV), and bone mineral content per tissue volume (BMC/TV) of the tibia (right). e Protocol
of EW feeding and irradiation of MLNs with violet light. f CD44™CD62L'°CD4'T cells as a percentage of the total KikGR-red-positive
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+SD. CN-fed K23-3 mice, n = 4 to 6; EW-fed K23-3 mice, n =6 to 9. Results are representative of two independent experiments. *P < 0.05 and
**P < 0.01 (EW vs. CN).

greater in EW-fed OVA23-3 mice (Fig. 6a). IL-17 expression was
detected in bone even in CN-fed OVA23-3 mice, but it was
decreased significantly by EW feeding (Fig. 6a). On day 9 of severe
inflammation in EW-fed OVA23-3 mice, the cytokine expression
patterns in MLN CD4"T cells and MLNs, spleen, and BM whole
cells were similar to those in intestine or bone (Fig. 6b). After EW
feeding, expression levels of IL-4—but not IL-5 and IL-13 (other
Th2 cytokines of allergic responses)—significantly increased and
IL-1B predominated in BM cells, but IL-17 mRNA expression levels
were similar to those in the CN groups, with the exception of a
significant decrease in expression in MLN CD4*T cells (Fig. 6b).
Significantly higher IL-4 mRNA expression levels were observed in
KikGR-red cells sorted from BM of K23-3 mice fed EW for 9 days
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than in those from CN-fed mice. In contrast, levels of CXCR4 mRNA
were significantly lower in the EW-fed mice (Fig. $14), suggesting
that MLN cells migrated, probably in response to CXCL12 (a ligand
for CXCR4) produced in BM, and together with resident BM cells
produced IL-4°77°, )

In activated MLN CD44"'CD62L'°CD4*T cells and other MLN
CD4 " T-cell subsets of OVA23-3 mice on day 28 of EW feeding, when
severe bone loss was observed, although there were insufficient
RANKL*CD44"'CD62L"°CD4 T cells from CN-fed OVA23-3 mice for
analysis [shown as “not detected (ND)" (Fig. 7a)], high IL-4 mRNA
expression levels in RANKL'CD44"CD62L"°CD4™T cells and whole
CD4™T cells were detected in EW-fed OVA23-3 mice. However, IL-17
and IL-1B mRNA expression levels were not greater than those in

Mucosal Immunology
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*P<0.05 and **P < 0.01 (EW vs. CN).

CN-fed OVA23-3 mice (Fig. 7a). In MLN cells of OVA23-3 mice on day
28 of EW feeding, the expression level of IL-4—but not IL-13 and IL-
17—mRNA was also significantly enhanced (Fig. 7b). Thus, activated
IL-4-producing MLN CD44™CD62L°CD4 T cells may help create IL-4
dominance, as suggested by the increased numbers of muilti-
nucleated inflammatory cells (neutrophils and eosinophils) in BM
(Fig. $15).

Primary, but not chronic-phase, IL-4 production is critical for
inducing bone loss in food-allergic enteropathy

F1 R23-3/BALB mice were injected intravenously with anti-IL-4
monoclonal antibody (alL-4 mAb) before diet feeding and on day
7 (Fig. 8a). Weight loss (Fig. 8b), enteropathy (Fig. 8c), and bone
loss (Fig. 8d) were relieved by all-4 mAb injection. Bone
parameters (BMC, BV/TV, and BMC/TV) had recovered significantly
in EW-fed alL-4 mAb-injected mice by 9 days (P <0.05, Fig. 8e).
Mice injected with all-4 mAb on days 10, 17, and 24 of EW
feeding (Fig. 8g) had earlier weight loss recovery and less
enteropathy than control Ab-injected EW-fed mice (Fig. 8h, i).
However, bone loss was only slightly inhibited by all-4 mAb
treatment (Fig. 8j), and at 28 days BV/TV, and BMC/TV were still
significantly lower than in the controls (P < 0.01, CN-fed vs EW-fed
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control Ab-injected; P<0.05, CN-fed vs EW-fed all-4 mAb-
injected; Fig. 8k). Serum IL-4 levels did not differ among the three
experimental groups (Fig. &f, 1), indicating that the effects of IL-4
occurred not systemically but locally. Thus, the bone loss observed
in EW-fed OVA23-3 mice was triggered by activation of, and IL-4
production by, MLN CD47T cells and occurred IL-4 dependently in
the primary phase of inflammation (until day 9 of EW feeding),
whereas in the chronic phase the contribution of IL-4 dominance
to bone-loss induction was lower.

To examine IL-4 production by CD4*T cells and the effect of IL-4
dominance on bone loss, we first performed intracellular IL-4
staining of BM cells. CD4™T cells of EW-fed R23-3/BALB mice
secreted IL-4 in BM at similar levels on days 9 and 28 (Fig. 516).
These results suggested that CD44™CD62L'°CD4™T cells (account-
ing for more than 60% of BM CD4*T cells) produced IL-4 (Figs. 2a
and 512). However, unlike in MLNs, in the BM other lymphoid cells
produced more IL-4 than did CD47T cells (Fig. S16). To confirm the
bone-loss-inducing roles of activated T cells, we injected RE2 mAb,
which causes the death of activated T cells (resting T cells are
insensitive)’’, into EW-fed R23-3 mice on days 0, 3, 6, and 9.
Parameters (BV/TV, BMC, BMC/TV) of bone metabolism were
significantly higher in RE2-mAb-injected EW-fed mice than in
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*P<0.05 (EW vs. CN).

untreated (saline) EW-fed mice (Fig. S17), showing that OVA-
activated T cells affected bone loss, as suggested by the slight
recovery from bone loss in all-4 mAb-injected mice (Fig. 8). To
clarify the direct effect of IL-4 dominance on osteoclast
differentiation, we confirmed that IL-4 was below the ELISA
detection limit in the supernatant of in vitro co-culture of
preosteoclasts and CD4'T cells (data not shown). We then found
that adding IL-4 in in vitro culture inhibited osteoclast differentia-
tion, although TRAPcells were observed in the same in vitro
conditions upon co-culture of preosteoclasts and IL-1B in addition
to IL-4 (Fig. 518). Thus, in this model, IL-4-producing aberrant
activated CD47T cells from MLNs can migrate to BM and trigger
osteoclast differentiation, helping to create the IL-4-induced
inflammatory milieu®*,

DISCUSSION

We analyzed the immunological mechanism of bone loss after
food-allergic enteropathy development in OVA23-3 mice. We
found a specific relationship between MLNs and bone via IL-4
dominance created by OVA-specific Th2 cells in this comorbidity
triggered by food-allergen intake. We can describe our model's
mechanism of bone loss from two perspectives: the role of the
immune responses in MLNs and the role of excessive IL-4
production in the lymphoid organs.

Comparison of the results obtained after mesenteric lymphade-
nectomy and after splenectomy (see Fig. 3), and analysis of cell
migration from MLNs to BM (see Figs. 5 and S12), revealed a specific
relationship between MLNs and bone. These results showed that
MLNs, which orchestrate severe enteropathy as a central inflamma-
tory lesion”, were directly and IL-4-dependently connected with
bone inflammatory responses, at least during the primary phase
(until day 9, see Fig. 8). However, the spleen’s immune responses
differed from those in MLNs and BM, although these lymphoid
organs were equally triggered by specific T-cell responses against
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OVA (Fig. 2a)°. The numbers of CD44™CD62L'°CD4* T cells as an EM
phenotype were associated with these relationships (see Fig. 3c, e).
These T cells, excessively activated by orally administered OVA, can
easily migrate to BM and promote bone damage (see Figs. 4 and 5).
However, in the chronic phase, in which there was recovery from
severe enteropathy and weight loss in this model (Fig. 8h)*°, bone
loss continued with only slight regulation by IL-4 (Fig. 8j, k, as shown
by the lack of significant difference between alL-4 mAb-treated and
untreated EW-fed R23-3/BALB mice at day 28), contrary to the
enteropathy and with the induction of forkhead box p3
(Foxp3)*T cells in both the MLNs and spleen®. This suggests that
the relationship among the lymphoid organs (MLNs, spleen, and
BM) may change in the chronic phase (see Fig. $13). The intestinal
state termed a “leaky gut**’” in which gut mucosal permeability
increases, leading to the development of certain diseases (i.e,, IBD),
may promote bone loss continuation via immune responses as a
specific gut-bone axis relationship in the chronic phase.

A previous study showed that almost 90% of Foxp3™T cells in
MLNs in 28-day EW-fed R23-3 mice express the CD44"CD62L"
molecule®. Recent studies of T-cell roles™ show that Foxp3*Treg
cells are important contributors to osteoclastogenesis inhibition via
cytokines or CTLA-4 (cytotoxic T-lymphocyte-associated protein 4)°,
and intestinal bacterial metabolites induce Foxp3*Treg cells and
contribute to bone health in the gut-bone axis’>. However, we
found that MLN CD44"'CD62L°CD4™T cells have an inflammatory
EM phenotype and induce osteoclastogenesis, despite long-term
EW-feeding-induced dampening of the inflammatory response.
Therefore, in our model, MLN EM T cells may change their
characteristics (i.e., lose their Foxp3 expression and gain inflamma-
tory ability) after migrating to BM, as suggested by the roles of
exFoxpTh17 transdifferentiated into Th17°"*, In light of the strong
IL-4-production abilities of EM T cells activated in MLNs in
enteropathy, we found that these cells were involved in triggering
and maintaining bone loss via unknown molecules or mediators (see
Fig. S11) by creating IL-4 dominance in BM (Figs. S15 and 516)

Mucosal Immunology
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Our findings suggested that excessive IL-4 production, inducing
bone loss, occurred not via changes in serum IL-4 levels (see
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Fig. 8f, 1), but locally and through the migration of IL-4-producing
cells from MLNs to bone (Fig. S14) or through IL-4 production by
resident BM cells (lymphocytes other than CD4™cells, Figs. 6b and
S16). Several reports have demonstrated the roles of IL-4 in bone
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Fig.8 Neutralization of IL-4 prevents weight loss, intestinal changes, and bone loss in R23-3/BALB mice. a, g Protocols for injection of anti-
IL-4 monoclonal antibody (alL-4 mAb) into R23-3/BALB mice before feeding of the egg-white (EW) diet and on day 7 of the diet (a) or after
10 days of EW feeding and on days 17 and 24 of the diet (g). At the end of each experimental period, mice were dissected and their tissues
and serum samples were collected. b, h Time course of body-weight relative to initial weight (100%). Initial body weights were: for CN mice,
27.50 + 1.55 g; EW mice, 27.73 = 0.71 g; EW/Ab mice, 27.73 £ 1.11 g (b). Initial body weights were: for CN mice, 27.23 +1.79 g; EW mice, 27.43 +
1.52 g; EW/Ab mice, 27.48 +0.44 g (h). ¢, i Hematoxylin-and-eosin-stained paraffin-embedded small intestinal tissues (4 pm thick) at day 9 (c)
and day 28 (i). Scale bar = 100 um. d, j Right tibia scanned by micro-computed tomography at day 9 (d) and day 28 (j). Scale bar = 1 mm. e, k
Trabecular bone mineral content (BMC) of the tibia (left), bone volume/bone tissue (BV/TV, center), and BMC/TV (right) at day 9 (e) and day 28
(k). f, I Serum IL-4 levels were measured at day 9 (f) and day 28 (I). Values are expressed as means + SD. CN, control-diet-fed control-Ab-injected
mice; EW, EW-fed control-Ab-injected mice; EW/Ab, EW-fed alL-4-mAb-injected mice. Data are representative of two independent
experiments; n = 6 in each group (a-e), n = 3 in each group (f), n =4 in each group (g-1). *P < 0.05 and **P < 0.01 (CN or EW/Ab vs. EW). ND =

not detected.
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loss in arthritis mouse models®*™* or Ick-IL-4 transgenic mice'"; IL-
4-deficient mice are less prone to the induction of autoantibody-
mediated pathogenesis in arthritis, or to continuous IL-4 produc-
tion in the osteoporosis that develops with decreased osteoblast
activity in Ick-IL-4 transgenic mice. Although the importance of IL-
4-dependent bone loss in our mouse model is the same as in
other arthritic mice®*" or Ick-IL-4 transgenic mice'’, our model
has some unique characteristics. In our system of non-IgE food-
allergic enteropathy, allergen (OVA) intake clearly triggered an
inflammation chain by internally penetrating the body via the gut
mucosa and PPs and activating aberrantly Th2-dominant OVA-
specific T cells in MLNs. Therefore, unexpectedly, the roles of MLNs
were prominent in inducing bone loss, and a specific gut-bone
axis relationship was induced via IL-4-producing cells in MLNs.
However, the precise mechanism of IL-4-dependent bone-loss
induction remains unclarified because of contradictory views on
IL-4 function in bone metabolism® ™%, IL-4/IL-13 reportedly
promotes IL-6 production by osteoblasts synergistically with IL-1,
a pro-inflammatory cytokine that promotes osteoclast differentia-
tion’” and bone loss®”. However, IL-4 inhibits osteoclast formation
by targeting osteoblasts or osteoclasts’”""*'. Our analysis also
showed both an inhibitory effect of IL-4 and a promoting effect of
IL-1B in combination with IL-4 on induction of TRAP*multinu-
cleated cells (see Fig. 518). The mechanism by which IL-4
production influences bone loss, including in relation to molecules
or components other than specific cytokines or RANKL, needs to
be examined further in detail. In non-lgE-mediated gastrointest-
inal food allergy, which has recently increased in prevalence
worldwide, patients’ milk-protein-stimulated peripheral blood
mononuclear cells show a predominant Th2-skewing phenotype,
as in our model™. In gastrointestinal food-allergy patients,
excessive intestinal T-cell activation may influence bone metabo-
lism. Our study provides new insights into the roles of activated
lymphocytes in intestinal lymphoid tissues and other extraintest-
inal lymphoid organs—notably BM—in response to food
allergens.

METHODS

Mice and diets

OVA23-3 mice were generated by isolation of genomic fragments
encoding TCR-a and -f from OVA-specific I-AY restricted CD4 T cell clone
7-3-7*%. Offspring with an H-2¢ genetic background was produced from a
mouse carrying transgenes by back-crossing with BALB mice. F1 mice were
generated by crossing OVA23-3 mice with BALB mice, to attenuate
allergen-specific responses to OVA, The other mice and diets used, and the
ethical animal care, are described in Supplementary Information.

OVA administration to a different mice model of food-allergic
enteropathy

Six- to 12-week-old mice (OVA23-3, R23-3, RD10, SR23-3, K23-3, R23-3/
BALB, and BALB/ALUM) were fed experimental diets (CN or EW). R23-3/
BALB mice were used for alL-4 mAb treatment. R23-3 mice were used to
purify OVA-specific CD4™T cells and for RE2 mADb (rat anti-mouse pan-MHC
class | mAb, provided by S. Matsuoka, Juntendo University)®’ treatment.
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For details of the establishment of the other experimental systems see
Supplementary Information.

At the end of the experimental period, mice were euthanized by cervical
dislocation and dissected to collect serum, bone, jejunum, lymphoid
organs (PPs, MLNs, spleen, and sDLNs), and BM for further analysis. Single-
cell suspensions from PPs, MLNs, spleen, and BM whole cells were
prepared, and cells were purified by using magnetic-activated cell
sorting”’. Serum biomarkers to indicate health status of mice were
analyzed. Tibias and femurs were analyzed by using micro-computed
tomography (RmCT, Rigaku, Tokyo, Japan) and 3D bone morphology
software (TRI/3D-BON; Ratoc, Tokyo, Japan) as described previously™. For
bone histological analysis, the left femur was fixed with 70% ethanol and
embedded in methylmethacrylate resin, and tissue sections (5 um) were
stained with Villanueva bone stain. For histology, longitudinal sections of
jejunum (3 cm) were taken, fixed with 10% formalin, and embedded in
paraffin. Sections 4 um thick were stained hematoxylin and eosin. For
details see Supplementary Information.

Flow cytometry

Single-cell suspensions prepared from PPs, MLNSs, spleen, and BM whole
cells were stained and analyzed as described previously’™". Staining was
performed with mAbs (see Supplementary Information). Cell-surface-
expressed molecules were analyzed with a BD FACS Canto Il and Verse
flow cytometer (BD Biosciences, Franklin Lakes, NJ) and then evaluated
with FlowJo (Tree Star, Ashland, OR) and FACS Diva software (BD
Biosciences). Data were acquired at >100 counts for target cells.

Assessment of bone-damaging abilities of CD4" T-cell subsets
via osteoclasts

Preosteoclasts were prepared as described previously from BM cells
isolated from 8-week-old male BALB mice (CLEA Japan Inc., Shizuoka,
Japan)*. Preosteoclasts (3 x 10% cells/well) were placed on dentin slices
(Wako Pure Chemical Corporation, Osaka, Japan) in a 96-well plate at 37 °C
for 24 h, Purified MLN-CD4*T-cell subsets (1 x 10° cells/well) were added to
each well in the presence of 10 ng/mL RANKL (R&D Systems Minneapolis,
MN) and 25 ng/mL M-CSF (macrophage colony-stimulating factor, R&D
Systems). On day 12 of incubation, the cells were washed away and
resorption pits were stained with Meyer's hematoxylin (Wako Pure
Chemicals Corporation). Pit area was calculated by using Photoshop C54
version 11.0 (Adobe Systems Inc., San Jose, CA) and Image) version 1.42
(NIH, Bethesda, MD). The osteoclastogenesis-induction ability of
membrane-bound RANKL from CD44"CD62L'°CD4" T cells was assessed
by using an in vitro method similar to the pit formation assay but without
the dentin slice and soluble RANKL added (see Supplementary Informa-
tion). Recombinant IL-4 (0, 10ng/mL, PeproTech, Cranbury, NJ) or
recombinant IL-1B (0, 10 ng/mL, R&D Systems), were added at the time
of addition of RANKL and M-CSF to induce directly osteoclastogenesis from
BM cells.

Assessment of MLN CD44"CD62L'°CD4"T cell migration to BM
in KikGR mice

KikGR mice’” systemically express KikGR fluorescent protein, which is
photoconverted from green to red when irradiated with violet light. Seven-
to 10-week-old male K23-3 mice were prepared by crossing OVA23-3 and
KikGR mice and fed a CN or EW diet for 9 days. Their MLNs were exposed
surgically and irradiated with violet light (3 min per each of three sections
of each MLN, 435-nm LED; Prizmatix, Holon, Israel) under isoflurane-
induced anesthesia (Pfizer, New York, NY). On day 10, the mice were
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dissected to collect the right tibia, small intestine, lymphoid organs (PPs,
MLNSs, spleen, and sDLNs), and BM for further analysis.

Quantitative real-time RT-PCR measurement of cytokine
mRNA expression

Measurements of mRNA expression are described in Supplementary
Information.

Inhibition of IL-4 or CD4™* T cells in EW-fed R23-3/BALB or R23-
3 mice

R23-3/BALB mice were given alL-4 mAb (1 mg per injection; clone 11B11,
Bio X Cell, West Lebanon, NH) intravenously every 7 days (the first injection
was one day before the start or on day 10). As a control, InVivoMAb
Polyclonal Mouse IgG (1 mg/injection, Bio X Cell) was used. Body weights
were measured every day. RE2 mAb was injected intraperitoneally into
R23-3 mice fed an EW diet. At the end of the experiment, serum and
tissues were taken for further analysis. (see Supplementary Information).
Jejunal sections (for intestinal histology; hematoxylin and eosin-stained)®,
and bones (for micro-computed tomography analysis and flow cytometry)
were taken for further analysis.

Intracellular IL-4 staining

BM cells were prepared from R23-3/BALB mice fed a CN or EW diet for 9 or
28 days. BM cells were resuspended at 2.5 x 10° cells/2mL in complete
RPMI 1640 with 10% fetal calf serum and stimulated with the activation
regents ionomycin (2 ug/mL, Sigma-Aldrich, St. Louis, MO), phorbitol
myristate acetate (10 ng/ml, Sigma-Aldrich), and brefeldin A (40 ug/mL,
Sigma-Aldrich) in 48-well flat-bottomed plates (Falcon, New York, NY) at 37
°C for 4 h. After blocking with anti-CD16/CD32 mAb (BioLegend, San Diego,
CA), the cells were stained with APC- or FITC-anti-mouse CD4 mAb (GK1.5,
Biolegend) and Fixable Viability Dye eFluor 780 (FVD-eFlour780;
eBioscience, Waltham, MA). Intracellular [L-4 was stained with PE- anti-
mouse IL-4 mAb (11B11, BioLegend) by using a Flow Cytometry Fixation
and Permeabilization Buffer Kit | (R&D Systems) and analyzed with BD
FACSVerse (BD Biosciences).

Statistical analysis
For details of the statistical analysis see Supplementary Information.
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Abstract

Triple-negative breast cancer (TNBC) has a poor prognosis compared to other breast cancer subtypes. Although
epidermal growth factor receptor (EGFR) is overexpressed in TNBC, clinical trials with EGFR inhibitors including tyrosine
kinase inhibitors (EGFR-TKI) in TNBC have heretofore been unsuccessful. To develop effective EGFR-targeted therapy
for TNBC, the precise mechanisms of EGFR-TKI resistance in TNBC need to be elucidated. In this study, to understand
the molecular mechanisms involved in the differences in EGFR-TKI efficacy on TNBC between human and mouse, we
focused on the effect of IL-26, which is absent in mice. In vitro analysis showed that IL-26 activated AKT and JNK
signaling of bypass pathway of EGFR-TKI in both murine and human TNBC cells. We next investigated the mechanisms
involved in IL-26-mediated EGFR-TKI resistance in TNBC. We identified EphA3 as a novel functional receptor for IL-26 in
TNBC. IL-26 induced dephosphorylation and downmodulation of EphA3 in TNBC, which resulted in increased
phosphorylation of AKT and JNK against EGFR-TKI-induced endoplasmic reticulum (ER) stress, leading to tumor
growth. Meanwhile, the blockade of IL-26 overcame EGFR-TKI resistance in TNBC. Since the gene encoding IL-26 is
absent in mice, we utilized human /L-26 transgenic (hIL-26Tg) mice as a tumor-bearing murine model to characterize
the role of IL-26 in the differential effect of EGFR-TKI in human and mice and to confirm our in vitro findings. Our
findings indicate that IL-26 activates the bypass pathway of EGFR-TKI, while blockade of IL-26 overcomes EGFR-TKI
resistance in TNBC via enhancement of ER stress signaling. Our work provides novel insights into the mechanisms of
EGFR-TKI resistance in TNBC via interaction of IL-26 with its newly identified receptor EphA3, while also suggesting
IL-26 as a possible therapeutic target in TNBC.

Introduction

Accounting for 15-20% of breast cancer, triple-negative
breast cancer (TNBC) subtype lacks estrogen receptor,
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as targeted therapy in these cancers’. While EGFR is highly
expressed in most TNBC and preclinical models showed a
significant effect of EGFR-TKIs on TNBC **, results from
clinical studies of EGFR-TKIs for TNBC have been dis-
appointing”'". The molecular mechanisms involved in the
differences in efficacy of EGFR-TKI on TNBC between
human and mouse model should be elucidated to overcome
EGFR-TKI resistance in TNBC.

Human IL-26, mainly produced by Thl, Th17, or NK
cells, belongs to the IL-10 cytokine family and regulates
T cells, monocytes, NK cells, synoviocytes, fibroblasts, and
bacterial pathogens in the inflammatory lesions''~'". We
previously reported that IL-26 secreted by CD4 + T cells
activates fibroblasts for collagen production via its func-
tional receptor IL-20RA/IL-10RB, and that IL-26 has an
important role in lung fibrosis of chronic graft-versus-
host disease'”. IL-26 also directly acts on endothelial cells
to induce angiogenesis, equivalent to the effect of vascular
endothelial growth factor (VEGF) at inflammatory sites'’,
with a potential role in angiogenesis in the tumor
microenvironment (TME) and malignant progression. In
addition, IL-26 has a role in the development of other
cancers including gastric cancer and hepatocellular car-
cinoma'®™"", while little is known about its function in
breast cancer. Importantly, human IL-26 is conserved in
several vertebrate species but not found in rodents
including mice and rats'"'”, The lack of IL-26 in appro-
priate murine models has impeded research to under-
stand cross-species differences in EGFR-TKI susceptibility
or resistance in TNBC. To address this important issue,
we now expand on our previous findings and define the
molecular mechanisms involved in IL-26-mediated
EGFR-TKI resistance in TNBC, and establish that IL-26
is an appropriate therapeutic target in TNBC.

Various factors such as nutrient deprivation, hypoxia,
and loss of calcium homeostasis provoke endoplasmic
reticulum (ER) stress”””'. When unfolded/misfolded
proteins accumulate within ER above a critical threshold,
the ER stress response is induced to restore home-
ostasis”"”. The ER stress response is mainly initiated via
three signal transducers located in the ER known as
protein kinase RNA-like ER kinase (PERK), IRElw, and
activating transcription factor (ATF)-6, and is regulated
by BCL2 family proteins™'~"". However, when the ER
stress signals are too strong to restore homeostasis, those
signals promote apoptosis and cytotoxicity” . The
PERK-mediated pathway increases the expression level of
the transcription factors ATF3 and ATF4~ ™, subse-
quently forming the ATF3/ATF4 complex to induce the
transcription of DDIT3 (CHOP), which finally results in
apoptosis™"*'. Although EGFR-TKIs have been reported
to induce ER stress response’’, the association between
EGFR-TKI resistance and ER stress in cancer cells has not
yet been elucidated.
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EphA3 belongs to the Eph receptor-tyrosine kinases
(RTKs), regulates cell-cell interaction, and has a role in
development and tissue organization”’. Downstream sig-
naling of EphA3 is induced by its preferential binding
partner, ephrin-A5, followed by activation of GTPase or
ERK and dephosphorylation of AKT, resulting in cytos-
keletal re-organization, cell retraction, and differentia-
tion"'. EphA3 was first identified as a cell surface antigen
on a pre-B lymphoblastic leukemia cell line”, and was
then found to be an antigen on melanoma cells recog-
nized by lytic CD4™ T cells™. EphA3 is overexpressed in
various tumor cells and is implicated in the maintenance
of tumor-initiating cells in glioblastoma and leukemia™""".
Frequent somatic mutations of EphA3 as an RTK have
been shown in various metastatic cancers, suggesting its
role as a tumor suppressor . In breast cancer, expression
levels of EphA3 vary depending on the disease stage, being
highly expressed in lymph node metastases”. However,
very little is known regarding the potential role of EphA3
in the pathophysiology of breast cancer, including TNBC.

In the present study, we focused on the role of IL-26 in
regulating the effect of EGFR-TKI in TNBC. We found
that human TNBC is exposed to IL-26 in the TME, and
that IL-26 activates the bypass pathway of EGFR-TKI,
while blockade of IL-26 overcomes EGFR-TKI resistance
in TNBC. Moreover, we determined that the interaction
of IL-26 with EphA3 on TNBC cells inhibits the signaling
pathway of ER stress via cross-talk with EGFR signaling.
Our findings demonstrate the critical role of IL-26 in
mediating EGFR-TKI resistance in TNBC, and suggest a
potential novel therapeutic strategy for TNBC involving
the combination of anti-IL.26 and anti-EGFR agents.

Results
Expression of IL-26 in tumor-infiltrating lymphocytes (TILs)
in clinical specimens of TNBC

Our evaluation of IL-26 expression in clinical speci-
mens by immunohistochemistry showed that IL-26 was
clearly detected in TILs of TNBC (Fig. 1A), as well as
HER2 and Luminal tumors (Supplementary Fig. S1).
Although IL-26-positive TILs were observed in all sub-
types, the mean percentage of IL-26-positive TILs in
TNBC and HER2 type was significantly higher than
luminal tumors (Fig. 1B). Immunohistochemical analysis
revealed that CD4™ T cells, CD68" M1 macrophages, and
CD163" M2 macrophages in the TME expressed 1L-26
(Fig. 1C). These data suggest that TNBC cells are exposed
to IL-26 secreted by CD4" T cells and macrophages
infiltrating in the TME.

Exogenous IL-26 activates bypass pathway of EGFR-TKI in
mouse and human TNBC

We next evaluated the effects of exogenous IL-26 in
combination with EGFR-TKI treatment on murine TNBC
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Fig. 1 Immunohistochemistry of breast carcinoma clinical specimens. A TNBC tissue specimens were stained with anti-human IL-26 mAb (n=
19). All immunohistochemistry specimens were counterstained with hematoxylin. A representative image of the TNBC case with high IL-26 protein
expression was shown. Original magnification, x100. Scale bar, 50 um. B Each subtype of breast carcinoma tissue specimen was stained with anti-
human IL-26 mAb (TNBC (n = 19), HER2 (n = 20), and Luminal (n = 23)). IL-26 in cytoplasm staining of stromal immune cells was determined semi-
quantitatively in 10% increments. The percentage of IL-26-positive stromal immune cells in each subtype of breast carcinoma is shown. *p < 0.05.
C TNBC tissue specimens (the same case as shown in A) were double-stained with IL-26 (brown) plus CD4, CD8, CD68, or CD163 (blue), respectively.
All tissue sections were counterstained with hematoxylin, IL-26 was merged with cell surface CD4, CD68, and CD163 (arrows in each panel). Original
magnification, x40. Scale bar, 25 um.

cell line E0771 proliferation. Gefitinib treatment suppressed  in a dose-dependent manner of IL-26 (Fig. 2A, B). In
E0771 cell proliferation, while exogenous IL-26 significantly  addition, exogenous IL-26 significantly inhibited gefitinib-
inhibited gefitinib-induced suppression of cell proliferation  induced suppression of cell proliferation at higher doses of
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(see figure on previous page)

Fig. 2 Exogenous IL-26 activates bypass pathway of EGFR-TKI in mouse TNBC in in vitro assays. A Phase contrast microscopy of E0771 cells
(1 x 10" following 48 h incubation with IL-26 or control vehicle in the presence or absence of gefitinib. Original magnification, x100. Scale bar,
100 um. Data shown are representative images of five independent experiments with similar results. B E0771 cells were treated with the indicated
dose of IL-26 in the presence or absence of gefitinib (20 pM) for 48 h. *p < 0.01. C E0771 cells were treated with IL-26 (30 ng/ml) in the presence of
various doses of gefitinib (5, 10, 15, or 20 uM). *p < 0.01. D E0771 cells were treated with IL-26 (30 ng/ml) and/or gefitinib (20 uM) in the presence of
anti-IL-26 neutralizing mAb or isotype control mouse IgG (20 pg/ml, each) for 48 h. The dashed line is the standard value of gefitinib plus vehicle.
E E0771 cells were stimulated with IL-26 (30 ng/ml) for the indicated pericds, and then submitted to Western blot analysis using anti-phosphorylated
AKT, INK, ERK, p38, and STAT3 antibodies, and reblotting with anti-pan AKT, JNK, ERK, p38, and STAT3 antibodies. F E0771 cells were stimulated with
IL-26 (30 ng/ml) in the presence or absence of gefitinib (20 uM) for 15 min, and then submitted to Western blot analysis as described in E. G
E0771 cells were treated with IL-26 (30 ng/ml) and/or gefitinib (20 uM) in the presence or absence of various concentrations of signal inhibitors (AKT
inhibitor, JNK inhibitor or combination of AKT inhibitor and JNK inhibitor) for 48 h. The dashed line is the standard value of gefitinib plus vehicle. *p <
0.01. B-D, G Cell proliferation was assessed by MTT assay. Representative data of five (B) and three (C, D, G) independent experiments are shown as
mean * S.D. of triplicate samples, and similar results were obtained in each experiment. E, F Data shown are representative of five independent

(-

experiments, and similar results were obtained in each experiment. Band intensity of phospho-proteins was normalized to the appropriate pan
proteins, and relative intensity compared with unstimulated cells is shown as mean + SEM from five independent experiments. *p < 0.01.

gefitinib (Fig. 2C). Meanwhile, treatment with IL-26 alone
had no effect on cell proliferation of E0771 (Fig. 2A-C).
Moreover, four different house-made anti-IL-26 neutralizing
mAbs, clones 2-2, 20-3, 31-4, and 69-10, reversed the effect
of IL-26 on gefitinib-induced suppression of cell prolifera-
tion (Fig. 2D). Investigating specific signaling pathway
mediators, we found that exogenous IL-26 activated AKT
and JNK phosphorylation but not STAT3 in E0771 cells
(Fig. 2E). Moreover, the addition of exogenous IL-26 resul-
ted in activation of AKT and JNK despite treatment with
gefitinib (Fig. 2F). Furthermore, inhibition of both AKT and
JNK resulted in the marked diminution of IL-26-stimulated
proliferation, while inhibition of either AKT or JNK led to
partially reduced cell proliferation (Fig. 2G). Similar results
were demonstrated with human TNBC cells as obtained
with the murine TNBC cells (Supplementary Figs. $2, S3). In
addition, exogenous IL-26 significantly inhibited the sup-
pressive effect of erlotinib, another EGFR-TKI, on pro-
liferation of the murine and human TNBC cell lines E0771,
HCC70, and MDA-MB468, at similar levels to those seen
with gefitinib (Supplementary Fig. S4). These findings indi-
cate that IL-26 induces increased phosphorylation of AKT
and JNK, hence activating the EGFR-TKI-associated bypass
pathway to result subsequently in tumor growth of both
murine and human TNBC.

Interaction of IL-26 and EphA3 in murine TNBC cells
IL-26 stimulation did not induce STAT3 phosphoryla-
tion in E0771 cells, suggesting the existence of a novel
receptor/signaling pathway other than IL-20RA/IL-10RB-
STATS3. To identify the novel interacting proteins of IL-26
in TNBC cells, we performed pathway analysis by DNA
microarray of EO771 cells treated with IL-26 (Fig. 3A). The
genes related to transmembrane signaling receptor activity
and downstream signaling receptor activity were down-
regulated in E0771 cells treated with IL-26 for both 6 and
24h. Among them, IL-26 significantly reduced the
expression level of EphA3 and altered the downstream
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signaling of EphA3, indicating the engagement of the
EphA3 receptor signaling pathway in IL-26-treated
E0771 cells (GEO accession: GSE147804). Of note is the
fact that the expression of EphA3 was detected in E0771
(Fig. 3B). On the other hand, while IL-10RB expression was
detected, expression of IL-20RA, a major IL-26 binding
chain, was not observed in E0771 (Fig. 3B). Blockade of
EphA3 by anti-EphA3 pAb resulted in significant inhibition
of IL-26-mediated cell proliferation in the setting of EGFR-
TKI treatment, in an anti-EphA3 pAb dose-dependent
manner (Fig. 3C). Immunocytochemical analysis revealed
that exogenous IL-26 was colocalized with cell surface
EphA3 (Fig. 3D, E), and that anti-IL-26 mAbs inhibited
EphA3/IL-26 interaction (Fig. 3F). Moreover, this coloca-
lization was inhibited by the addition of soluble EphA3-Ig
(Supplementary Fig. S5). Taken together, these data sug-
gest that IL-26 interacts with EphA3, but not with the
known receptor IL-20RA, on TNBC cells.

Interaction of IL-26 and EphA3 in human TNBC cells
Expression of EphA3 was also detected in both human
TNBC cell lines and TNBC cells of human clinical tissue
samples (Fig. 4A and Supplementary Figs. S6, S7). On the
other hand, while IL-10RB expression was detected,
expression of IL-20RA was not observed (Fig. 4A and
Supplementary Fig. S6). Immunocytochemical analysis
revealed that exogenous IL-26 was colocalized with cell
surface EphA3 (Fig. 4B). Meanwhile, anti-IL-26 mAbs
inhibited EphA3/IL-26 interaction, and this colocalization
was also inhibited by the addition of soluble EphA3-Ig
(Fig. 4B). We next performed pull-down assays utilizing
recombinant tagged IL-26 and EphA3 proteins, and
immunoprecipitation assays with cell lysates. However,
direct protein-protein interaction involving IL-26 and
EphA3 could not be clearly observed due to the non-
specific binding of IL-26 to tag proteins (data not shown).
Meanwhile, in situ proximity-ligation assay (PLA)
revealed IL-26 and EphA3 existed in close proximity
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Fig. 3 IL-26 activates bypass pathway of EGFR-TKI via its EphA3 receptor in mouse TNBC cells. A E0771 cells were treated with IL-26 (30 ng/ml)
or control vehicle (vehi) for 6 or 24 h, and total RNA was isolated and subjected to DNA microarray analysis as described in the Materials and
Methods. Left: A heat map of 960 genes differentially (fold change = 2.0) expressed between vehicle- and IL-26-treated EQ771 cells was constructed
by hierarchical cluster analysis. Right: significantly downregulated GO terms in IL-26-induced genes. B E0771 cells and the indicated positive control
cells were stained with each Ab. Data are shown as histogram of IL-20RA, IL-10RB, and EphA3, and the gray area in each histogram shows isotype
control data. C E0771 cells were treated with IL-26 (30 ng/ml) and gefitinib (20 uM) in the presence of the indicated doses of anti-EphA3 pAb or
control 1gG for 48 h. Cell proliferation was assessed by MTT assay. The dashed line is the standard value of gefitinib plus vehicle. Data are shown as
mean + S.D. of triplicate samples. *p < 0.01. D EQ771 cells were treated with Alexa Fluor 488-labeled recombinant human IL-26 (rhiL-26-Alexa488
(green)) (30 ng/ml) for 1 h, followed by immunostaining with anti-mouse EphA3 pAb (red) and DAPI (blue). IL-26 was merged with cell surface EphA3
(arrows in lower panel). Original magnification, x200. Scale bar, 20 pm. E Reconstructed 2.5D image shows the intensity of fluorescent peaks of the
images from D. 2.5D intensity plot of IL-26, EphA3, and DAPI signals represents absolute signal intensities of each pixel. Merged views and individual
channels were shown. The 2.5D intensity plots show that IL-26 and EphA3 almost equally distributed and frequently colocalized at the rim. Original
magnification, x200. F. E0771 cells were treated with rhiL-26-Alexa488 (green) (30 ng/ml) in the presence of anti-IL-26 mAb (clone 20-3, 31-4 or 69-10)
or control IgG (50 pg/ml, each) for 1 h, followed by immunostaining with anti-mouse EphA3 pAb (red) and DAPI (blue). Original magnification x200.
Scale bar, 50 um. B-F Data shown are representative of three independent experiments with similar results.
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Fig. 4 IL-26 activates bypass pathway of EGFR-TKI via its EphA3 receptor in human TNBC cells. A HCC70 cells were stained with each Ab. Data
are shown as histogram of IL-20RA, IL-10RB, and EphA3, and the gray area in each histogram shows isotype control data. B HCC70 cells were treated
with Alexa Fluor 488-labeled recombinant human IL-26 (rhiL-26-Alexa488 (green)) (30 ng/ml) in the presence of anti-IL-26 mAb (clone 31-4 or 69-10),
recombinant human EphA3-Ig (thEphA3) or control IgG (50 pg/ml, each) for 1 h, followed by immunostaining with anti-human EphA3 pAb (red) and
DAPI (blue). Original magnification, x200. Scale bar, 20 um. C HCC70 cells were treated with recombinant human IL-26 (30 ng/ml) for 1 h, followed by
immunostaining and in situ PLA detection of IL-26-EphA3 interaction (green). Cell nuclei are counterstained with DAPI (blue). Original magnification,
%200. Scale bar, 20 ym. D HCC70 cells were treated with IL-26 (30 ng/ml) and gefitinib (40 M) in the presence of the indicated Abs or rhEphA3-ig
(50 pg/ml, each) for 48 h. Data are shown as mean + S.D. of triplicate samples. *p < 001. E, F HCC70 cells were transfected with siRNA and stimulated
with 1L-26 (30 ng/ml) in the presence or absence of gefitinib (40 uM) for 48 h. The expression level of EphA3 was confirmed by western blotting (F).
Data are shown as mean + S.D. of triplicate samples. *p < 0.01. G MDA-MB231 cells (EphA3-negative) were transfected with EphA3 plasmid and
stimulated with IL-26 (30 ng/ml) in the presence or absence of gefitinib (40 uM) for 48 h. The expression level of cell surface EphA3 was confirmed by
Flow cytometry (Supplementary Fig. $8). Data are shown as mean + S.D. of triplicate samples. *p < 0.01. H HCC70 cells were treated with IL-26 (30 ng/
ml) or Ephrin A5 (200 ng/ml) in the presence of gefitinib (40 uM) for the indicated periods, and then submitted to western blot analysis using anti-
phosphorylated EphA3, AKT, and JNK antibodies, and reblotting with anti-pan EphA3, AKT, and JNK antibodies. I. HCC70 cells were treated with IL-26
(30 na/ml) and gefitinib (40 uM) in the presence of anti-EphA3 pAb or isotype control IgG (50 pg/ml, each) for 15 min, and then submitted to Western
blot analysis as described in H. A-1 Data shown are representative of three independent experiments with similar results. D, E, G Cell proliferation was
assessed by MTT assay. The dashed line is the standard value of gefitinib plus vehicle. H, 1 Band intensity of phospho-proteins was normalized to the
appropriate pan proteins, and relative intensity compared with unstimulated cells is shown as mean + SEM from three independent experiments.

*p<001.
L p

(Fig. 4C). Moreover, blockade of EphA3 by anti-EphA3
pAb or soluble EphA3-Ig resulted in significant inhibition
of IL-26-mediated cell proliferation in the setting of
EGFR-TKI treatment, at similar levels to those obtained
with anti-IL-26 antibody blockade (Fig. 4D). Furthermore,
genetical ablation of EphA3 expression by siRNA resulted
in significant inhibition of IL-26-mediated cell prolifera-
tion in the setting of EGFR-TKI treatment (Fig. 4E, F). In
addition, IL-26-mediated EGFR-TKI resistance was not
clearly observed in human TNBC cell line MDA-MB231,
which hardly expressed EphA3 (Supplementary Fig. S8),
whereas genetical EphA3 overexpression by transfection
of EphA3-containing plasmid resulted in the acquisition
of IL-26-mediated EGFR-TKI resistance (Fig. 4G). The
addition of exogenous IL-26 to HCC70 cells in the pre-
sence of gefitinib resulted in dephosphorylation of EphA3
and activation of AKT and JNK phosphorylation, results
not observed following stimulation with Ephrin A5, a
known ligand for EphA3 (Fig. 4H). On the other hand,
dephosphorylation of EphA3 and activation of AKT and
JNK phosphorylation were partially inhibited by treat-
ment with anti-EphA3 pAb (Fig. 4I). Taken together,
these findings indicate that interaction of IL-26 and
EphA3 induces increased phosphorylation of AKT and
JNK not only in murine TNBC but also in human TNBC,
hence activating the EGFR-TKI-associated bypass path-
way to result subsequently in tumor growth.

IL-26 interaction with EphA3 suppresses EGFR-TKI-induced
ER stress signaling pathway in TNBC cells

To identify a key regulator of tumor growth down-
stream of IL-26/EphA3 interaction in TNBC, we per-
formed pathway analysis by DNA microarray of HCC70
cells treated with IL-26 and gefitinib (Fig. 5A). This work
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revealed a significant reduction in the expression levels of
ER stress-associated molecules, indicating the engage-
ment of the ER stress signaling pathway in HCC70 cells
treated with IL-26 and gefitinib (GEO accession:
GSE171641). To confirm these in silico findings, we
examined the role of IL-26/EphA3 in the EGFR-TKI-
related ER stress pathway. For this purpose, we analyzed
the activation of three major ER stress signal transducers,
PERK, IRE1, and ATF6, in TNBC cells treated with IL-26
and gefitinib. Although the PERK-elF2a pathway was
enhanced following gefitinib treatment, phosphorylation
of IRE1 and upregulation of ATF6 expression were hardly
observed in HCC70 cells stimulated with gefitinib
(Fig. 5B, C). Of note, stimulation with gefitinib plus IL-26
significantly decreased gefitinib-induced phosphorylation
of PERK and elF2a in HCC70 (Fig. 5B). Moreover, we
analyzed expression levels of markers for ER stress sig-
naling, DDIT3, ATF3, and ATF4, in TNBC cells treated
with IL-26 and gefitinibb. mRNA expression levels of
DDIT3, ATF3, and ATF4 were clearly decreased by IL-26
treatment with gefitinib (Fig. 5D). Similarly, in other
TNBC cell lines, MDA-MB468 and E0771, mRNA
expression levels of DDIT3, ATF3, and ATF4 were sig-
nificantly decreased by IL-26 treatment with gefitinib
(Supplementary Fig. S9). Furthermore, other ER stress-
associated genes including IL-6, IL-8, and CXCL2 were
significantly decreased in HCC70, MDA-MB468, and
E0771 by IL-26 treatment with gefitinib (Supplementary
Fig. §10). Immunocytochemistry also revealed a sig-
nificant decrease in the expression level of DDIT3
(Fig. 5E). In addition, a reduction in mitochondrial activity
was significantly inhibited by IL-26 and gefitinib (Fig. 5F).
While a decrease in the expression level of DDIT3 mRNA
was significantly inhibited by treatment with AKT
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Fig. 5 IL-26 suppresses EGFR-TKl-induced ER stress in TNBC cells. A HCC70 cells were treated with IL-26 (30 ng/mil) or control vehicle (vehi) in
the presence or absence of gefitinib (40 uM) for 3 h. Total RNA was isolated and subjected to DNA microarray analysis as described in the “Materials
and methods” section. Left: A heat map of 943 genes differentially (fold change = 2.0) expressed between gefitinib plus IL-26- and gefitinib alone-
treated HCC70 cells was constructed by hierarchical cluster analysis. Right: significantly enriched Gene Ontology (GO) terms in gefitinib-induced and
IL-26-reduced genes. B HCC70 cells were treated with IL-26 (30 ng/ml) in the presence of gefitinib (40 uM) for the indicated periods, and then
submitted to Western blot analysis using anti-phesphorylated PERK, elF2a, and IRE1 antibodies, and reblotting with anti-pan PERK, elF2a, and IRE]
antibodies. Data shown are representative of three independent experiments, and similar results were obtained in each experiment. Band intensity of
phospho-proteins was normalized to the appropriate pan proteins, and relative intensity compared with unstimulated cells is shown as mean + 5EM
from three independent experiments. * p < 0.01. C, D HCC70 cells were treated with IL-26 (30 ng/ml) in the presence or absence of gefitinib (40 uM)
for the indicated periods. mRNA expression levels of ATF6 (C) or DDIT3, ATF3, and ATF4 (D) were quantified by qRT-PCR. *p < 0.01. E HCC70 cells were
treated with IL-26 (30 ng/ml) in the presence or absence of gefitinib (40 pM) for 24 h, followed by immunostaining with anti-human DDIT3 pAb (red),
B-tubulin (green), and DAPI (blue). Original magnification, x400. Scale bar, 20 um. F HCC70 cells were treated with IL-26 (30 ng/ml) in the presence or
absence of gefitinib (40 pM) for 24 h, followed by JC-1 staining. Red fluorescence, sign of preserved mitochondrial membrane potential (AY,,), was
observed in vehicle- or IL-26-treated HCC70 cells in the absence of gefitinib, whereas green fluorescent signals, index of mitochondrial membrane
depolarization were prominently observed in vehicle-treated HCC70 cells in the presence of gefitinib. Stained cell clusters were quantitated using
Image-J software. *p < 0.01. G HCC70 cells were treated with IL-26 (30 ng/ml) and/or gefitinib (40 uM) in the presence of vehicle, signal inhibitors,
anti-EphA3 pAb or anti-IL-26 mAb (clone 69-10) (50 pg/ml, each) for 6 h. mRNA expression levels of DDIT3 were quantified by qRT-PCR. *p <0.01.
H HCC70 cells were treated as described in G for 24 h. Expression of DDIT3 was detected by Immunofluorescence staining with anti-human DDIT3

pAb. Fluorescence intensity and stained cell clusters were quantitated using Image-J software. *p < 0.01. C-H Representative data of three
independent experiments are shown as mean =+ S.D. of triplicate samples, and similar results were obtained in each experiment.
L

inhibitor alone, ]NK inhibitor alone, or EphA3 pAb, this
inhibition was more pronounced following treatment with
both AKT and JNK inhibitors, comparable to anti-IL-26
mAb treatment (Fig. 5G). Similarly, immunocytochem-
istry revealed a significant decrease in the expression level
of DDIT3 by treatment with AKT inhibitor, a JNK inhi-
bitor, EphA3 pAb, and anti-IL-26 mAb (Fig. 5H). More-
over, similar results were also observed in mitochondrial
activity (Supplementary Fig. S11). Taken together, these
results indicate that phosphorylation of AKT and JNK has
an important role in ER stress response, particularly the
PERK-elF2a-DDIT3 pathway, to induce cell survival and
proliferation in TNBC treated with IL-26 in the presence
of gefitinib.

IL-26 enhances in vivo TNBC tumor growth in EGFR-TKI-
treated murine models

To extend the in vitro findings above to in vivo
experimental systems, we next conducted in vivo tumor
growth assay of TNBC following gefitinib treatment, uti-
lizing hIL-26Tg mice. E0771 tumors were grown in hiL-
26Tg and its littermate control mice (yellow and gray lines
in Fig. 6A and tumor photos of upper panel in Fig. 6B),
and tumor growth was suppressed in control mice fol-
lowing treatment with gefitinib (blue line in Fig. 6A and
upper tumor photos of the lower panel in Fig. 6B).
Meanwhile, tumor suppression by gefitinib was sig-
nificantly inhibited in hIL-26Tg mice (red line in Fig. 6A
and lower tumor photos of the lower panel in Fig. 6B).
Moreover, tumor growth was significantly decreased in
TNBC transplanted in hIL-26Tg mice following admin-
istration of anti-IL-26 mAb and gefitinib (green line in
Fig. 6C), compared to that seen with control mAb and
gefitinib (pale blue line in Fig. 6C). Of note is that
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treatment with anti-IL-26 mAb alone had no effect on
tumor growth (green line in Supplementary Fig. S12A).
Furthermore, tumor growth was significantly decreased in
TNBC transplanted in hIL-26Tg mice following admin-
istration of anti-EphA3 pAb and gefitinib (purple line in
Fig. 6E), compared to that seen with control Ab and
gefitinib (pale blue line in Fig. 6E). Of note is that treat-
ment with anti-EphA3 pAb alone had no effect on tumor
growth (green line in Supplementary Fig. S12B).

Immunohistochemical assay revealed that CD4" T cells
and F4/80+ macrophages in the TME expressed 1L-26
(Fig. 6G and Supplementary Fig. S13C, D). Moreover,
granulocyte levels in the TME of both hIL-26Tg and
control mice treated with gefitinib were increased (Fig. 6G
and Supplementary Fig. S13E), possibly with response to
KC and MIP-2 induced by ER stress signaling (shown in
Supplementary Fig. S10). PECAM-positive blood vessels
were markedly increased in gefitinib-treated hIL-26Tg
mice (Fig. 6G and Supplementary Fig. S13B). Finally, cells
with phosphorylated AKT and JNK were clearly increased
in gefitinib-treated hIL-26Tg mice as compared with
gefitinib-treated control mice (Fig. 6G, Supplementary
Fig. S13F, G). Taken together, our data suggest that
TNBC cells are exposed to IL-26 secreted by CD4" T cells
and macrophages infiltrating in the TME, evoking a
resistance to EGFR-TKI therapy in TNBC, associated with
phosphorylation of AKT and JNK of ER stress response.

Based on our experimental findings, Fig. 7 depicts a
schematic of the inhibitory effect of IL-26 on EGFR-TKI-
mediated tumor suppression in TNBC cells.

Discussion
Originally identified in Herpes saimiri-infected T cells
as AK155 ", IL-26 has an important role as a mediator of
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(see figure on previous page)

Fig. 6 IL-26 promotes in vivo tumor growth against EGFR-TKI. A E0771 cells (5 x 10%) with Matrigel were injected subcutaneously into the flank
of hIL-26Tg (IL-26Tg) or littermate control mice (WT) (each, n = 8). Gefitinib was administered by oral gavage (50 mg/kg) once a day five times a week
for the duration of the study from 10 days after E0771 cell inoculation. n = 8 mice for each group at each time point. mean + SEM of each group.
*p < 001. B Macroscopic manifestation of the tumors in experiment A. Tumors were resected at 30 days after inoculation. C E0771 cells (5 x 10°%) with
Matrigel were inoculated subcutaneously into the flank of hiL-26Tg mice, and gefitinib was administered by the same method as described in
experiment A. IL-26 mAb (clone 69-10) or mouse IgG isotype control (each, 200 ug/dose) was subsequently injected intraperitoneally once a

day twice a week from 10 days after E0771 inoculation. n = 8 mice for each group at each time point. mean + SEM of each group. *p < 001.

D Macroscopic manifestation of the tumors in the experiment C. Tumors were resected at 30 days after inoculation. E E0771 cells (5 x 10%) with
Matrigel were inoculated subcutaneously into the flank of hiL-26Tg or control mice, and gefitinib was administered by the same method as
described in experiment A. Anti-mouse EphA3 pAb or goat IgG isotype control (each, 100 ug/dose) was subsequently injected intraperitoneally once
a day twice a week from 10 days after E0771 inoculation. n= 8 mice for each group at each time point. mean + SEM of each group. *p < 0.01.
F Macroscopic manifestation of the tumors in the experiment E. Tumors were resected at 30 days after inoculation. G Immunoflucrescence staining
of tumor specimens resected at 17 days after E0771 inoculation. Representative images are shown in Supplementary Fig. $13. Data are shown as
mean + SE. of relative fluorescence intensity from 8 mice for each group, comparing values in vehicle-treated WT mice, gefitinib-treated WT mice, or

hiL-26Tg mice to those in vehicle-treated WT mice (*p < 0.01).
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Fig. 7 Hypothetical schema of the effect of IL-26 on EGFR-TKI
resistance. |L-26 activates AKT and JNK signaling of bypass pathway
of EGFR-TKI via interaction with its newly identified IL-26 functional
receptor EphA3, leading to suppression of EGFR-TKI-induced ER stress,
which subsequently results in TNBC tumeor survival and drug
resistance. Moreover, production of ER stress-associated inflammatory
cytokines/chemokines including IL-6, IL-8, and CXCL2 was enhanced
following treatment with EGFR-TKI, leading to the recruitment of
neutrophils in TME, which further promotes the inflammation and
recruitment of other inflammatory cells such as T cells and
macrophages.

local inflammation' "', Our group has revealed novel

functions of IL-26 in various in vivo models utilizing
humanized mice or hIL-26Tg mice, and succeeded in
developing anti-IL-26 neutralizing mAbs to establish a
novel IL-26-targeted therapy'”''~"". We recently
demonstrated that IL-26 functions as an angiogenic factor
equivalent to VEGF, strongly suggesting a role of IL-26 in
angiogenesis in the TME and malignant progression.
While IL-26 is involved in cancer biology'™' """, the
precise molecular mechanisms associated with this pro-
cess, including the identification of the functional
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receptor of IL-26 in cancer cells and its downstream
signaling events, are not yet clarified.

Our present study demonstrates that IL-26 has a critical
role in cell growth of EGFR-TKI-treated TNBC via acti-
vation of an EGFR bypass pathway. By exploring the
mechanisms involved in IL-26-mediated EGFR-TKI
resistance in TNBC, we found that the interaction of IL-
26 and EphA3 suppresses ER stress signaling pathway
induced by EGFR-TKI treatment. Previous work showed
that EGFR-TKI-treatment is linked to the induction of ER
stress response’~, and erlotinib-induced ER stress signal-
ing can promote survival of EGFR-TKI-persister cells
through transcriptional adaptation’”. While intense ER
stress induces cell death, feeble ER stress promotes the
survival of tumor cells. Previous work showed that ER
stress-mediated activation of the IREla pathway is a key
factor for tumor-initiating cell survival in breast can-
cer '°. However, the effects of intense ER stress through
the PERK-ATF4-DDIT3 pathway on breast cancer, and
the mechanism by which breast cancer cells subjected to
intense ER stress escape ER stress-induced cell death,
have remained incompletely characterized. Our study
revealed that interaction of IL-26 and EphA3 in TNBC
activates AKT and JNK, leading to tumor proliferation by
inhibiting EGFR-TKI-provoked PERK-elF2a-DDIT3
pathway and ER stress-associated cell death. While EGFR
is highly expressed on most TNBC, activating mutations
are rarely observed in the EGFR expressed on TNBC'.
Our present data strongly suggest that EGF-wild-type
EGFR signaling has an important role in the survival or
growth of TNBC, and that EGFR-TKI acting through this
wild-type EGFR induces intense ER stress. Future studies
are needed to define the precise role of EGFR in TNBC
and the effect of EGFR-TKI on TNBC, in comparison to
the role of well-known EGFRs with activating mutations
expressed on other neoplasms such as lung or colon
cancers. ER stress in cancer cells is associated with the
production of various proinflammatory molecules”'""".
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Our data showed that gefitinib-treated TNBC cells
exhibited enhanced production of proinflammatory
cytokines/chemokines such as IL-6, IL-8, and CXCL2,
hence increasing the number of tumor-infiltrating
immune cells including IL-26-producing cells in the
TME. Recent evidence showed that IL-26 promotes an
inflammatory TME of TNBC, at least partially through
binding to neutrophil extracellular traps (NET) DNA to
stimulate the expression of multiple proinflammatory
cytokines in the TME, which collectively contribute to
engraftment, tumor growth, and metastasis of TNBC*".
Since granulocyte levels in the TME of hIL-26Tg mice
treated with gefitinib were increased (Fig. 6G and Sup-
plementary Fig. S13E), further studies are needed to
clarify whether IL-26 affects the production of inflam-
matory cytokines from immune cells infiltrating the TME
of TNBC treated with gefitinib, and whether these effects
of IL-26 influence tumor growth or metastasis of TNBC in
our in vivo model.

The previous report showed that IL-26 binds to a cell
surface heterodimeric receptor IL-20RA/IL-10RB, indu-
cing downstream signaling cascade events via STAT3
phosphorylation'”. However, the TNBC cell lines used in
the present study did not express IL-20RA. These findings
strongly suggest that the downstream signaling events in
TNBC following IL-26 stimulation were not mediated by
the known receptor complex IL-20RA/IL-10RB. In fact, we
identified EphA3 as a novel functionally interacting
receptor for IL-26 in TNBC. Human EphA3 is a 110kDa
protein consisting of 983 amino acids and belongs to the
ephrin receptor subfamily of the RTK family. EphA3 is
well conserved between human and mouse with ~96%
homologies and 88% similarities'®, allowing human IL-26
to bind to both human and murine EphA3 on TNBC cells.
Mutations of EphA3 were identified as candidate cancer
risk genes in breast cancer, colon cancer, lung cancer,
glioblastoma, melanoma, and pancreatic carcinoma’”**="",
The roles of the EPH family in cancer are controversial.
Overexpression of EPH family can promote and inhibit
tumor progression, even in the same tumor type’ """
Previous reports showed that a preferential binding ligand
for EphA3 is ephrin-A5". Many cancer cell lines and
normal endothelial cells release A-type ephrins from their
cell surface””. Membrane-bound ephrin-A5 ligand-
induced EphA3 clustering and its tyrosine phosphoryla-
tion, followed by activation of GTPase or ERK and
dephosphorylation of AKT, resulting in cytoskeletal re-
organization, cell retraction, and differentiation’. A-type
ephrins, particularly ephrin Al, A4, and A5, can be
released from the cell surface through metalloproteases,
phospholipases, or through alternative splicing, which
removes the exon encoding the site of GPI anchor
attachment””"*, Binding of unbound, soluble ephrin-A5
to EphA3 resulted in dephosphorylation of EphA3 by
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recruitment of protein tyrosine phosphatase and auto-
inhibition of its RTK domain, leading to cell growth and
proliferation”*”””. However, our present study showed
that the addition of exogenous ephrin-A5 has little impact
on the effects of gefitinib in TNBC cells. It is possible that
the EphA3 antibody may reduce the effect of IL-26 on
gefitinib by preventing access to the IL-26 binding site, not
by blocking ephrin-A5 ligand binding. These results sug-
gest that the blockade of IL-26 overcomes EGFR-TKI
resistance in TNBC. In the current study, exogenous IL-26
induced dephosphorylation of EphA3 in TNBC, followed
by phosphorylation of AKT and JNK leading to suppres-
sion of ER stress signaling, resulting in enhanced tumor
growth of EGFR-TKI-resistant TNBC. Despite the EphA3-
related molecular alterations associated with IL-26 alone,
treatment with IL-26 alone did not alter TNBC growth;
rather, the effect of IL-26 on TNBC tumor growth was
seen in the setting of EGFR-TKI exposure with an
increased ER stress response. Our present study did not
demonstrate direct IL-26 and EphA3 binding. IL-26 has
been reported to be a cationic and amphipathic cytokine,
resembling the structure of antimicrobial peptides®'. Since
polycationic proteins are known to bind with various
molecules, it is, therefore, possible that IL-26 forms a large
complex that includes EphA3 to affect downstream
signaling.

In conclusion, we showed that IL-26 activates an EGFR-
TKI-associated bypass pathway in TNBC and that EphA3
is a putative novel functional receptor for IL-26 in TNBC,
and binding of IL-26 inhibits ER stress signaling via
phosphorylation of AKT and JNK downstream of EphA3,
leading to cell growth. Blockade of IL-26 overcomes
EGFR-TKI resistance in TNBC. These findings reveal the
critical importance of IL-26 on EGFR-TKI resistance in
TNBC, and serve as the basis for a novel therapeutic
strategy in TNBC, as well as potentially other EGFR-TKI
resistant cancers such as non-small cell lung cancer or
colorectal cancer, with the combination of anti-IL-26
mADb and anti-EGFR agents. In addition, this therapeutic
approach may be considered for other medical conditions
involving 1L-26 and EphA3, such as pulmonary fibro-
sis' ¥ #1057 By clarifying the mechanisms involved in
IL-26-mediated EGFR-TKI resistance in TNBC, our work
solves the paradox involving the cross-species difference
between murine models and human subjects observed
with EGFR-TKI treatment of TNBC.

Materials and methods
Cells, reagents, and antibodies

The mouse breast carcinoma cell line E0771 was pur-
chased from CH3 Biosystems (Ambherst, NY). The human
breast adenocarcinoma cell lines HCC70, MDA-MB468,
and MDA-MB231 were obtained from ATCC. All cell
lines had been tested for mycoplasma. For cell
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stimulation, a recombinant human IL-26 dimer was
purchased from R&D Systems (Minneapolis, MN).
Recombinant human IL-26 dimer was labeled with Alexa
Fluor 488 utilizing protein labeling kit (ThermoFisher
Scientific, Waltham, MA) and used for immuno-
fluorescence staining. Recombinant human and mouse
EphA3 Fc Chimera Protein were purchased from R&D
Systems. EGFR-TKIs and inhibitors used in this study are
shown in Supplementary Table S1. siRNAs against EphA3
were purchased from ThermoFisher Scientific (sequences
are shown in Supplementary Table S2), and negative
control siRNA (oligonucleotide sequences are not dis-
closed) was purchased from Qiagen (Hilden, Germany).
FuGENE HD Transfection Reagent (Promega, Madison,
WI) was used to transfect plasmid pCMV6-ENTRY
EPHA3 or pCMV6-ENTRY control (ORIGENE, Rock-
ville, MD) into MDA-MB231 cells. Antibodies used in this
study are listed in Supplementary Table S3.

Mice

hIL-26Tg mice were kindly provided by Dr. Thomas
Aune and were interbred with C57BL/6 mice in the ani-
mal facility in Juntendo University. All mice used in this
study were kept under the specific pathogen-free facility
in microisolator cages. Female hIL-26Tg mice and litter-
mate control mice at 8—12 weeks of age were used.

MTT assay

Human and mouse breast carcinoma cells (1 x 10*) were
incubated in RPMI 1640 containing 10% FCS on 96-well
flat-bottom plates (Corning, Tewksbury, MA) for 24h at
37°C, and then stimulated with IL-26 in the presence or
absence of EGFR-TKI (Gefitinib or Erlotinib), signal inhi-
bitors and neutralizing antibodies for 48 h. Tetrazolium
monosodium salt (WST-8) was added to each well at a
concentration of 1/10 volume for the last 1h, and the
absorbance at 450nm/595nm was measured using a
Microplate Reader (Bio-Rad, Hercules, CA) and data were
analyzed with Microplate Manager 6 software (Bio-Rad).

Western blotting

To analyze phosphorylation of AKT, ERK, p38, JNK,
STATS3, EphA3, PERK, elF2a and IRE1, E0771, and HCC70
cells were stimulated with IL-26 (30 ng/ml) in the presence
or absence of Gefitinib and anti-EphA3 pAb (10 pg/ml) in
100-mm dish for the indicated periods. After stimulation,
cells were lysed in RIPA buffer supplemented with 2%
protease inhibitor mixture (Sigma-Aldrich, Saint. Louis,
MO) and 1 x PhosSTOP (Roche Diagnostics, Tokyo, Japan),
and lysates were resolved by SDS-PAGE in reducing con-
dition (15pg/lane) and immunoblotted using anti-
phosphorylated AKT, ERK, p38, JNK, STAT3, EphA3,
PERK, elF2q, and IRE1 antibodies recognizing both human
and murine antigens. For reprobing, the membranes were
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submerged in a stripping buffer. After a stripping procedure,
the membranes were reprobed with anti-pan AKT, ERK,
p38, INK, STAT3, EphA3, PERK, elF2q, and IRE1 antibody
recognizing both human and murine antigens. The images
were taken using C-Digit blot scanner (MS Techno Systems
Inc., Osaka, Japan).

Flow cytometry

E0771, HCC70, and MDA-MB468 cells were washed in
PBS containing 1% FBS and 0.1% sodium azide, and sub-
sequently stained with fluorochrome-conjugated Abs (anti-
IL-20RA and IL-10RB) for 30 min at 4°C. E0771, HCC70,
MDA-MB468, and MDA-MB231 cells were incubated with
purified rabbit anti-human/mouse EphA3 pAb for 30 min at
4°C, and subsequently stained with PE-conjugated donkey
anti-rabbit IgG (BioLegend, San Diego, CA) for 25 min at
4°C. Flow cytometry was performed on two-laser FACS-
Calibur (BD Biosciences, San Jose, CA), and data were
analyzed with FlowJo software (BD Biosciences).

Microarray analysis

E0771 cells were treated with exogenous IL-26 (30 ng/
ml) for 6 or 24 h. Total RNA was isolated and subjected to
DNA microarray analysis utilizing 3D-Gene mouse
mRNA oligo chip (TORAY, Kamakura, Japan). A heat
map of 960 genes differentially (fold change>2.0)
expressed between vehicle- and IL-26-treated EQ771 cells
was constructed by hierarchical cluster analysis using
cluster 3.0 software, with results displayed with the
TreeView program. HCC70 cells were treated with exo-
genous IL-26 (30ng/ml) in the presence or absence of
Gefitinib (40 pM) for 3h. Total RNA was subjected to
DNA microarray analysis with 3D-Gene human mRNA
oligo chip. A heat map of 943 genes differentially (fold
change 2 2.0) expressed between vehicle-, IL-26-, gefitinib
plus vehicle-, and gefitinib plus IL-26-treated HCC70 cells
were constructed and displayed as described above. The
fraction of gene categories identified by the microarray
Gene Ontology (GO) enrichment analysis is shown as GO
terms in descending order of correlation coefficient
values. The data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO Series accession number GEO
accession: GSE147804 (E0771), GSE171641(HCC70).

In vivo evaluation of IL-26 in a TNBC transplantation model

E0771 cells (5 x 10°) with 50% Matrigel were injected
subcutaneously into the flank of hIL-26Tg or control
mice. Tumor measurements were made using calipers and
volumes were calculated using the formula (v =width x
width x (length/2)). After 10 days from EQ0771 cells
injection, hIL-26Tg or control mice were randomly
selected for treatment with vehicle control, gefitinib or
each antibody (# = 8; calculated by power analysis based
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on our pilot studies). Gefitinib was suspended in H,O
containing 1% Tween 80 for administration by oral gavage
(50 mg/kg). Oral gavage was administered once a day 5
times a week for the duration of the study. H,O con-
taining 1% Tween 80 and no Gefitinib was used as a
control. For mAb treatment, anti-IL-26 mADb (clone 69-
10) developed in our laboratory*? or mouse IgG1 isotype
control was diluted in sterile PBS at 1 mg/ml and 200 ul
(200 pg) was injected intraperitoneally once a day twice a
week from 10 days after E0771 cells injection. Anti-EphA3
pAb (R&D Systems) or goat IgG isotype control was
diluted in sterile PBS at 500 ug/ml and 200 pl (100 pg) was
injected intraperitoneally once a day twice a week from
10 days after E0771 cells injection. Mice were sacrificed
when subcutaneous tumor size reached 1600 mm>. No
blinding was involved in animal studies.

Immunofluorescence analysis

E0771 and HCC70 cells (1 x 10°) were incubated in
RPMI 1640 containing 10% FCS on Lab-Tek chamber
slide (ThermoFisher Scientific) for 24 h. After incuba-
tion, cells were stimulated with Alexa Fluor 488-labeled
IL-26 (30 ng/ml) in the presence or absence of recom-
binant human and mouse EphA3-Ig for 1 h. HCC70 cells
were stimulated with IL-26 (30 ng/ml) in the presence or
absence of Gefitinib (40 pM), signal inhibitors, and
neutralizing antibodies for 24 h. Subcutaneous tumor
samples obtained from mice were fixed in 4% paraf-
ormaldehyde (ThermoFisher Scientific), embedded in
OCT compound (Tissue-Tek, Sakura Finetek, Tokyo,
Japan). Cells and slides were immunostained with each
antibody and observed utilizing Zeiss inverted micro-
scope and Apotome.2. program (Carl Zeiss, Oberkochen,
Germany). Fluorescence intensity was quantitated using
Image-] software (NIH). Images were captured using
objectives of x100-x400.

In situ proximity ligation assay (PLA)

HCC70 cells (1 x 10%) were incubated in RPMI 1640
containing 10% FCS on Lab-Tek chamber slide (Ther-
moFisher Scientific) for 24 h. After incubation, cells were
stimulated with recombinant human IL-26 (30 ng/ml) for
1 h. Following stimulation, cells were fixed with 4% par-
aformaldehyde in PBS for 15min at RT. The coverslips
were incubated with goat anti-human IL-26 pAb (R&D
systems) and mouse anti-human EphA3 mAb (Santa Cruz
Biotechnology, Santa Cruz, CA), and subjected to in situ
PLA using the Duolink Detection kit (ThermoFisher
Scientific) according to the manufacturer’s instructions.
The coverslips were incubated with PLA minus and PLA
plus probes (anti-goat PLUS and anti-mouse MINUS
diluted in the antibodies diluent provided with the kit) for
1h at 37°C in a humidity chamber. The coverslips
were washed and processed for probe ligation, signal
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amplification, fluorescently labeled probe conjugation,
and mounting. Cells were observed utilizing Zeiss inver-
ted microscope and Apotome.2. program. Images were
captured using objectives of x400.

JC-1 staining
Mitochondrial stability was assessed using a mito-

~ chondrial membrane potential (A¥,,) assay kit with JC-1
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staining (Cayman Chemical, Ann Arbor, MI). HCC70
cells (1 x 10* were stimulated with IL-26 (30 ng/ml) in
the presence or absence of Gefitinib (40 uM), signal
inhibitors, and neutralizing antibodies on flat-bottom
plates 96-well (Corning) for 24 h. After stimulation, cells
were stained for JC-1 Staining Solution. The A¥Y,, was
assessed using a fluorescence microscope (Nikon, Tokyo,
Japan) at wavelengths of 530 and 590 nm, respectively.
The AY,, depolarization displayed green fluorescence.
Stained cells were quantitated using Image-] software
(NIH). Images were captured using objectives of x40.

Quantitative real-time PCR (qQRT-PCR)

E0771, HCC70, and MDA-MB468 cells were incubated
in RPMI 1640 containing 10% FCS on 6-well plates
(Corning) for 24 h, and then stimulated with IL-26 (30 ng/
ml) in the presence or absence of Gefitinib for 3, 6, or
12 h. Cells were collected and total RNA was extracted.
cDNA was synthesized using a PrimeScript II first strand
cDNA synthesis kit (TaKaRa Bio, Shiga, Japan) with oligo
(dT) primers. mRNA levels were measured by 7500 Sys-
tem SDS software (Applied Biosystems, Foster City, CA),
being normalized to hypoxanthine phosphoribosyl-
transferase expression levels. Sequences of primers used
in this study are shown in Supplementary Table S4.

Tissue samples and immunohistochemistry

Pathological examinations were carried out by two
experienced pathologists. On specimens subjected to IHC,
ER status, and PgR status were determined semi-
quantitatively and judged as positive when more than 1%
of the nuclei of cancer cells showed staining. HER2 was
determined as positive when more than 10% of tumor cells
showed strong staining of the entire cell membrane. Triple-
negative (ER/PgR-HER?2-) status was classified when the
samples were ER (<1%), PgR (<1%), and HER2 (<10%) by
IHC staining. For an immunohistochemical double-staining
of IL-26 and CD4, CD8, CD68 or CD163, antigen retrieval
was performed by autoclaving in 10 mM citrate buffer (pH
6.0) for 10 min at 120 °C, and the sections were treated with
0.3% H,O, in methanol for 10 min at RT to inactivate
endogenous peroxidase. The sections were treated with
rabbit anti-human IL-26 mAb, and subsequently treated
with HRP-conjugated anti-rabbit Ig antibody (Vector
Laboratories, Inc., Burlingame, CA) for 30 min at RT. The
reaction was visualized with 3,3'-diaminobenzidine (DAB)
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(Dojindo Laboratories, Kumamoto, Japan). After DAB
staining, the sections were washed in distilled water, then
boiled in 10 mM citrate buffer (pH 6.0) for 5 min at 100°C
to remove antibodies. The sections were subsequently
treated with mouse anti-human CD4 mAb, anti-CD8
mAb, anti-CD68 mAb, or anti-CD163 mAb, respectively
at 4°C overnight, and then treated with HRP-conjugated
anti-mouse Ig antibody (Vector Laboratories, Inc). The
reaction was visualized with Vector SG Reagent (Vector
Laboratories, Inc), and the tissue sections were counter-
stained for the nucleus with hematoxylin. The optical
images were taken using Zeiss inverted microscope and
Axiovision 2.0 program. Histological studies were con-
ducted in the Department of Breast Oncology of Juntendo
University (Tokyo, Japan) after official approval of the
Juntendo University School of Medicine Review Board
was obtained (No: 17-252).

Statistics

Data were analyzed by two-tailed Student ¢-test for two-
group comparison or by one-way ANOVA test with
Tukey’s for multiple comparison testing. Data are pre-
sented as mean t+ S.D. of triplicate samples of the repre-
sentative in vitro experiment, or mean * S.E. of three
independent in vivo experiments. Significance was ana-
lyzed using MS Excel (Microsoft) and values of p < 0.01
were considered significant and are indicated in the cor-
responding figures and figure legends.
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Abstract

Background: The phase | trial of the humanized anti-CD26 monoclonal antibody YS110 for CD26-expressing
tumors was conducted recently. The present study identifies a potential prognostic biomarker for CD26-targeted
therapy based on the phase | data.

Methods: Box and Whisker plot analysis, Scatter plot analysis, Peason product moment correlation/Spearman’s rank-
difference correlation, Bar graph analysis, and Receiver Operating Characteristics (ROC) were used to examine the
correlation between sCD26 titer variation with YS110 administration and tumor volume change, RECIST criteria
evaluation and progression free survival (PFS). Mechanism for serum sCD26 titer variation was confirmed by in vitro
experimentation.

Results: Serum sCD26/DPP4 titer was reduced following YS110 administration and gradually recovered until the
next infusion. Serum sCD26/DPP4 titer before the next infusion was sustained at lower levels in Stable Disease (SD)
cases compared to Progressive Disease cases. ROC analysis defined the cut-off level of serum sCD26/DPP4 titer
variation at day 29 pre/post for the clinical outcome of SD as tumor response or PFS. In vitro experimentation
confirmed that Y5110 addition reduced sCD26 production from CD26-expressing tumor and non-tumor cells.

Conclusions: Our study indicates that serum sCD26/DPP4 titer variation in the early phase of YS110 treatment is a
predictive biomarker for evaluating therapeutic efficacy.
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Background

CD26 is a 110-kDa, type II transmembrane glycoprotein
with dipeptidyl peptidase 4 (DPP4) activity in its extra-
cellular domain, capable of cleaving N-terminal dipep-
tides with L-proline or L-alanine at the penultimate
position [1, 2]. CD26 has multiple biological functions
and is expressed on various normal cell types and tu-
mors. CD26 is also found as a soluble form with con-
served DPP4 activity in the serum and other body fluids.
In vitro and in vivo administration of anti-CD26 mAb
inhibits tumor growth, migration and invasion via mul-
tiple mechanisms of action, leading to enhanced survival
of mouse xenograft models inoculated with various can-
cers including renal cell carcinoma (RCC) and malignant
mesothelioma (MM) [3-7].

The first-in-human (FIH) phase I clinical study of
YS110 for CD26-expressing solid tumors (23 MM, 9
RCC and 1 urothelial carcinoma (UTC)) was recently
conducted [8], demonstrating that YS110 therapy exhib-
ited a favorable safety profile and resulted in encour-
aging disease control in patients with advanced/
refractory tumors.

Biomarkers in cancer management may be used for
the prevention, diagnosis, and selection of therapeutic
method, as well as for treatment monitoring potentially.
Such markers as EGFR or ALK fusion gene (lung
cancer), HER2 (breast or gastric cancer), or RAS (colon
cancer) are used to select optimal therapy by identifying
selected genetic alteration. However, no serum bio-
marker indicating a predictive outcome during a course
of cancer treatment has been heretofore identified.

Serum level of soluble CD26 (sCD26) has been previ-
ously evaluated as a potential biomarker. A correlation
between baseline serum sCD26 titer and clinical effect-
iveness of therapy has been described for patients with
urothelial, gastric, pancreatic, thyroid, or lung cancer
[9-14]. Serum sCD26 titer variation after colon cancer
surgery was also reported to be a predictive biomarker
for risk of recurrence or metastasis [15—17]. In addition,
treatment with the DPP4 inhibitor sitagliptin after sur-
gery for colorectal or lung cancer in patients with dia-
betes was associated with greater overall survival than
treatment with other diabetic medications [18], suggest-
ing that sCD26/DPP4 may have a role in regulating anti-
tumor activity. However, there has been no report of
serum sCD26 titer variation during a course of therapy
being a prognostic marker of treatment outcome.

In the phase I FIH clinical trial with the humanized
antibody YS110 for patients with CD26-expressing tu-
mors, a transient decrease followed by subsequent recov-
ery of serum sCD26/DPP4 titer level was observed
during the 4-week period of the first cycle of YS110
administration. In the present study, the correlation
between variation in sCD26/DPP4 titer and efficacy
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metrics as determined by response by RECIST criteria
or progression free survival (PFS) was analyzed in a total
of 26 evaluable cases or in stratified groups, to identify a
potential prognostic biomarker for YS110 therapy.

Materials and methods

Human subjects

In the FIH phase I clinical trial, 33 patients (23 MM, 9
RCC and 1 UTC) who received YS110 were included in
the safety analysis, and 26 out of 33 patients (19 MM, 6
RCC and 1 UTC) were evaluable for treatment efficacy,
as described previously [8]. To determine the maximum
tolerated dose, patients initially received a total of three
YS110 infusions on days 1, 15 and 29 (once every 2
weeks, Q2W) at 0.1, 0.4, 1 and 2 mg/kg. On the basis of
preliminary pharmacokinetics data, the protocol was
then subsequently amended to allow patients to receive
a total of five YS110 infusions on days 1, 8, 15, 22 and
29 (once every week, Q1W) at 2, 4 and 6 mg/kg. Among
33 patients, 26 patients (18 and 8 cases in Q2W and
Q1W cohorts, respectively) were evaluable for Y5110-
mediated anti-tumor activity by RECIST criteria or PFS
monitoring. Tumor volume variation from baseline was
evaluated by a modified RECIST criteria for MM, or by
RECIST 1.0 criteria for RCC or UTC on day 43 £ 4.2,
two weeks following the completion of the first cycle of
YS110 administration on day 29 [8]. Serum sCD26/
DPP4 titer was measured immediately prior to and fol-
lowing YS110 administration on days 1, 15 and 29.

Statistical analyses

Box and Whisker plot analysis was employed to observe
variation of serum sCD26/DPP4 titer pre/post YS110 in-
fusion on day 1, 15 and 29. Scatter plot analysis stratified
for Stable Disease (SD) and Progressive Disease (PD)
cases was employed to observe a relationship between
variation of serum sCD26 titer pre/post YS110 adminis-
tration on day 1, 15 and 29 and tumor volume variation
from baseline on day 43. These two observational ana-
lyses then led to the usage of PPMC or SRDC analysis
for the statistical examination of potential correlation
between serum sCD26 titer variation from baseline pre/
post YS110 administration on days 1, 15 and 29 and
tumor volume variation by RECIST criteria on day 43,
and PFS. Based on Pearson product moment correlation/
Spearman’s rank-difference correlation (PPMC/SRDC)
analyses, Bar graph analysis of the variation of serum
sCD26/DPP4 titer as stratified by SD and PD cases on
day 1pre (baseline, 100%), 15pre and 29pre of YS110 ad-
ministration was performed to examine for correlation
between serum sCD26/DPP4 variation and the incidence
of SD or PD cases by RECIST criteria on day 43 with
Wilcoxon’s rank sum test. Based on results from PPMC/
SRDC and Bar graph analyses, Receiver Operating



Kaneko et al. Biomarker Research (2021) 9:21

Characteristics (ROC) analysis was employed to examine
the Index (cut-off titer) of serum sCD26 titer variation
from baseline for the Qutcome of SD by RECIST cri-
teria, PFS = 90, or = 180 days, with Fisher’s exact test. Dif-
ference in background factors between SD and PD cases
was examined by Fisher’s exact test or Wilcoxon rank
sum test prior to ROC analysis.

Cell lines and cultures

Human MM cell lines MSTO-211H (MSTO parent) and
NCI-H226 were obtained from the American Type Cul-
ture Collection (ATCC, Rockville, MD). MSTO parent
cells were stably transfected with a full-length human
CD26 (MSTO-CD26) [6]. Human MM cell line JMN
cells were transduced with the short hairpin RNA
(shRNA)-expressing lentivirus, generating the stable cell
lines JMN CD26-shRNA and JMN ctrl-shRNA [19]. For
non-tumor human cells, immortalized pleural mesothe-
lial cell line MeT-5A, mammary epithelial cell line
MCFI10A, fetal lung fibroblast cell line TIG-1, human
umbilical vein endothelial cells (HUVEC), and human
dermal microvascular endothelial cells (HDMVEC) were
used. MeT-5A and MCF10A were obtained from ATCC.
TIG-1 was obtained from JCRB Cell Bank (Osaka,
Japan). HUVEC, HDMVEC and the culture media for
MCF10A, HUVEC, HDMVEC (MEGM, EGM-2, EGM-
2MV, respectively) were purchased from LONZA (Walk-
ersville, MD). MSTO parent, MSTO-CD26, JMN ctrl-
shRNA, JMN CD26-shRNA, H226 and MeT-5A were
grown in RPMI 1640 medium supplemented with 10%
FBS. TIG-1 was grown in DMEM medium supple-
mented with 10% FBS. All the cells were cultured at
37 °C in a humidified 5% CO, incubator.

Abs and reagents

Humanized anti-CD26 mAb YS110 was provided by Y’s
AC Co., Ltd. (Tokyo, Japan) [5]. Human IgG,; isotype
control mAb (clone QA16A12) purchased from BioLe-
gend (San Diego, CA) was used as a control.

Preparation of culture supernatant

Cells were cultured in 500 pl of culture medium in 24-
well plates (Corning) in the presence or absence of con-
trol human IgG or YS110 for 3 days at 37 °C. For time-
course analysis, MSTO-CD26 (1.5 x 10°, 4 x 10%, or 4 x
10%) were cultured in 500 pul of RPMI 1640 medium in
24-well plates in the presence or absence of YS110 (1, 3,
10 pg/ml) at 37 °C for 1, 3, or 7 days, respectively. After
incubation, supernatants were collected from confluent
cultures.

Quantification of soluble CD26 and DPP4 enzyme activity
Assays for soluble CD26 and DPP4 activity were devel-
oped in our laboratory utilizing mouse anti-human
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CD26 mAbs (clone 5F8 and 9C11) which exhibit no
cross-reactivity with the therapeutic humanized anti-
CD26 mAb YS110. The relevant experimental methods
were detailed previously [20]. Data were analyzed by
one-way ANOVA test with Tukey’s for multiple com-
parison testing. Significance was analyzed using Graph-
Pad Prism 6 (GraphPad Software, San Diego, CA).
Values of p < 0.01 were considered significant and are in-
dicated in the corresponding figures and figure legends.

Results

Changes in levels of serum sCD26/DPP4 titer pre/post
YS110 administration, as documented by Box and Whisker
plot

Several crucial parameters were included in this phase I
trial such as 1) tumor histology: 19 MM, 6 RCC and 1
UTC; 2) YS110 dose: 0.1-6 mg/kg; 3) frequency of drug
administration: once every 2weeks (Q2W) for three
doses in 18 cases, once every week (Q1W) for five doses
in 8 cases. In addition, examination of background fac-
tors between SD and PD cases indicated that no bias
was found in age, BMI, absolute value of tumor volume
or serum sCD26/DPP4 titer before YS110 administra-
tion, except for gender (data not shown). In contrast to
male patients (4 SD and 7 PD in MM, and 2 SD and 3
PD in RCC), YS110 appeared to be more effective in fe-
male patients (6 SD and 2 PD in MM, 1 SD in RCC, and
1PD in UTC), as shown in Additional file 1 (Tables S1)
and file 2 (Table S2). Since the number of cases in each
antibody dose cohort was not sufficient for statistical
analysis, in the present study, a total of 26 cases were
further categorized by 1) tumor histology and 2) fre-
quency of drug administration, to examine whether
serum sCD26 titer variation can be a prognostic
biomarker for YS110 treatment. Detailed information
regarding these 26 cases is shown in Additional file 1
(Tables S1).

We first examined serum sCD26 titer variation during
a course of YS110 treatment in each group by Box and
Whisker plot analysis. Serum sCD26 titer was consist-
ently reduced immediately following YS110 administra-
tion on day 1, 15, 29, and gradually recovered until the
next YS110 infusion, although it never returned to its
former pre-dosing level (Fig. 1a). This pattern was simi-
larly observed in the 18 cases treated on the Q2W drug
administration schedule (Fig. 1b). In contrast, a clear dif-
ference was observed in the 8 cases treated on the Q1W
schedule. As shown in Additional file 1 (Tables S1), rela-
tively high antibody dose (2—-6 mg/kg) was administered
in the Q1W cases as compared with the Q2W cases
(0.1-2 mg/kg). These differences in antibody dose and
administration frequency strongly affected the serum
sCD26 titer on day 15pre and day 29pre (Fig. 1d). Recov-
ery of serum sCD26 titer following YS110 administration
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was not clearly observed with the more frequent drug
administration of the Q1W cases. Fourteen male cases
and 4 female cases received Q2W administration, while
2 male cases and 6 female cases received Q1W adminis-
tration (Additional file 2 (Table S2)). The distribution
bias between the male cases with Q2W and Q1W ad-
ministration and the female cases with Q2W and Q1W
administration was significant (p =0.026 by Fisher’s
exact test). In addition, the number of cases in the Q1W
cohort (8 cases) was not sufficient for additional statis-
tical analysis. Therefore, we mainly focused on the Q2W
cases and the male cases for additional analyses. The ini-
tial fall and subsequent recovery of serum sCD26 titer
were similarly observed in both the 19 MM cases and 6
RCC cases (Fig. le and h), including upon further strati-
fication of the groups into such cohorts as the 14 male
cases with Q2W administration, 12 MM cases with
Q2W administration, and 9 male MM cases with Q2W ad-
ministration (Fig. l¢, f and g). As shown in Additional file 3
(Fig. S1), the absolute value or titer variation of serum
sCD26 titer was strongly correlated with level of serum
DPP4 enzyme activity (r=0.908, p <0.001 or r =0.974,
p <0.001, respectively). Since YS110 does not directly
inhibit DPP4 enzyme activity [21], reduction of serum
DPP4 enzyme activity following YS110 administration is
therefore due to decreased serum sCD26 protein level.
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Differences in serum sCD26/DPP4 titer variation on day
29pre and tumor volume variation on day 43 for SD and
PD cohorts by Scatter plot analysis

We next investigated a potential relationship between
pre/post serum sCD26 titer variation on days 1, 15 and
29, and tumor volume variation on day 43 by Scatter
plot analysis after the start of YS110 administration, with
a total of 25 cases stratified by SD and PD cohorts. The
tumor volume variation of the SD group would be ex-
pected to naturally be lower than that of the PD group.
Serum sCD26 titers were markedly decreased in both
SD and PD cohorts immediately post YS110 infusion on
days 1, 15 and 29 (Fig. 2a, ¢ and e). On the other hand, a
noticeable difference between the SD and PD groups in
the serum sCD26 titer variation was observed on day
29pre. Serum sCD26 titer variation on day 29pre of the
SD cohort was at a lower level compared with the PD
group (Fig. 2d). Moreover, this phenomenon was clearly
observed in each stratified group such as the 17 cases
with Q2W administration, 14 male cases with Q2W
administration, 18 MM cases, 11 MM cases with Q2W
administration, 9 male MM cases with Q2W administra-
tion, or 6 RCC cases (Fig. 2f-k, respectively). These Scat-
ter plot analyses indicate that the serum sCD26 titer
variation of the SD cohort was lower than that of the PD
cases when measured prior to YS110 administration,
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baseline (day 1pre, 100%) on a day 1post, b day 15pre, ¢ day 15post, d day 29pre, e day 29post of YS110 administration, and tumor volume
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. J

and the difference was particularly evident on day 29pre
with the Q2W administration.

Correlation of pre/post serum sCD26/DPP4 titer variation
on day 29 with tumor volume variation and/or PFS by
PPMC/SRDC analyses

PPMC and SRDC analyses were conducted to examine
the correlation between pre/post serum sCD26 titer vari-
ation on days 1, 15 and 29, and tumor volume variation

as determined by RECIST criteria at day 43 after YS110
administration or PFS. In the FIH phase I clinical trial,
13 cases were assessed as SD and 13 cases were assessed
as PD by RECIST, and among the 13 SD cases, YS110
was particularly effective in 7 cases with PFS being lon-
ger than 180days (Additional file 1 (Tables S1)). In a
total of 25 cases, statistically significant correlation be-
tween day 29pre serum sCD26 titer variation and tumor
volume variation on day 43 was observed (p =0.006 or
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Table 1 Correlation between serum sCD26/DPP4 titer variation and tumor volume change/PFS by PPMC or SRDC analysis

Peason’ s Product -moment correlation

Spearman’ s rank difference correlation
p

Var .1 Var .2 n r P value p P value
tumor volume %change  PFS 25 -0.514 0. 008 ** - 0.504 0.014*
tumor volume %change  sCD26 Day 1 Post 25 -0.214 0. 308 -0.198 0.333
” sCD26 Day15 Pre 24 -0.085 0. 696 0. 002 0. 993
" sCD26 Dayl5 Post 23 -0.115 0. 606 -0.169 0.428
" sCD26 Day29 Pre 23 0.548 0. 006 * 0. 553 0. 009 **
" sCD26 Day29 Post 22 0.358 0.102 0. 304 0.163
" DPP4 Day 1 Post 25  -0.146 0. 490 -0.182 0.374
" DPP4 Day15 Pre 24 -0.068 0. 757 -0.023 0.910
" DPP4 Day15 Post 23 - 0. 039 0. 862 -0.037 0. 864
" DPP4 Day29 Pre 23 0.502 0.014 0. 531 0.013*
" DPP4 Day29 Post 22 0.379 0.082 0. 451 0.039*
PFS (days) sCD26 Day 1 Post 26 0.047 0.821 0. 083 0.678
" sCD26 Dayl5Pre 25 -0.021 0.922 -0.099 0.626
" sCD26 Dayl5 Post 24 -0.010 0. 964 0.017 0.935
” sCD26 Day29 Pre 24  -0.351 0. 093 -0. 205 0. 325
" sCD26 Day29 Post 23 -0.521 0.010** -0.332 0.119
" DPP4 Day 1 Post 26 -0.109 0. 600 -0.048 0. 809
" DPP4 Day15 Pre 25  -0.022 0.919 -0.089 0. 663
" DPP4 Day15 Post 24 -0.034 0.877 -0.072 0.732
" DPP4 Day29 Pre 24 -0.253 0.235 -0.167 0.423
" DPP4 Day29 Post 23 -0.442 0.034 * -0.381 0.074

p=0.009 by PPMC/SRDC, respectively (Table 1). There
was also statistically significant correlation between
serum sCD26 titer variation and PFS (p=0.011 by
PPMC on day 29post for a total 26 cases (Table 1). In
addition, there was statistically significant correlation be-
tween variation in serum titer of DPP4 enzymatic activ-
ity and tumor volume or PFS, similar to the case with
serum sCD26 titer (Table 1). Statistically significant cor-
relation was similarly observed in variation between day
29pre serum sCD26/DPP4 titer and tumor volume, and
between pre and/or post day 29 serum sCD26/DPP4
titer and PFS in 18 cases with Q2W administration fre-
quency and 14 male cases with Q2W administration fre-
quency (Additional file 4 (Table S3) and file 5 (Table
S4)). In 19 MM cases, statistically significant correlation
between variation in pre/post day 29 serum DPP4 titer
and tumor volume was observed by SRDC analysis, while
the correlation between day 29pre serum sCD26 titer
and tumor volume almost reached statistical significance
(p=0.065) by PPMC analysis. There was statistically sig-
nificant correlation between day 29post serum sCD26
titer and PFS by PPMC analysis, while the correlation
between day 29post serum DPP4 titer and PFS almost
reached statistical significance (p = 0.056 by PPMC or

64

p=0.069 by SRDC analysis) (Additional file 6 (Table
S5)). In 12 MM cases with Q2W administration fre-
quency, no statistically significant correlation between
variation of serum sCD26/DPP4 titer and tumor vol-
ume was observed. The correlation between day
29post serum sCD26/DPP4 titer and PFS did reach
statistical significance (Additional file 7 (Table S6)).
In the 9 male MM cases treated with Q2W adminis-
tration, no significant difference was observed in
variation between serum sCD26/DPP4 titer and tumor
volume, although there was a trend for a correlation
between pre/post day 29 serum sCD26/DPP4 titer
and PFS (Additional file 8 (Table S7)). In the 6 RCC
cases and 8 cases treated with Q2W and Q1W ad-
ministration respectively, the number of cases were
not enough for PPMC/SRDC statistical analysis. These
results indicate that there was a correlation in vari-
ation between pre/post day 29 serum sCD26/DPP4
titer (before/after the third YS110 administration) and
tumor volume or PFS. Importantly, statistical signifi-
cance was reached although there was limited number
of cases with each stratified cohort, particularly in the
18 cases and 14 male cases treated with Q2W
administration.
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Day29pre serum sCD26/DPP4 titer of SD cohort was
significantly lower than that of PD cohort by Bar graph
analysis

Based on scatter plot and PPMC/SRDC examination,
Bar graph analysis of day 1pre, 15pre and 29pre serum
sCD26 titer variation in SD and PD cases was con-
ducted. Of the total 23 cases (12 SD and 11 PD), serum
sCD26 titers of both SD and PD cohorts were reduced
from day lpre to day 29pre samples. Of note, day 29pre
serum sCD26 titer variation of SD cases was significantly
lower than that of PD cases (p = 0.016) (Fig. 3a). Similar
results were observed for each stratified group such as
the 17 cases treated with Q2W administration (p=
0.007), 17 MM cases (p=0.068), 11 MM cases treated
with Q2W administration (p = 0.068), 9 male MM cases
treated with Q2W administration (p = 0.020), or 6 RCC
cases (p = 0.049) (Fig. 3b and e-h). Statistically significant
difference between the SD and PD cohorts with the
smallest p-value was observed in the 14 male cases
treated with Q2W administration (p = 0.003) (Fig. 3¢). In
the 8 cases treated with Q1W administration, serum
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sCD26 titer variation of SD cases was lower than that of
PD cases, trending toward statistical significance (p=
0.053) on dayl5pre prior to the third YS110 administra-
tion, which represented the same timing for sample
collection to evaluate day 29pre serum sCD26 titer in
the Q2W treatment schedule (Fig. 3d).

Predictive power of serum sCD26/DPP4 titer variation on
outcomes of SD or PFS by ROC analysis in the stratified
groups

ROC analysis was employed to determine the cut-off
titer (the Index) of serum sCD26/DPP4 titer variation on
day 29pre/post YS110 administration for the Outcomes
of SD and PFS 290 or = 180 days. Probability was evalu-
ated by Fishers exact test (Table 2). A total of 23 cases
was examined to determine the Index (46.4% or 18.2%)
for the Outcomes SD, PFS = 90 or 2 180 days, with statis-
tically significant results (p = 0.003 for SD, and 0.005 or
0.003 for PFS, respectively, and with Area Under the
Curve (AUC) 0.795, 0.697 or 0.759, respectively) (Table
2; Column Total). For Column Q2W (17 or 18 cases),
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Table 2 ROC analysis
Column No. Total Qw Q2w, MM MM, Q2w MM,
male Q2W, male
Cases of analysis for SD or PFS Qutcome 23 cases 17 Cases Male 14 Malignant Malignant Malignant
(SD/PFS) (SD) 18 Cases (SD/ Mesothelioma Mesothelioma Mesothelioma
Cases (PFS)  PFS) 17 Cases (SD) 11 Cases (SD) Male 9 Cases
18Cases (PFS) 12 Cases (SD/PFS)
(PFS)
Cases with Administration Frequency Cases with 17 17 or 18 14 11or12 11 or12 9
Qw
Cases with 6 0 0 6 0 0
QW
Outcome; SD Index: Cut-off titer with vari-  sCD26 Day29 Pre  Day29 Pre Day29 Pre  Day29 Post  Day29 Post ~ Day29 Pre
ation of serum sCD26(%) titer from measured
baseline point
Index: Cut-off 464 464 377 182 182 377
values
AUC 0.795 0.888 1.000 0736 0733 1.000
Sensitivity(%)  91.7 (11/12) 87.5 (7/8) 1000 (5/5) 55.6 (5/9) 60.0 (3/5) 1000 (3/3)
1-Specificity(3) 27.3 (3/11) 11.1 (1/9) 0.0 (0/9) 0.0 (0/8) 0.0 (0/6) 0.0 (0/6)
Fisher's Exact P=0003** P=0003* P<0001* P=0029" P=00611 P=0012*
Test
PPV 0.786 0.875 1.000 1.000 1.000 1.000
NPV 0.889 0.889 1.000 0.667 0.750 1.000
Outcome: PFS > 90 Index: Cut-off titer with  sCD26 Day29 Post  Day29 Pre Day29 Pre  Day29 Post  Day29 Post ~ Day29 Pre
variation of serum sCD26(%) titer from measured
baseline point
Index: Cut-off 182 464 37.7 182 182 377
values
AUC 0.692 0917 0.950 0.708 0812 1.000
Sensitivity(%)  62.5 (5/8) 1000 (6/6) 1000 (4/4) 66.7 (4/6) 75.0 (3/4) 1000 (3/3)
1-Specificity(%) 6.7 (1/15) 167 (2/12) 100 (1710) 83 (1/12) 00 (0/8) 0.0 (0/6)
Fisher's Exact P=0009** P=0002* P<0001* P=0022* P=0018* P=0012"*
Test
PPV 0833 0.750 0.800 0.800 1.000 1.000
NPV 0824 1.000 1.000 0.846 0.889 1.000
Outcome: PFS > 180 Index: Cut-off titer sCD26 Day29 Post Day29 Pre Day29 Pre  Day29 Post Day29 Post Day29 Pre
with variation of serum sCD26(%6) titer measured
from baseline point
Index: Cut-off 182 464 377 182 182 377
values
AUC 0.759 0.846 0879 0815 1.000 0929
Sensitivity(%) 714 (5/7) 1000 (5/5) 1000 (3/3) 80.0 (4/5) 100.0 (3/3) 1000 (2/2)
1-Specificity(%) 63 (1/16)  23.1 (3/13) 182 (2/11) 7.7 (1/13) 0.0 (0/9) 143 (1/7)
Fisher's Exact P=0003** P=0007* P=0027* P=0008** P=0005** P=00831
Test
PPV 0833 0625 0.600 0.800 1.000 0.667
NPV 0.882 1.000 1.000 0923 1.000 1.000
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Q2W, males (14 cases), MM (17 or 18 cases), MM,
Q2W (11 or 12 cases), and MM, Q2W, males (9 cases),
the Indexes of each column for the OQutcomes were de-
termined to have statistical significance or tendency to-
ward significance. Particularly for Column Q2W, males
(14 cases), the Index 37.7% on day29pre YS110 adminis-
tration for the Outcome SD was statistically significant
(p <0.001 with AUC 1.000). Also, the Index 37.7% for
the Outcome PFS =90 or = 180 days was statistically sig-
nificant (p < 0.001 or p=0.027, and with AUC 0.950 or
0.879, respectively). Taken together, our analyses of
serum sCD26/DPP4 titer variation during a course of
YS110 treatment demonstrate that serum sCD26/DPP4
titer variation, particularly at the time point immediately
prior to/following the third YS110 infusion on Day29 in
the Q2W administration schedule, was a potential prog-
nostic biomarker for YS110 anti-tumor therapy.

Addition of humanized anti-CD26 mAb reduced sCD26
levels in culture supernatants of CD26-expressing MM cell
lines and non-tumor cells

Since sCD26 serum levels were markedly decreased in
patients with CD26-expressing tumors following YS110
treatment in the phase I study (Fig. 1), we investigated
the in vitro effect of YS110 on sCD26 production from
MM cell lines. For this purpose, we selected various hu-
man CD26-positive or negative MM cell lines. MSTO
parent was an endogenous human CD26-deficit cell line,
while MSTO-CD26 stably expressed a full-length human
CD26 [6]. Stable shRNA knockdown of CD26 in JMN,
an endogenous human CD26-positive cell line, markedly
reduced CD26 expression as compared with JMN ctrl-
shRNA cells [19]. Cell surface expression of CD26 on
MM cell lines was shown in Additional file 9 (Fig. S2a).
We first measured the amount of sCD26 contained in
the culture supernatants from a 3-day culture of CD26-
positive or negative cells. sCD26 could be quantified in
the culture supernatants of CD26-positive MSTO-CD26,
JMN ctrl-shRNA and H226 cells, whereas sCD26 could
not be detected in the culture supernatants of CD26-
negative MSTO parent and JMN CD26-shRNA cells, re-
gardless of YS110 treatment (Fig. 4a). Treatment with
YS110 clearly reduced the amount of sCD26 in the cul-
ture supernatants of MSTO-CD26, JMN ctrl-shRNA and
H226 cells, as compared with those cells incubated with
vehicle or control human IgG (Fig. 4a). We next exam-
ined the production of sCD26 from non-tumor (normal)
cells. CD26 was clearly expressed on the cell surface of
HDMVEC and TIG-1, while CD26 was hardly expressed
on HUVEC and MCF10A, and partially expressed on
MeT-5A (Additional file 9 (Fig. S2b)). sCD26 could be
quantified in the culture supernatants of CD26-positive
TIG-1 and HDMVEC cells, whereas sCD26 could not be
detected in the culture supernatants of CD26-negative
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or low MCF10A, HUVEC and MeT-5A cells (Fig. 4b).
Similar with the results shown in Fig. 4a, YS110 treat-
ment clearly reduced the amount of sCD26 in the cul-
ture supernatants of TIG-1 and HDMVEC cells, as
compared with those cells incubated with vehicle or
control human IgG (Fig. 4b). Treatment with YS110 re-
sulted in decreased production of sCD26 from both
MSTO-CD26 and TIG-1 cells in a dose-dependent man-
ner (Fig. 4c). Subsequent time course analysis showed
that sCD26 level in the supernatant of a 3-day culture of
MSTO-CD26 cells was slightly enhanced compared to
1-day culture of MSTO-CD26 cells, and increased
sCD26 level was observed in the supernatant of a 7-day
culture of MSTO-CD26 cells (Fig. 4d). Reduction of
sCD26 level following YS110 treatment was consistently
observed at any culture period. Taken together, these
data indicate that sCD26 was produced from both
CD26-positive tumor cells and non-tumor cells, and the
addition of YS110 reduced sCD26 production from
those cells in an antibody dose-dependent manner. It is
our hypothesis that these in vitro effects are reflected in
the marked reduction of sCD26 level in the serum of pa-
tients with CD26-expressing tumors following YS110
administration.

Discussion

In the present study, scatter plot analysis of the relation-
ship between serum sCD26/DPP4 titer variation and
tumor volume variation by RECIST response criteria
suggested that a predictable time period during the
course of YS110 treatment can be used to distinguish
between SD and PD cases. This predictable time period
was found to be day 29pre/post the third dose of YS110
administration in the Q2W treatment schedule, with re-
sults being statistically significant by PPMC/SRDC and
Bar graph analyses. The ROC analysis defined the cut-
off titer of serum sCD26/DPP4 titer variation at day
29pre/post as the Index for the outcome of cases with
SD or with PFS longer than 90 or 180 days, resulting in
a significantly feasible prediction under the Index ob-
tained. In particular, ROC analysis of the 14 male cases
treated with the Q2W schedule defined the cut-off titer
with p <0.001 (Table 2). Similar results were obtained in
the 9 male MM cases treated with the Q2W administra-
tion schedule (Table 2). The results were statistically sig-
nificant despite the small number of cases in the
stratified groups, strongly suggesting that serum sCD26/
DPP4 titer variation was a definitive prognostic bio-
marker for cancer patients treated with YS110. In cases
treated with the Q1W schedule, the number of cases
were not sufficient for analysis, in contrast to the situ-
ation with the Q2W schedule. However, serum sCD26
titer variation on Dayl5pre and not on Day29pre could
be used to discriminate SD from PD cases with a trend
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Fig. 4 Addition of Y5110 reduced the soluble CD26 production from CD26-positive tumor and non-tumor cells. a, b MM cell lines (MSTO parent,
MSTO-CD26, JIMN ctrl-shRNA, JMN CD26-shRNA or H226 cells (3.5 x 10% each)) a or non-tumor cells (MCF10A (1.0 x 10°), HUVEC (9.0 x 10%), MeT-
5A (6.0% 10%, TIG-1 (5.0 % 10%) or HDMVEC cells (9.0 x 10%) b were incubated with control human 1gG (higG) or the humanized anti-CD26 mAb
¥S110 (10 ug/ml, each) for 72 h. € MSTO-CD26 or TIG-1 cells were incubated with the indicated concentrations of YS110 for 3 days. d MSTO-CD26
cells were incubated with the indicated concentrations of Y5110 for 1 day, 3 days or 7 days. Concentrations of soluble CD26 in the culture
supernatants were examined by ELISA. The dashed line indicates the detection limit (0.488 ng/ml), and ND denotes not detected’ (under
detection limit). Representative data of three independent experiments are shown as mean + S.D. of quadruplicate samples, comparing values
with Y5110 to those with vehicle or control human IgG (* p < 0.01), and similar results were obtained in each experiment
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toward statistical significance (p =0.053) as shown in
Fig. 3d. These data would suggest that the increase in
drug administration frequency and dosage (Q1W at
YS110 dose level 2, 4, 6 mg/kg) could have an effect on
the optimal timing of serum sCD26 titer measurement,
which can be altered depending on administration fre-
quency and/or dosage of YS110.

Our robust in vitro and in vivo data indicated that
YSI110 induced cell lysis of MM cells via antibody-
dependent cell-mediated cytotoxicity (ADCC) in
addition to its direct anti-tumor effect through the in-
duction of cell cycle arrest at S/G1 phase [5, 22]. An-
other important mechanism of action of YS110 was
the nuclear translocation of CD26 molecules by in-
ternalization of the CD26-YS110 complexes from the
cell surface to inhibit proliferation of MM cells via
suppression of POLR2A gene expression, a compo-
nent of RNA polymerase II. However, in the case of
CD26-expressing non-neoplastic cells such as human
embryonic kidney HEK293 cells or normal T lympho-
cytes, the CD26-YS110 complex was not translocated
into the nucleus [23, 24]. Moreover, internalization of
the CD26-antibody complexes was dependent on the
epitope of CD26 recognized by specific mAb. Intern-
alization of CD26 was not observed from the cell sur-
face of MM cells treated with the murine anti-human
CD26 mAb 5F8, which recognized a different epitope
of CD26 from that recognized by YS110 and did not
exert anti-tumor activity [23, 25].

Residues 201 to 211, 730 and 740 of CD26 along with
the serine catalytic site at residue 630, which constitute
a CD26/DPPIV pocket structure, are essential for DPP4
enzyme activity [26]. In contrast, YS110 recognizes the
248-358th aa region of CD26, which is distinct from its
catalytic site [25, 27], and binding of YS110 does not dir-
ectly affect DPP4 enzyme activity [21]. Our present data
showed that YS110 treatment reduced the production of
sCD26 from both CD26-expressing MM cell lines and
non-tumor cells (Fig. 4). Although the soluble form of
CD26 begins at the 39th aa residue and lacks the cyto-
plasmic and transmembrane regions [28], the precise
mechanisms involved in sCD26 production and release
from the cell surface are not yet fully elucidated. It is
possible that decreased sCD26 production following
YS110 treatment was due to antibody-mediated internal-
ization of cell surface CD26 molecules [23]. In the phase
I clinical trial involving YS110, serum level of sCD26 im-
mediately following YS110 administration on day 1 (day
1post) was markedly decreased as compared with the
level prior to YS110 administration (day 1pre) (Fig. 1).
Fc receptor-mediated phagocytosis of sCD26-YS110
complexes by phagocytes may possibly be involved in
this rapid reduction of serum sCD26 following YS110
administration. In the present study, we demonstrated
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that sustained low levels of serum sCD26/DPP4 titer fol-
lowing YS110 administration was commonly observed in
SD cases compared with those in PD cases, while there
was no significant difference in the serum sCD26/DPP4
levels immediately after YS110 administration (days
1post, 15post and 29post) between SD and PD cases
(Figs. 1 and 2). Future research is required to identify
the factors involved in the retention or restoration of
serum sCD26/DPP4 levels after YS110 administration.

In addition to the mechanisms of action responsible
for the anti-tumor activity of YS110 as described above,
recent works demonstrated the functional role of DPP4-
mediated post-translational modification of chemokines
in regulating tumor immunity through its interaction
with its substrates. The exact chemokines produced at
the tumor microenvironment (TME) are different, de-
pending on tumor histology. In vivo tumor-transplant
models showed that the DPP4 inhibitor sitagliptin re-
duced tumor growth through the preservation of bio-
active CXCL10 in the TME of melanoma and colon
carcinoma. In the normal physiological state, CXCL10 is
rapidly degraded by DPP4, resulting in decreased re-
cruitment and migration of CXCR3" T cells and NK
cells into the TME. In contrast, DPP4 inhibition en-
hanced tumor rejection by preserving the full-length bio-
logically active form of CXCL10, leading to increased
trafficking of CXCR3" cells into the TME [29, 30]. Simi-
lar with CXCL10, administration of sitagliptin resulted
in higher concentrations of bioactive CCL11 in the TME
of hepatocellular carcinoma and breast cancer, leading
to increased migration of eosinophils into solid tumors.
In these models, expression of IL-33 in tumors was a
key inducer of CCL11 production and eosinophil-
mediated anti-tumor responses [31]. In view of these
findings, our data showing that serum DPP4 activity was
decreased following YS110 treatment would suggest en-
hancement of tumor immunity via DPP4 inhibition may
constitute yet another mechanism of action of YS110.

Conclusions

This is the first finding that the serum sCD26/DPP4 titer
variation in the early phase of treatment with the hu-
manized anti-CD26 antibody YS110 may be a predictive
biomarker for anti-tumor activity for patients with
CD26" cancers including MM. Future clinical trials in-
volving a larger group of patients would be needed for
further validation of the predictive/prognostic value of
serum sCD26 in patients treated with YS110.
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Peripheral endomorphins drive mechanical
alloknesis under the enzymatic control of CD26/

DPPIV
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Background: Mechanical alloknesis (or innocuous mechanical
stimuli-evoked itch) often occurs in dry skin-based disorders
such as atopic dermatitis and psoriasis. However, the molecular
and cellular mechanisms underlying mechanical alloknesis
remain unclear. We recently reported the involvement of CD26
in the regulation of psoriatic itch. This molecule exhibits
dipeptidyl peptidase IV (DPPIV) enzyme activity and exerts its
biologic effects by processing various substances, including
neuropeptides.

Objective: The aim of the present study was to investigate the
peripheral mechanisms of mechanical alloknesis by using CD26/
DPPIV knockout (CD26KO) mice.

Methods: We applied innocuous mechanical stimuli to CD26KO
or wild-type mice. The total number of scratching responses was
counted as the alloknesis score. Immunohistochemical and
behavioral pharmacologic analyses were then performed to
examine the physiologic activities of CD26/DPPIV or
endomorphins (EMs), endogenous agonists of p-opioid
receptors.

Results: Mechanical alloknesis was more frequent in CD26KO
mice than in wild-type mice. The alloknesis score in CD26KO
mice was significantly reduced by the intradermal
administration of recombinant DPPIV or naloxone methiodide,
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a peripheral p-opioid receptor antagonist, but not by that of
mutant DPPIV without enzyme activity, EMs (EM-1 and EM-2),
selective ligands for p-opioid receptors, are substrates for
DPPIV. Immunohistochemically, EMs were located in
keratinocytes, fibroblasts, and peripheral sensory nerves.
Behavioral analyses revealed that EMs preferentially provoked
mechanical alloknesis over chemical itch. DPPIV-digested forms
of EMs did not induce mechanical alloknesis.

Conclusion: The present results suggest that EMs induce
mechanical alloknesis at the periphery under the enzymatic
control of CD26/DPPIV. (J Allergy Clin Immunol

2021 ;EmN; NEE-EEE,)

Key words: CD26, dipeptidyl peptidase 1V enzyme, endomorphin,
mechanical alloknesis, mechanical itch, peripheral p-opioid recep-
tor, skin

In many skin disorders with chronic itch, including xerosis,
atopic dermatitis (AD), and psoriasis, there often occurs a vicious
itch-scratch cycle in which scratching behaviors themselves
aggravate the itch sensation by exacerbating skin lesions.
These skin conditions often concomitantly display itch hypersen-
sitivity, in which the threshold for itch is lower than in healthy
controls and sensitivity to pruritogens is increased.

The phenomenon of itch hypersensitivity, which is caused by
normally innocuous mechanical stimuli, is referred to as me-
chanical alloknesis and has been reported in various mouse
models and patients with dry skin-based skin diseases such as
AD." " Accumulating evidence indicates that innocuous me-
chanical stimuli-evoked itch (mechanical alloknesis) is mediated
by neural pathways distinct from those of chemical itch, which is
caused by chemical mediators, including histamine or proteases,
released from cutaneous cells or exogenous sources.

Chemical itch is transmitted to the spinal cord by various
chemical mediators through C-pruriceptors expressing Mas-
related GPR A3 (MrgprA3), natriuretic peptide B (Nppb), and
gastrin-releasing peptide (GRP) at the peripheral level. '~ Atthe
spinal cord level, a subpopulation of excitatory interneurons (INs)
expressing the GRP receptor (GRPR) or natriuretic peptide recep-
tor A (Npra) convey chemical itch signals,' “11" whereas inhib-
itory INs expressing the transcription factor BHLHBS5 negatively
regulate these signals.'” - Regarding the innocuous mechanical
stimuli—evoked itch pathway at the spinal cord, a subpopulation
of inhibitory neuropeptide Y-expressing (NPY ) INs was found
to negatively modulate this sensation without affecting chemical
itch.” Moreover, NPY 1 receptor (Y 1)-expressing neurons and
urocortin 3-expressing (Ucn3™) neurons were identified as
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Abbreviations used
AD: Atopic dermatitis
CD26KO: CD26/DPPIV knockout
CGRP: Calcitonin gene-related peptide
DPPIV: Dipeptidyl peptidase IV
EM: Endomorphin
GRP: Gastrin-releasing peptide
GRPR: Gastrin-releasing peptide receptor
IN: Interneuron
MOR: p-Opioid receptor
Mrgpr: Mas-related gastrin-releasing peptide
NF200: Neurofilament 200
NKIR: Neurokinin | receptor
Nppb: Natriuretic peptide B
Npra: Natriuretic peptide receptor A
NPY: Neuropeptide Y
sDPPIV: Soluble intact CD26/DPPIV ™"
smDPPIV: Soluble mutant CD26/DPPIV™
SP: Substance P
TrkB: Tropomyosin-related tyrosine kinase B
Uen3: Urocortin 3
WT: Wild-type
Y1: NPY 1 receptor

excitatory neurons gated by NPY " INs.” "~ Although evidence
obtained from patients with AD suggests involvement of both
the central and peripheral nervous systems, ** ' the cellular
and molecular mechanisms underlying innocuous mechanical
stimuli-evoked itch at the periphery remain unknown, except
for Merkel cells in the touch dome being important for negative
regulation.”

CD26 is a 110-kDa multifunctional glycoprotein that is
expressed on various cell types, including T cells, epithelial cells,
endothelial cells, fibroblasts, and various tumor cells. CD26
exhibits dipeptidyl peptidase IV activity (DPPIV [EC 3.4.14.5]) in
its extracellular domain and is capable of cleaving the N-terminus
of peptides with L-proline or L-alanine at the penultimate posi-
tion.”” " This enzyme is involved in the activation and
inactivation of a number of cytokines, chemokines, and neuropep-
tides.” We recently reported that DPPIV is associated with pso-
riatic itch by regulating the cleavage of substance P (SP)."
However, the involvement of the CD26 molecule or DPPIV in me-
chanical alloknesis remains unclear.

In the present study, we investigated the role of CD26/DPPIV in
the regulation of mechanical alloknesis at the periphery by using
CD26 knockout (CD26KO) mice. We focused on substrates for
DPPIV, namely, the endomorphins (EMs) EM-1 and EM-2, which
are selective ligands for p-opioid receptors (MORs), and we iden-
tified them as pruritogens that preferentially provoke mechanical
alloknesis over chemical itch. Herein, we have demonstrated that
EM-MOR signaling and its degradation pathway by DPPIV play a
pivotal role in the peripheral mechanisms of mechanical
alloknesis.

METHODS

Animals

C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan) or Oriental
BioService (Kyoto, Japan). CD26KO {CD26_/_) mice developed from
C57BL/6 mice were Kindly gifted from the laboratory of Dr Takeshi Watanabe
at Kyusyu University (Fukuoka, Japan). ' These mice were bred in-house and
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used at 8 to 16 weeks of age. They were kept under controlled temperature
(23°C-25°C) and light (exposure to light from 8:00 am to 8:00 pm) conditions.
Food and water were freely available to the mice. All experiments on animals
were approved by the animal ethics committee at Juntendo University (autho-
rization nos. 280038, 290132, 300024, 310029, 2020063, and 2021079).

Recombinant proteins, antibodies, and reagents

Recombinant EMs (EM-1 and EM-2) were purchased from the Peptide
Institute (Osaka, Japan). Truncated peptides of EMs (YP [common N-terminal
side dipeptides], WF-NH; [C-terminal side amidated dipeptides of EM-1], and
FF-NH; [C-terminal side amidated dipeptides of EM-2]) were purchased from
BEX Co, Ltd (Tokyo, Japan). All peptides were dissolved in 2.5% dimethyl
sulfoxide physiologic saline to make a stock solution. Recombinant soluble
CD26/DPPIV (sDPPIV) and sDPPIV lacking DPPIV enzyme activity mutated
at catalytic site (Ser630 was replaced by Ala) (soluble mutant DPPIV
[smDPPIV]) were produced according to a previously described method. -
The primary antibodies used in the present study were as follows: goat anti-
mouse CD26/DPPIV (1:1000; R&D Systems, Minneapolis, Minn), rabbit
anti-EM-1 (1:200; Phoenix Pharmaceuticals, Inc, Burlingame, Calif), rabbit
anti-EM-2  (1:200; Phoenix Pharmaceuticals, Inc), guinea pig anti-
cytokeratin 10 (anti-CK10, 1:200; Progen Biotechnic GmbH, Heidelberg,
Germany), guinea pig anti-CK14 (1:200; Progen Biotechnic GmbH), and
chicken anti-vimentin (1:200, Abcam, Cambridge, United Kingdom).
A cyanine 3-conjugated rabbit polyclonal anti-f-II1 tubulin antibody was
purchased from Merck Millipore (Temecula, Calif) and used at a dilution of
1:500 to 1:800. A secondary rabbit antibody conjugated with Alexa 488 was
obtained from Thermo Fisher Scientific (Rockford, Il1). Other secondary anti-
bodies conjugated with Alexa 488 or Alexa 594 were purchased from Jackson
ImmunoResearch Laboratories, Inc (West Grove, Pa). All secondary anti-
bodies were used at a 1:300 dilution. The peripheral MOR antagonist naloxone
methiodide was purchased from Merck (Darmstadt, Germany) and dissolved,
stocked, and used in saline.

Mechanical alloknesis assay

Mechanical alloknesis assays were performed by using a previously
described method with some modifications. " The rostral back of each
mouse was shaved at least 2 days before the test. On the day of the test,
each mouse was placed in a new cage and habituated for at least 1 hour. Me-
chanical stimuli were delivered with von Frey filaments (Bioseb, Chaville,
France) with bending forces ranging between 0.008 and 1.4 g. Unless other-
wise noted, von Frey filaments with bending forces of 0.07 and 0.16 g were
used for the test, and data obtained with a force of 0.16 g were shown. Each
mouse received 3 innocuous mechanical stimuli on the rostral back by using
this filament with longer than 5-second intervals (average 20 seconds). Within
a 3-minute interval, this sequence was repeated 10 times (30 stimulations in
total). Mechanical alloknesis scores were calculated as the total number of
scratching responses. To test the effects of reagents or peptides on mice,
CD26KO or control wild-type (WT) mice received a 50-p.L intradermal injec-
tion of recombinant sDPPIV, smDPPIV, or naloxone methiodide into the cen-
ter of the shaved area through use of a 29G Myjector syringe (Thermo, Tokyo,
Japan). Mechanical alloknesis assays were then immediately conducted. To
test EM-evoked mechanical alloknesis, WT mice received an intradermal in-
jection of EM (EM-1, EM-2, or their fragments) with or without naloxone me-
thiodide under the same conditions as used for the CD26KO mouse test, and to
prevent scratching behavior caused by spontaneous itch affecting mechanical
alloknesis scores, mechanical alloknesis assays were performed 30 minutes
after the intradermal injection. Each experiment was performed with 6 or
more mice in all groups.

Scratching bout counting assay

The rostral part of the back was shaved at least 2 days before the test. Before
behavioral recording, the mice (4 animals per observation) were placed in an
acrylic cage (19.5 X 24 X 35 cm) for at least 1 hour for acclimation. The fre-
quency of scratching bouts of the rostral back was analyzed by using the
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SCLABA-Real system (NOVERTEC, Kobe, Japan) for the indicated time in-
tervals, with observers being kept out of the experimental room. To test EM-
evoked scratching bouts, each mouse received an intradermal injection under
the same conditions as used for the EM-evoked mechanical alloknesis assay.
After the injection, the mice were immediately placed back in the acrylic cage,
and behavioral recording using the SCLABA-Real system was started. “One-
time” scratching behavior by mice was defined as scratching occurring from
the initiation of scratching with the hind limb to cessation thereof. Each exper-
iment was performed with 6 or more mice in all groups.

Evaluation of skin conditions

Transepidermal water loss and stratum corneum hydration were evaluated
in each mouse by using the Tewameter TM300 and Corneometer CM825
(Courage and Khazawa, Cologne, Germany), respectively (at a room temper-
ature of 25.1°C = 0.6°C and relative humidity of 43.4% = 1.3%). At the time
of both measurements, each measuring device was placed on the surface of
murine back skin for approximately 20 to 30 seconds after the achievement
of isoflurane anesthesia. Each experiment was performed with 7 WT mice
and 8 CD26KO mice.

Immunohistochemistry

Frozen blocks were prepared by embedding the unfixed upper back skin of
the mice in optimal cutting temperature (OCT) compound (Sakura Finetech-
nical Co, Ltd, Tokyo, Japan). Next, 10-pwm-thick cryosections were made by
cutting the blocks using a CM1850 eryostat (Leica, Wetzlar, Germany). Skin
sections were air-dried and fixed with ice-cold acetone for 10 minutes. After
rehydration with PBS solution, the sections were blocked with blocking buffer
(PBS solution with 5% normal donkey serum, 2% BSA, and 0.2% Triton X-
100) at room temperature for 2 hours and then incubated with each primary
antibody at 4°C overnight. After washing with wash buffer (PBS solution
with 2% BSA and 0.05% Tween 20), secondary antibodies were added to
the sections and incubated at room temperature for 2 hours with shading. As
negative control experiments, the primary antibodies were either omitted or re-
placed with normal IgG. After washing with wash buffer with shading, VEC-
TOSHIELD Mounting Medium with 4°,6-diamidino-2-phenylindole (Vector
Labs, Burlingame, Calif) was added, the sections were covered with coverslips,
and images were taken by using a Keyence BZ-X800 microscope (Osaka,
Japan). Even in cases without statistical processing, 2 or more mice were exam-
ined and 3 to 9 visual fields per sample were photographed.

Semiquantification of B-lll tubulin-immunoreactive
fibers

There were 8 mice in each group; 3 skin specimens from each mouse were
incubated with an anti—B-I1I tubulin antibody. A BZ-X800 all-in-one fluores-
cence microscope was used to scan 10-pm-thick sections at a thickness of 1.0
pm in the z-axis of the stained samples, and images were reconstructed in 3
dimensions by using the BZ-X800 viewer (Keyence). The entire fluorescence
intensity on the field and its nerve fiber-positive arcas (superficial measure)
were assessed in 9 fields of view for each mouse by using the BZ-X800
analyzer (Keyence). By dividing the intensity of fluorescence in the whole
field by the nerve fiber-positive areas in the field, the fluorescence intensity
of each neuronal marker per unit area was calculated. All values are reported
as means plus or minus SEMs.

Statistical analysis

Data were expressed as mean values plus or minus SEMs and analyzed by
the 2-tailed Student t-test for 2 group comparisons or by ANOVA for multiple
comparisons followed by the Tukey-Kramer post hoc test. P values of .05 or
less were considered significant. Calculations were performed and graphed
by using GraphPad Prism 6 (GraphPad Software Inc, La Jolla, Calif).

RESULTS
CD26KO mice display mechanical alloknesis

We initially conducted mechanical alloknesis assays to clarify
susceptibility to innocuous mechanical stimuli in CD26KO mice
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(Fig 1, A). The frequency of hind limb scratching evoked by von
Frey filaments (mechanical alloknesis score) with a low bending
force (0.04-0.6 g) was significantly higher in CD26KO mice than
in WT mice (Iig |, B). Only slight differences were observed be-
tween these mice at each of the other forces tested (Fig 1, B). In
contrast, spontaneous scratching with no mechanical stimuli
was similar between CD26KO and WT mice (FFig |, C).

Characterization of mechanical alloknesis in
CD26KO mice

We examined the skin condition of CD26KO mice, including
barrier function and innervation. No significant differences in the
degree of transepidermal water loss (I'i¢ 2, A) or stratum corneum
hydration (Fig 2, B) were observed between the WT and CD26KO
mice. To assess innervation, the fluorescence intensity of the
neuronal marker 3-III tubulin per area in the skin was evaluated
immunohistochemically. No significant differences were noted
in the fluorescence intensity of B-III tubulin between the WT
and CD26KO mice (g 2, C and D).

Immunohistochemically, CD26 was expressed in the skin of
the WT mice but not in the skin of the CD26KO mice, and it was
more strongly expressed in the dermis (I'i¢ 2, E) than in nerve fi-
bers (see Fig E1 in this article’s Online Repository at www
jacionline.org). The expression of CD26 was markedly weaker
in the spinal cord, except for the meninges, than in the skin (see
IFiz -2 in this article’s Online Repository at www jacionline.org).

We then investigated whether a CD26 deficiency in skin was
responsible for the induction of mechanical alloknesis. CD26KO
mice were injected intradermally with 0.2 nmol soluble intact
CD26/DPPIV* (sDPPIV), and mechanical alloknesis assays were
performed. Mechanical alloknesis scores were significantly lower
in sDPPIV-injected CD26KO mice than in vehicle-injected
CD26KO mice. In contrast, the smCD26/DPPIV soluble form
(0.2 nmol) did not affect the mechanical alloknesis scores of
CD26KO mice (FFie 2, F). Moreover, mechanical alloknesis in
CD26KO mice was almost completely abrogated by the intrader-
mal injection of 30 pg naloxone methiodide (Iig 2, G). These re-
sults strongly suggest that DPPIV enzyme activity in the dermal
layer of mouse skin negatively regulates MOR-mediated mechan-
ical alloknesis.

EMs are distributed in mouse keratinocytes, nerve
fibers, and fibroblasts

EM-1 and EM-2 are selective ligands for MOR and substrates
for DPPIV. "' Because these ligands evoke scratching behavior
in mice following their intracisternal injection, = we focused on
whether these EMs are significant pruritogens that are regulated
by DPPIV enzyme activity in the skin. Although previous studies
reported that these MOR ligands are both expressed in the central
nervous system, such as in the brain and spinal cord, ™ " there is
currently no information on whether these ligands are expressed
in mouse skin. Therefore, we immunohistochemically examined
the expression and distribution patterns of the EM-1 and EM-2
proteins in mouse skin (IFig 3). In murine skin, both EMs were
strongly detected in the epidermis, both in the squamous cell layer
(Fig 3, A and B) and basal layer (Fi¢ 3, C and D) of keratinocytes.
In addition to distinct expression in some cutaneous nerve fibers
(Fig 3, E and F), these EMs were also detectable in dermal fibro-
blasts (Fig 3, G and H).
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FIG 1. CD26KO mice display mechanical alloknesis. A, Schematic showing a mechanical alloknesis assay. B,
Frequency of scratching bouts induced by von Frey filaments (mechanical alloknesis score) with various
bending forces (0.08-1.4 g) in WT or CD26KO mice. C, Frequency of scratching bouts during 3 hours with
no mechanical stimulation in WT or CD26KO mice. *P < .05; **P < .01. n.s., Not significant.

To further identify subpopulations of EM-containing sensory
nerve fibers, costaining and triple staining of mouse skin were
conducted by using each EM antibody, C- and A-fiber markers
(for costaining and triple staining), and peptidergic neuron and
AB-fiber markers (for triple staining), respectively. " The re-
sults of costaining revealed EMs in both C- and A-fibers (see
IFig 3, A-D in this article’s Online Repository at www.
jacionline.org). Triple staining showed that EM-1 and EM-2
were mainly expressed in peptidergic C- and ApB-fibers and
weakly expressed in A8-fibers (see Fig £+, A-F in this article’s
Online Repository at www jacionline.org).

EM preferentially induce mechanical alloknesis over
chemical itch

To clarify whether EM-1 or EM-2 induces innocuous mechan-
ical stimulus—evoked itch, we used WT mice and conducted
mechanical alloknesis assays following the intradermal injection
of EM-1 or EM-2 at various concentrations (I'iz 4, A). To exclude
the effects of EM-derived spontaneous itch (nonmechanical itch)
from mechanical alloknesis scores, we also performed scratching
bout counting assays under the same administration conditions
(IMig 4, A). The results obtained showed that only high concentra-
tions of each EM (eg, 100 or 200 nmol per mouse) evoked scratch-
ing bouts compared with when the control vehicle was used under
nonmechanical conditions (IFi¢ <, B and C); however, the fre-
quency of scratching bouts under these conditions peaked approx-
imately 0 to 20 minutes after administration and then converged
to the level of the vehicle within 30 to 40 minutes (see FFig E5,
A and B in this article’s Online Repository at www.jacionline
ore). Therefore, we performed mechanical alloknesis assays 30
minutes after the subsidence of EM-evoked itch. We found that
intradermal injection of EM at a concentration of 25 to 200
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nmol caused mechanical alloknesis in a dose-dependent manner
(Fig 4, D and E). Mechanical alloknesis was induced in the pres-
ence of mechanical stimuli (I'i¢ -/, D and E) even at low concen-
trations at which scratching behaviors hardly occurred in the
absence of mechanical stimuli (eg, 25 and 50 nmol) (Iig 4, B
and C).

EM-induced mechanical alloknesis is mediated by
MOR and also regulated by DPPIV

To confirm whether EMs evoke mechanical alloknesis via
peripheral MORs, mice were coadministered 100 nmol of each
EM (EM-1 or EM-2) with 30 pg of naloxone methiodide, after
which mechanical alloknesis scores were assessed (I'ig 5, A).
Pharmacologically, naloxone methiodide inhibited EM-evoked
mechanical alloknesis to a level similar to that observed with
the vehicle (IFi¢ 5, B and C). We investigated the effects of DPPIV
enzyme activity on this alloknesis. Because both EMs comprise 4
amino acids and have a DPPIV cleavage site at the penultimate
position, we synthetized 3 types of dipeptides as estimated forms
of EM-1 and EM-2 cleaved by the enzyme DPPIV (ie, YP, WF-
NH,, and FF-NH; [Iig 6, A]). Using a mouse MOR-expressing
cell line, we confirmed that the cleaved forms of these peptides
did not bind to MOR, whereas full-length EMs did (on the basis
of the functional changes that occurred when EM bound to
MOR ([see I'igs 6 and 7 in this article’s Online Repository at
wiww jacionline.ore]). We coadministered 100 nmol of these pep-
tides (mixtures of YP and WF-NH, or YP and FF-NH,, as com-
ponents that make up full-length EM-1 or EM-2, respectively)
to WT mice (Fig 6, B). None of the combinations of truncated
EM peptides induced mechanical alloknesis compared with its
intact full-length EM (100 nmol), respectively (I'ig 6, C and D).
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FIG 2. Characterization of mechanical alloknesis in CD26KO mice. A and B, Transepidermal water loss
(TEWL) (A) and stratum corneum (SC) hydration (B) were evaluated in the skin of WT and CD26KO mice.
C, Representative immunofluorescence image of the back skin from a WT or CD26KO mouse using a
cyanine 3-labeled B-lll tubulin antibody (red indicates a neuronal marker). Arrowheads indicate B-lll
tubulin-immunoreactive fibers. Each image between the dotted lines indicates the epidermis. Scale
bar = 100 um. D, The fluorescence intensity per unit area of the B-lll tubulin antibody was measured for
WT or CD26KO mice by using Keyence software (BZ-X800). E, Representative immunofluorescence images
of the back skin of WT and CD26KO mice obtained by using the anti-CD26 antibody (green). Each image be-
tween the dotted lines indicates the epidermis. Scale bar = 100 pm. F, Effects of sDPPIV and smDPPIV on
mechanical alloknesis in CD26KO mice. Mechanical alloknesis in CD26KO mice was inhibited by an intrader-
mal injection of sDPPIV but not smDPPIV. G, Naloxone methiodide (a peripheral MOR antagonist) inhibited
mechanical alloknesis in CD26K0O mice. **P < .01, n.s., Not significant.
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FIG 3. Distribution pattern of EMs in mouse skin. Double immunofiuorescence staining with antibodies
against EM (EM-1 or EM-2) and marker proteins for epidermal keratinocytes, nerve fibers, or fibroblasts in
the skin of WT mice (A-G). Representative images of double staining with anti~EM-1 (A) or anti-EM-2 (B)
(EM in green) and anti-cytokeratin 10 (anti-CK10) (squamous epithelial marker in red). Representative im-
ages of double staining with anti-EM-1 (C) or anti-EM-2 (D) (EM in green) and anti-CK14 (basal epithelial
marker in red). Representative images of double staining with anti-EM-1 (E) or anti-EM-2 (F) (EM in green)
and anti-g-1ll tubulin (neuronal marker in red). Representative images of double staining with anti-EM-1 (G)
or anti-EM-2 (H) (EM in green) and anti-vimentin (fibroblast marker in red). Arrowheads indicate double-
positive signals (yellow in the merged panel). The white dotted line in each panel indicates the border be-

tween the epidermis and dermis. Scale bar = 50 pm.

To clarify whether the mechanisms underlying EM-induced
itch differ between mechanical and nonmechanical conditions,
we also conducted scratching bout counting assays under
nonmechanical conditions by using the same administration
protocol as that used for the mechanical alloknesis assays. Similar
to what we observed in the case of mechanical conditions, neither
naloxone methiodide (see Ii¢ -5, C and D) nor the mixture of
each truncated EM peptide (see |'i¢ I-5, E and F) induced more
frequent scratching bouts than did intact full-length EM alone.
Furthermore, when WT or CD26KO mice were intradermally
administered 100 nmol of EM-1 or EM-2, the frequency of
scratching bouts within 1 hour was significantly higher in
CD26KO mice than in WT mice (see Iie E5, G and H).

DISCUSSION
The present results suggest that a peripheral EM (EM-1 or EM-
2)-MOR system mediates mechanical-induced itch (mechanical

alloknesis) and that this pathway is modulated by CD26/DPPIV in
mouse skin (Fig 7). Our immunohistochemical analyses showed
that EM-1 and EM-2 were both expressed in nerve fibers, kerati-
nocytes, and fibroblasts (I'i¢ 3). Therefore, sensory nerve fibers
and cutaneous cells, such as keratinocytes and fibroblasts, are
considered to be sources of EMs. We also found that an intrader-
mal injection of EM induced mechanical alloknesis in a dose-
dependent manner (I'i¢ ) and that CD26KO mice exhibited
mechanical alloknesis, which was rescued by an intradermal in-
jection of the active form of soluble intact CD26/DPPIV*
(sDPPIV) (Fig 2, F). Mechanical alloknesis was significantly in-
hibited by the peripheral MOR antagonist naloxone methiodide
(Figs 2, Gand 5, B and C). Thus, although further analyses of mo-
lecular and cellular mechanisms are needed to obtain a more
detailed understanding of mechanical alloknesis, cutaneous
EM-MOR may play a pivotal role in its induction under the enzy-
matic control of DPPIV. This concept may also be supported by
the present results showing that cleaved EMs (YP + WF-NH;
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FIG 4. Effects of different concentrations of EMs on scratching bouts and mechanical alloknesis. A, Sche-
matic procedure of experiments to assess the sensitivity of EMs (EM-1 and EM-2) at various concentrations
in scratching bouts and mechanical alloknesis. A scratching bout counting assay was performed immedi-
ately after the intradermal administration of EM, and mechanical alloknesis assays were performed 30 mi-
nutes later. B and C, The frequency of scratching bouts following the intradermal injection of EM-1 (B) or
EM-2 (C) at various concentrations. D and E, Mechanical alloknesis scores following the intradermal injec-
tion of EM-1 (D) or EM-2 (E) at various concentrations. *P < .05; *¥P < .01.

and YP + FF-NH,) did not induce mechanical alloknesis (Fig 6,
C and D).

CD26 was expressed in the dermal layer of WT mouse skin but
not in the dermal layer of CD26KO mouse skin (Ii¢ 2, E). Me-
chanical alloknesis in CD26KO mice was almost completely
abrogated by the intradermal injection of sDPPIV but not by
the enzymatic mutant (Ii¢ 2, F). Thus, although we cannot
exclude the possibility of other degradation systems for EM,
such as aminopeptidase M or dipeptidyl peptidase III,"" in
CD26KO mice, these results suggest that DPPIV enzyme activity
in the dermal layer is at least partially responsible for the negative
regulation of mechanical alloknesis in normal mouse skin.

We also found that intradermal injection of EM caused
mechanical alloknesis in WT mice in a dose-dependent manner
(Fig 4, D and E). This phenomenon occurred even at low EM con-
centrations at which scratching behaviors hardly occurred in the
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absence of mechanical stimuli (Iig 4, B and C). This may explain
why CD26KO mice exhibited only mechanical alloknesis (Ii¢ 1,
B and C).

A previous study also reported that CD26KO mice displayed
high susceptibility to nociceptive stimuli, which was restored by a
substance P (SP) receptor (NK-1R) antagonist. " We recently re-
ported that DPPIV exaggerated itch in psoriasis by cleaving SP."’
Mechanical alloknesis in CD26KO mice was markedly inhibited
(to a level that was not significantly different from that in WT) by
the peripheral MOR inhibitor naloxone methiodide (Fig 2, G). In
contrast, when we examined the effects of SP on mechanical al-
loknesis induced in CD26KO mice by an intradermal injection
of the SP receptor antagonist QWF (Boc-Gln-D-Trp(Formyl)-
Phe benzyl ester trifluoroacetate salt, which is an inhibitor of
the SP receptors NKIR, the enzyme DPPIV MrgprAl, and
MrgprB2),'" the mechanical alloknesis score was partially
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naloxone methiodide on mechanical alloknesis induced by EM-1 (B) or EM-2 (C).

attenuated by the highest dose of QWF (see I'i¢ [°8 in this article’s
Online Repository at www jucionline.org). Although previous
findings showed that SP is an important itch mediator and also
a substrate for DPPIV in a psoriasis model, "’ SP and its receptors
did not appear to make a significant contribution to the present re-
sults. The reason for this may be differences in skin SP levels be-
tween previous psoriasis model mice and the CD26KO mice in

_the present study. In the psoriasis model, SP levels were system-
ically elevated. ' Serum SP levels of nontreated CD26KO were
significantly lower than those in the WT psoriasis model (unpub-
lished observation, 2017). We speculate that the effects of cuta-
neous SP were weaker in CD26KO mice than in the WT
psoriasis model. Furthermore, SP was shown to play a role in me-
chanical itch at the spinal level.” However, because DPPIV levels
in the spinal cord were markedly lower than those in the skin (see
Fie E2), the effects of DDPIV on SP in the spinal cord were
considered to be limited. Therefore, these results suggest that
MOR ligands, rather than SP, play a central role in the regulatory
mechanisms of DPPIV-associated mechanical alloknesis at the
periphery, and also that the SP-NKIR system may be one of
the important signaling pathways for mechanical alloknesis at
the spinal level.'""

EM-1 and EM-2 are endogenous opioid peptides that have high
affinity and selectivity for MOR."" Although EM-1 and EM-2
expression patterns differ in different brain regions, both are
strongly expressed in the central nervous system, in which
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MOR is concentrated. " Furthermore, an intracisternal injec-
tion of both EMs elicited scratching behavior that was inhibited
by an MOR antagonist.” In the present study, we showed that
an intradermal injection of EM elicited mechanical alloknesis,
and that this was inhibited by a peripheral MOR antagonist (I'i¢
S5, B and C). Our histologic analyses revealed that EM-1 and
EM-2 were expressed in some sensory nerve fibers (¢ 3, E
and F), which is consistent with previous findings on EM-2
expression in rat skin. " We also provided the first evidence for
EMs in keratinocytes (I'iz 3, A-D) and fibroblasts (Fig 3, G and
H). Because general peripheral itch sensations are transmitted
and induced through sensory nerve fibers, it appears to be impor-
tant for EM to act on nerves. EM-1 and/or EM-2 located in nerve
fibers may be digested by DPPIV around nerves and involved in
the induction of itch and mechanical alloknesis. However, in addi-
tion to the nerve fibers themselves potentially secreting these
EMs, we were unable to exclude the possibility that EM-1 and/
or EM-2 located at nerves are secreted by keratinocytes, which
are their most potent expressors in the skin, or fibroblasts local-
ized around nerves in the present study. Similarly, previous find-
ings showing that MORs are located in nerve endings *' and
keratinocytes *" imply that EM mediated the induction of me-
chanical alloknesis via MORs expressed in sensory nerves; how-
ever, we cannot completely exclude the possibility of an indirect
pathway via MOR-expressing keratinocytes. This concept ap-
pears to be supported by the present results showing that
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FIG 6. Effect of cleavage by DPPIV on EM-induced mechanical alloknesis. A, Schematic diagram of the pep-
tide sequences of EM-1 and EM-2 and their DPPIV cleavage sites. Scissors represent DPPIV, and the short
wavy lines represent cleavage sites. B, Schematic procedure for the mechanical alloknesis assay for char-
acterization of estimated DPPIV cleaved form mixture of EMs. WT mice were intradermally administered
an intact or cleaved form mixture of EM-1 or EM-2. After 30 minutes, measurement of mechanical alloknesis
scores in each mouse was started. C and D, Effects of the DPPIV cleaved form mixture of EM-1 (C) or EM-2

(D) on mechanical alloknesis. **P < .01.

mechanical alloknesis was strongly affected by DPPIV in the
dermal layer, which closely surrounds nerve fibers (I'i¢ 2, E and
Fand see Fig E1).

In addition to mechanical alloknesis, chemical itch began to
appear in normal mice at high concentrations of EMs (>100 nmol)
(IFig 4, B and C and see also I'i¢ E5, A and B). Our pharmacologic
analyses showed that chemical itch was also mediated via MORs
and controlled by DPPIV (see Iig E5, C-H). Currently, the mech-
anisms by which MOR agonists induce chemical itch remain un-
clear. MOR generally suppresses nerve activation by stimulating
the heterotrimeric Gi/o protein.™ Whole-cell patch recordings re-
vealed that EM-1 and EM-2 acted on spinal neurons and attenu-
ated excitatory and inhibitory synaptic currents via MORs.”'
Wang et al recently reported that itch induced by the intrathecal
administration of MOR agonists was caused by the suppression
of vesicular y-aminobutyric acid transporter (Vgat)™ inhibitory
neurons in the spinal cord. - Furthermore, Liu et al demonstrated
that one of the isoforms of MOR, MOR-1D, activated nerves by
forming a heterodimer with the GRPR.™

Accumulating evidence recently showed that similar to the
involvement of C-fibers in chemical itch, AB-fibers play a pivotal
role in mechanical itch.” " Multiple staining of mouse skin with
neuronal fiber markers revealed the presence of both EMs in AB-
fibers (neurofilament 200 [NF200™)/TrkB ™) and peptidergic C-fi-
bers (Peripherin ' /CGRP™"), and to a lesser extent, in Ad-fibers
(NF200*/CGRP™") (see Iiv I4); however, their expression pro-
files in other subpopulations remain unknown. Therefore, we per-
formed a functional silencing experiment on AB- and
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C-fibers” " and found that the functional silencing of AB-fibers
suppressed EM-evoked alloknesis, whereas silencing of C-fibers
did not (unpublished observation, 2020). Moreover, the func-
tional silencing of Ap-fibers did not attenuate spontaneous
scratching behavior (unpublished observation, 2020). Although
further studies are needed, these results indicate that EM-1 and
EM-2 evoke chemical itch by suppressing the activation of C-fi-
ber neurons innervating inhibitory spinal neurons or activating
those innervating excitatory spinal neurons (eg, subpopulation
of peptidergic neurons) through a heterodimer of MOR with other
G protein—coupled receptors, such as a MOR1D-GRPR hetero-
dimer in the spinal cord, " whereas EM-evoked alloknesis
is due to the suppression of A-fiber neurons innervating inhibi-
tory spinal neurons. Because Merkel cells are mechanoreceptors
with AB-fibers that suppress mechanical itch,” they are prom-
ising targets for EM-1 and/or EM-2. Although we did not obtain
such data in this study, EM-1 and EM-2 may have also been ex-
pressed in these cells, because it has been reported that various
neuropeptides and opioid receptors are expressed in Merkel
cells.™

On the basis of the finding showing that many opioids cause
mast cell degranulation,” in addition to the direct pathway via
nerve fibers, a mast cell-mediated pathway is also conceivable
as a chemical itch— and/or mechanical itch-inducing pathway.
The results of the toluidine blue staining experiment revealed
that the mast cell degranulation ratio was significantly higher in
CD26KO mice than in WT mice, whereas the number of
mast cells in the skin was very low and similar to that in WT
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FIG 7. A model for the regulation of EM-induced mechanical alloknesis in mice. Schematic diagram of EM-
induced mechanical alloknesis in WT or CD26KO mice. EMs are produced from keratinocytes, parts of nerve
endings, and fibroblasts in the skin, and EM may preferentially evoke mechanical alloknesis in a dose-
dependent manner over nonmechanical scratching bouts. In WT mice, mechanical alloknesis induced by
EM was normally controlled because EM in the skin may have been degraded by DPPIV (one of the functions
of CD26). Because EM may not be degraded by DPPIV in CD26KO mice, the sensitivity of innocuous
mechanical stimuli-evoked itch (ie, mechanical alloknesis) may be increased via the MOR expressed in skin

components, such as sensory nerve fibers.

mice (see I'ig -9, A-D in this article’s Online Repository at v
jacionline.org). Furthermore, our B-hexosaminidase assay on
mouse bone marrow—derived mast cells revealed that the highest
dose (such as 1 mM) of full-length EM-1 or EM-2, but not the
mixture of dipeptides, significantly induced mast cell degranula-
tion (see FFig £10, B and C in this article’s Online Repository at
However, in contrast to the results
regarding EM-evoked chemical and/or mechanical itch, this
degranulation was not inhibited by naloxone (see Fig E10, D).
Therefore, the contribution of mast cell degranulation to EM-
induced chemical and/or mechanical itch is estimated to be small.

We investigated the expression of CD26, EM-1, and EM-2 in
the skin of patients with several diseases and in mouse models for
which alloknesis has been reported.” "'~ Although alloknesis in
AD has been reported both in human and mice models, the expres-
sion of CD26 was not reduced in human AD skin. " CD26 expres-
sion was also unchanged in human psoriatic skin, mouse dry skin
model nor aged mouse skin, which all have been reported to have
alloknesis in mouse models™"" (see Fies F11, A and B and E12
in this article’s Online Repository at www jucionline.org). Ac-
cording to these data, because the expression of EM-1 and EM-
2 was significantly increased in some cases even in the absence
of reductions in CD26, DPPIV does not appear to be the sole
contributor to the degradation of EM-1 and/or EM-2."""" In

www jacionline.org).
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addition, no significant differences were observed in skin EM-1
and/or EM-2 levels between WT and CD26KO mice (see Fig
I-13 in this article’s Online Repository at www jacionline.org).
These results may highlight the difficulties associated with using
immunohistochemistry to detect alterations in EM-1 and EM-2
levels in skin with alloknesis induced by EM-1 or EM-2. This
may also be due to transient or local increases in EM level in
skin around the site that received the mechanical stimulus or
the low concentration of EM that induced mechanical itch (Ii¢
4). In contrast to these data, although the number of samples
was small, in cutaneous T-cell lymphoma skin, a disease associ-
ated with severe itch, the expression of CD26 decreased whereas
that of EM-1 and/or EM-2 increased in cancer cells and fibro-
blasts (see Iig E11, D). These data indicate that there are defi-
nitely cases of itchy diseases in which there is a significant
increase in the expression of EM-1 and EM-2 with the decreased
activity of DPPIV. In addition, increased expression of EM-2 was
also observed in patients with bullous pemphigoid (a well-known
skin disease characterized by itching, in which DPPIV inhibitors,
first-line drugs for diabetes,” are suspected to be among the
causes of its development) who are taking a DPPIV inhibitor
(bullous pemphigoid + DPPIV inhibitor [see g 111, C])."'
Although as far as we know there are no reports that DPPIV inhib-
itors directly induce itch or alloknesis, our preliminary results
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showing scratching bouts under nonmechanical conditions in WT
mice after an intradermal injection of sitagliptin provide support
for this concept (Komiya et al, unpublished observations, 2016).
These results indicate that in at least some clinical cases, DPPIV
enzyme regulates spontaneous itch, and possibly alloknesis,
through the degradation of EMs.

In conclusion, the present study showed that EM-1 and EM-2 in

the skin preferentially induced mechanical alloknesis over chem-
ical itch and that CD26/DPPIV is the regulatory enzyme for
mechanical alloknesis at the periphery. These results at least
partly support the role of the peripheral nervous system in the
alloknesis-inducing mechanism that has been demonstrated in
clinical studies on skin diseases, *~ and they also suggest that in
addition to being effective in studies of the central nervous sys-
tem, peripheral approaches are effective for diseases associated
with itch hypersensitivity.

We thank Ms H. Otsuka, Dr N. Takahashi, Dr C. S. Moniaga, Dr M.
Kurosawa, Mr R. Kosuge, Mrs M. Fujishiro, Mr R. Kosaka, Dr M. Sato, Ms Y.
Narita, Ms S. Okamoto, Dr H. Yamazaki, and Dr N. Iwao for their technical
support.

e EM-MOR signaling provoked mechanical alloknesis at
the periphery under the enzymatic control of CD26/

DPPIV.

e Topically applied MOR antagonists and CD26/DPPIV are

promising treatments for mechanical alloknesis.
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Abstract

CD26/Dipeptidyl peptidase IV (DPPIV) is a cell surface glycoprotein with numerous roles including glucose
metabolism, immunomodulation, and tumorigenesis. CD26/DPPIV is well recognized in diabetes, with
DPPIV inhibitors being a class of oral hypoglycemic drugs called gliptins that are commonly used to treat
type two diabetes mellitus. Recent work also indicated a potential role for CD26 in infectious diseases,
including COVID-19, and immune-mediated disorders such as rheumatoid arthritis, inflammatory bowel
disease, and graft-versus-host disease.

In cancer, CD26/DPPIV expression has been characterized in numerous tumors such as hematologic
malignancies, malignant pleural mesothelioma (MPM), renal cell carcinoma (RCC), hepatocellular carcinoma
(HCC), gastrointestinal stromal tumor (GIST), and prostate, lung, colorectal, and ovarian (PLCO) cancer.
Hence, CD26 has been frequently studied as a tumor biomarker and therapeutic target. CD26/DPPIV-
targeted therapies have been evaluated in various cancers, including the use of anti-CD26 monoclonal
antibodies as anticancer treatment in selected neoplasms.

This review highlights our current understanding of the role of CD26 in cancer, diabetes, immune-mediated
diseases, and infectious diseases. Enhanced understanding of CD26 biology and function may lead to novel
therapeutic approaches in multiple human diseases.

Categories: Internal Medicine, Infectious Disease, Oncology
Keywords: cd26, dipeptidyl peptidase iv, cancer, diabetes, immunology, infectious disease, covid

Introduction And Background

CD26/Dipeptidyl peptidase IV (DPPIV) is a cell surface glycoprotein that is commonly expressed in many cell
types and has numerous biological functions. It cleaves amino-terminal dipeptides with terminal L-proline
or L-alanine and is expressed on leukocytes, fibroblasts, mesothelium, endothelial cells, and epithelial cells.
It plays a role in multiple biological functions ranging from immunoregulation to glucose homeostasis.
Moreover, it is involved in tumorigenesis and may serve as a tumor suppressor or activator, depending on its
tumor microenvironment | 1-2|. CD26/DPPIV has therefore been extensively studied as a biomarker in
various malignancies and as a potential therapeutic target. Interestingly, CD26/DPPIV has recently been
implicated to have a role in infectious processes involving Middle East respiratory syndrome coronavirus
(MERS-CoV) and also potentially severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) by serving
as a cellular receptor to allow for viral entry |2 ). In this paper, we will review the pertinent literature
characterizing the role of CD26/DPPIV, while highlighting some of the major aspects of this molecule in
immunology, diabetes, cancer, and infectious diseases.

Review
CD26 in immune system
CD26/DPPIV in T-Cell Activation

A series of studies demonstrated that CD26/DPPIV has a role in the regulation of the human immune
system. A marker of activated T cells, CD26 expression, is upregulated during T-cell activation and is
preferentially expressed on CD4+ T memory cells | 5. It is a costimulatory molecule capable of enhancing T
lymphocyte activation and proliferation induced through the CD3/T-cell receptor complex as well as the CD2
molecule [« (1. CD26 involvement in T-cell activation is determined in part by its physical and functional
association with a number of key molecules involved in T-cell signal transduction processes, leading
eventually to intracellular calcium mobilization, tyrosine phosphorylation of downstream signaling
proteins, and increased IL-2 production | 11121, CD26 also plays a role in human thymocyte activation and
thymic differentiation through the CD3 pathway |/,

CD26 in Immune-Mediated Disorders
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Having a key role in the signaling processes of T-cell activation, CD26/DPPIV is involved in immune-
mediated disorders such as autoimmune diseases and graft-versus-host disease (GVHD). An accumulation of
CD26+ lymphocytes was found in target organs involved in GVHD, rheumatoid arthritis (RA), and
inflammatory bowel disease (IBD) [15]. CD26 levels have been shown to correlate with disease severity in
chronic inflammatory and autoimmune diseases such as RA, IBD, multiple sclerosis, and Graves’ disease,
suggesting a role for CD26+ T cells in mediating inflammation and tissue damage. In RA, CD26 levels were
inversely correlated with the number of swollen joints. CD26+ T cells are believed to migrate from the
peripheral blood into the rheumatoid synovium, thus facilitating inflammation and subsequent tissue
destruction in RA. In murine studies, DPPIV inhibitors suppressed RA in a dose-dependent manner ; 1 1]. The
DPPIV inhibitor sitagliptin was recently found to inhibit fibrosis in systemic sclerosis by inhibiting TGF-B-
induced lung fibroblast activation in vitro. It also improved lung injury histologically through the inhibition
of proinflammatory cytokines such as IL-1b, TNF-a, and IL-6 | 1 5]. These findings suggest that DPPIV
inhibitors may be effective in suppressing immune system in similar inflammatory processes, resulting in
clinical improvement of these immune-mediated disorders.

CD26 in Graft-Versus-Host Disease

GVHD is an immune-mediated complication of allogeneic hematopoietic stem-cell transplants (HSCT).
‘Work with a murine model demonstrated that injection of anti-CD26 monoclonal antibodies decreased the
severity of GVHD by decreasing IL-26 production, while graft-versus-leukemia effect was still maintained,
resulting in prolonged survival | 1 3. This research suggests that CD26 plays a role in the pathophysiology of
GVHD and can be a novel therapeutic target for immune-mediated conditions such as GVHD and chronic
inflammatory disorders.

A recent phase 11 clinical trial showed that treatment with the DPPIV inhibitor sitagliptin in combination
with tacrolimus and sirolimus resulted in low incidence of acute GVHD after allogeneic HSCT, compared to
30% in previously published literature. Acute GVHD occurred in two out of 36 patients with an incidence of
grade 11 to IV GVHD of 5%, markedly lower than the observed incidence among patients on sirolimus and
tacrolimus alone, which varied from 7% to 47% in prior studies. The one-year cumulative incidence of
chronic GVHD was 37% (95% CI: 22% to 53%), compared to observations of 39% to 53% in prior studies |16},
In addition, no toxic effects associated with sitagliptin were observed. This study further supports the role of
CD26 in the GVHD, hence the protective properties of DPPIV inhibitors as demonstrated.

CD26 in Diabetes

CD26/DPPIV expression in adipose tissue, pancreatic islet cells, hepatic cells, and microvascular endothelial
cells is increased in obesity, diabetes, and other states of inflammation. Incretin hormones such as
glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) regulate post-
prandial insulin secretion; however, they are rapidly degraded by CD26/DPPIV. Inhibition of CD26 thus
improves post-prandial insulin activity by increasing GLP-1 and GIP levels. Therefcre, DPPIV inhibitors,
which lower DPPIV activity by 70%-90%, have a significant clinical role in the treatment of type two
diabetes [ 17].

DPPIV-deficient mice have improved glucose tolerance, lower serum glucose levels, and increased insulin
secretion after glucose administration |1 7|. DPPIV irnhibition over a longer duration (eight weeks) in mice
was associated with increased GLP-1, increased insulin levels, and increased glucose transporter isoform-2
(GLUT-2) expression, even in glucose-intolerant mice. Studies have also suggested the role of DPPIV
inhibitors in endothelial growth by inducing endothelial cell proliferation through the activation of TNF-a
or IL-1B. These findings suggest a potential role for DPPIV inhibitors in reversing some diabetic vascular
complications {17|.

In addition, DPPIV levels are elevated in liver diseases, with increased expression in the liver linked to the
development of insulin resistance and non-alcohclic fatty liver disease. In mouse models, obesity induces
the synthesis of DPPIV by the liver, which subsequently contributes to increased inflammation in adipose
tissue, thus exacerbating insulin resistance and metabolic syndrome | 15]. Studies with murine models also
revealed that DPPIV inhibitors prevented hepatic steatosis and diet-induced inflammation of adipose tissue
by inhibiting the infiltration of CD8+ T cells and macrophages |19|.

A meta-analysis demonstrated that all DPPIV inhibitors resulted in a moderate reduction of hemoglobin Alc
(HbAlc) by 0.5%-0.8%. In a trial of 800 patients with inadequate glycemic control with metformin
monotherapy, both saxagliptin and sitagliptin led to reductions in HbAlc by 0.52% and 0.26%,

respectively | 1 9]. Amori et al. similarly found that DPPIV inhibitors lowered HbA1c compared to placebo by a
weighted mean of 0.74% (95% CI: 0.62%-0.85%). Patients treated with DPPIV inhibitors were found to be
more likely to achieve HbA c less than 7% compared to placebo, without significant differences between
sitagliptin and vildagliptin (risk ratio 2.5%; 95% CI: 2.1%-2.8%, p < 0.005) [ 1|. DPPIV inhibitors were shown
to be weight neutral with minimal risk of hypoglycemia and gastrointestinal side effects due to the GLP-1-
mediated mechanism of action [18-19).
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CD26 in cancer

There is extensive literature evaluating the role of CD26/DPPIV in malignant processes. CD26 expression
has been characterized on various cancers such as malignant pleural mesothelioma (MPM), colorectal cancer
(CRC), hepatocellular carcinoma (HCC), renal cell carcinoma (RCC), lung cancer, prostate cancer, thyroid
cancer, gastrointestinal stromal tumor (GIST), thyroid cancer, and selected hematologic malignancies [20].
CD26 presence has been associated with more aggressive variants in certain cancers through its regulation
of metastasis and local invasion, while its absence has also been linked to the development of other cancers
due to its ability to regulate cancer progression |i.20|. DPPIV inhibitors are believed to have antineoplastic
effects partly by regulating CXCL10-mediated activity of CXCR3+ lymphocyte. CXCR3 is a receptor for
CXCL10, and its engagement activates antitumor immune response via the recruitment of T cells,
monocytes, and macrophages. CD26/DPPIV cleaves CXCL10 to regulate its biological activity, and DPPIV
inhibition prevents degradation of CXCL10, thus increasing CXCR3+ T lymphocyte levels and reducing
tumor growth |20}, CD26/DPPIV also increases cell sensitivity to apoptosis in response to topoisomerase 11
inhibitors, such as doxorubicin and etoposide, in in vitro and in vivo studies |21 - 23|. Following are some of
the key findings regarding the role of CD26 in specific malignancies.

Malignant Mesothelioma

Multiple studies have shown CD26 to be an important tumor marker as well as a novel therapeutic target in
malignant mesothelioma. CD26 is expressed at high levels in malignant mesothelioma but not in benign
mesothelial cells. A study of 79 patients with MPM showed that 73.4% of MPM exhibited CD26 surface
expression. In particular, most epithelioid and biphasic MPM variants, but not sarcomatoid MPM, expressed
surface CD26 |24|. CD26 surface expression was also correlated with improved survival in MPM patients who
received chemotherapy (mean survival time of 18.6 versus 10.7 months, p = 0.0083), suggesting an
association between CD26 expression and mesothelioma chemosensitivity (p = 0.053) {2.2-}. Meanwhile, the
administration of the humanized anti-CD26 mAb YS110 resulted in growth inhibition of malignant
mesothelioma cells in in vitro studies while significantly reducing tumor growth and improving survival in
human malignant mesothelioma cell-bearing murine xenograft models. In addition, a first-in-human (FIH)
phase I trial involving 33 patients with heavily pretreated CD26-positive malignancies, including 22 patients
with malignant mesothelioma, treated with YS110 was recently conducted. Stable disease was observed in
half of the patients at 43 days, while prolonged stabilization was seen in seven of 13 patients with stable
disease, with a median progression-free survival (PFS) of 33 weeks. This clinical trial demonstrated
promising clinical results in CD26-positive MPM patients who previously progressed on multiple
chemotherapy agents |25].

In addition, the results of a recently completed phase I trial with Japanese patients with advanced MPM
treated with YS110 were reported. Nine Japanese patients were randomized to three different dose cohorts of
YS110: two, four, or six mg/kg. While seven of the nine patients developed grade three or four adverse
events, most commonly decreased lymphocyte count, and none developed a dose-limiting toxicity. In terms
of tumor response, four of seven patients had stable disease, while one achieved a partial response. This
phase I trial showed that YS110 administration yielded promising antineoplastic outcome in advanced MPM
while remaining relatively well-tolerated, similar to the FIH trial reported previously | 20|,

Prostate Cancer

Studies of CD26 expression as a biomarker or prognosticator for prostate cancer have demonstrated mixed
results. One study showed that malignant prostate tissue expressed twice as high CD26/DPPIV activity
compared to benign prostatic hyperplasia (BPH). DPPIV levels were also similarly increased in BPH glands
associated with prostatic cancer, suggesting the possible production of local growth factors influencing
cancer proliferation. An analysis suggested that high DPPIV expression in prostate cancer tissue samples
was associated with poor prognosis (p < 0.0001) |27 |. Shah et al. identified 15,330 patients with prostate
cancer and type two diabetes through the Surveillance, Epidemiology, and End Results (SEER) and
Medicare-linked database and found significantly improved overall survival (OS) in patients on DPPIV
inhibitors compared to control (HR 0.77, p = 0.005). Patients with prostate cancer on metformin also had
improved OS compared to controls with HR 0.87 (95% ClI: 0.81-0.93, p < 0.0001) [28].

On the other hand, an in vitro study by Wesley et al. suggested that DPPIV may have tumor suppressor
function by inhibiting the malignant phenotype of prostate cancer via the blocking of basic fibroblast growth
factor signaling pathway; therefore, DPPIV inhibition may facilitate tumor growth | 29]. Similarly, Sun et al.
found that CD26/DPPIV inhibition enhanced invasion and metastasis of prostate cancer cell lines in both in
vitro and in vivo assays. CD26/DPPIV cleaves and degrades CXCL12, and in vivo assay found that animals
treated with a DPPIV inhibitor had increased prostate cancer cells in all tissues, especially in osseous
tissues. These findings suggest that CD26/DPPIV inhibition facilitates prostate cancer invasion into the
marrow and metastasis via CXCL12/CXCR4 chemotaxis | 30].

Russo et al. found decreased DPPIV mRNA and protein levels in patients with castrate-resistant prostate
cancer, and DPPIV inhibition with sitagliptin enhanced prostate cancer xenografts growth after castration.
These results suggest that DPPIV may play a role in androgen receptor-regulated tumor suppression, and
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DPPIV inhibition facilitates growth factor activity and therefore tumor growth | |. Nazarian et al. found
that DPPIV activity was reduced in patients with metastatic prostate cancer compared to those with
localized disease or healthy control subjects, though no difference in DPPIV serum levels was noted.
Reduced DPPIV activity was shown to be a significant predictor of cancer status after adjusting for age and
PSA level [32].

Colorectal Cancer

Numerous studies have suggested the role of CD26 as a biomarker for early CRC detection [5>-5-1]. Cordero
et al. reported reduced serum CD26 level in CRC patients compared to healthy controls, especially in the
early stages of disease. Serum CD26 levels had a sensitivity of 81.8% for predicting CRC of Dukes’ stages A,
B, and C, whereas in stage D, CD26 levels were actually elevated and CEA levels served as a more reliable
biomarker [34). De Chiara et al. measured serum CD26 levels in 299 patients undergoing colonoscopies and
found a mean of 641.2 + 241.2 ng/mL in patients with no colorectal pathology and 403.7 + 278.2 ng/mL in
patients with colorectal cancer. In addition, analysis of polyps revealed a correlation between CD26 levels
and grade of dysplasia and the presence of advanced adenomas, with a 58.0% (95% CI: 46.5%-68.9%)
sensitivity and 75.5% (95% CI: 68.5%-81.0%) specificity in detecting colorectal cancer and advanced
adenomas. Using a 460 ng/mL cut-off, CD26 levels had 81.8% (95% CI: 64.5%-93.0%) sensitivity and 72.3%
(95% CI: 65.0%-77.2%) specificity in predicting the absence of or benign colorectal pathology [1].

While prior studies have mostly identified lower serum CD26 levels in CRC, Lam et al. analyzed tumor CD26
expression levels in CRC patients and found significantly higher levels in those with distant metastases
compared to non-metastatic disease. In addition, patients with high CD26 expression were found to have
worse OS (p < 0.0001). Larrinaga et al. similarly measured higher DPPIV activity and mRNA expression in
tissue samples of CRC and colon adenomas compared to non-neoplastic tissues while noting significantly
lower plasma DPPIV activity in CRC patients |35, DPPIV inhibition with vidagliptin suppressed the
incidence and growth of lung metastases in CRC in mice through increased cell apoptosis by downregulating
autophagy and cell cycle modulation. Following treatment with vildagliptin, a decrease in autophagy
markers such as LC3, p62, and ATF4; an increase in apoptosis; and inhibition of cell cycle regulator pCDC2
were observed [30].

CD26 has been implicated as a marker of cancer stem cell in CRC by various studies. Injection of isolated
CD26+ cells from patients with metastatic CRC into the cecal walls of mice led to the development of distant
metastasis, but injection of CD26 negative (CD26-) cells did not. Hence, a subpopulation of CD26+ cancer
cells was thought to have stem-like features and were also preferentially found in metastatic liver tissues. In
the study, CD26+ cells were found in all primary and metastatic tumors in 20 patients with liver metastasis
and in only eight of 27 patients without liver metastasis |~ |. Furthermore, Lam et al. demonstrated that
higher levels of CD26 expression detected by immunochistochemistry correlated with more advanced tumor
stage and worse survival rate |55]. A study by Cheung et al. quantified CD26+ cancer cells in 11 primary CRC
tissue samples and showed metastatic tumors to have relatively high CD26+ levels. Specifically, the CD26+
proportion in CRC tumors with metastasis was 7.20% * 5.20% and 0.43% * 0.15% in those without metastasis
(p = 0.13). Tissues with higher CD26+ levels correlated with the presence of metastases (p = 0.0061) and even
led to the later diagnosis of metastatic disease in two subjects who did not initially have metastases at the
time of study enrollment. It was hypothesized that the subpopulation of cancer stem cells arises from CD26-
daughter cells via gene manipulation of PIK3CA and TP53 during later stages of carcinogenesis |3Y).

Lung Cancer

Contrary to certain other cancers, CD26 was actually detected at a reduced or undetectable level in most
non-small cell lung cancers (NSCLC) compared to normal bronchial and alveolar epithelial cells. However,
CD26 expression was increased only in lung adenocarcinoma, making it a potential tool for distinguishing
between lung cancer subtypes |36.-10], Asada et al. examined DPPIV enzyme activity in numerous
histological types of lung carcinomas and found that 93.1% of lung adenocarcinoma tissues expressed
positive staining for DPPIV activity, while all cases of squamous cell, small cell, carcinoid, and large cell
carcinoma were negative. CD26-expressing cells in non-adenocarcinoma lung cancers contained an
increased proportion of cells in GO-G1 stages, suggesting a role for CD26 in promoting cell cycle arrest |-10].
Wesley et al. similarly found absent or markedly reduced DPPIV expression in all NSCLC cells at both mRNA
and protein levels, while normal lung epithelial cells had detectable DPPIV expression. Interestingly,
restoring DPPIV expression in NSCLC cells led to inhibition of cell proliferation, anchorage-independent
growth, in vitro cell migration, tumorigenicity, increased p21 expression, and therefore apoptosis and cell
cycle arrest |29). Hence, DPPIV is linked to suppression of tumor growth and metastasis of NSCLC, and its
loss of function is believed to contribute to the development of NSCLC.

As significantly higher DPPIV expression was found in lung adenocarcinoma, Jang et al. evaluated the effects
of DPPIV inhibition by vidagliptin on tumor growth in lung adenocarcinoma. The study showed that
vidagliptin reduced growth of lung adenocarcinoma through activation of natural killer cell activity and
surfactant-activated macrophages |30|. Bishnoi et al. demonstrated that DPPIV inhibitors resuited in a
survival advantage in diabetic patients with lung cancer or colorectal cancer (HR 0.89; 95% CI: 0.82-0.97, p =
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0.0007), with a synergistic survival advantage when used in conjunction with metformin (HR 0.83; 95% CI:
0.77-0.90, p < 0.0001) |-1}.

Hematologic Malignancies

CD26 expression has been associated with aggressive T-large granular lymphocyte (T-LGL)
lymphoproliferative disorder, with patients having CD26+ disease being more likely to acquire infections and
cytopenias requiring treatment than those with CD26 negative disease |-12]. Carbone et al. examined 67
human T-cell Non-Hodgkin's lymphomas and leukemias and found that CD26 expression was exclusive to
aggressive pathologies, such as T-cell lymphoblastic lymphoma (LBL)/T-cell acute lymphoblastic leukemia
(ALL) and T-cell CD30+ anaplastic large cell (ALC) lymphomas. In addition, CD26 expression has also been
associated with higher degree of disease aggressiveness and worse survival outcomes in T-LBL/T-ALL
compared to patients with CD26 negative tumors (p < 0.0001). On the other hand, CD26 was undetectable in
most tissue samples of mycosis fungoides/Sézary syndrome subtype of T-cell lymphoma. Therefore, CD26
has a potential role as a biomarker for distinguishing among subtypes of T-cell malignancy |43 1.

Reinhold et al. used two CD26/DPPIV inhibitors to suppress DPPIV function of human histiocytic lymphoma
cells, which resulted in suppressed DNA synthesis and cytokine production in those with high DPPIV
expression. These findings support the hypothesis that CD26/DPPIV contributes to the growth of T-cell
lymphoma through cytokine production [-15]. Ho et al. demonstrated that administration of anti-CD26
monoclonal antibody resulted in cell cycle arrest and inhibition of tumor proliferation of human CD30+ ALC
T-cell lymphoma, suggesting potential clinical benefit of anti-CD26 antibody therapy in CD26+
hematological malignancies as well as potentially CD26+ cancers in general [-i0].

CD26 in infectious diseases
CD26 in MERS

CD26/DPPIV has been found to play a role in infection mediated by Middle East respiratory syndrome
coronavirus (MERS-CoV) and, more recently, potentially by severe acute respiratory syndrome coronavirus 2
(SARS-CoV2) also known as COVID-19. MERS-CoV emerged in 2012 in the Middle East, leading to fatal
lower respiratory tract infections with a 35% fatality rate |5]. CD26 is expressed in numerous cell types
including bronchial mucosa, alveolar cells (in particular, type two alveolar cells), T lymphocytes, and the
systemic circulation. It also functions as a receptor by which the spike protein §1, which is a type |
transmembrane glycoprotein, of MERS-CoV is allowed entry into human cells [2(}]. MERS-CoV activates an
inflammatory response by binding to S-protein, which causes a conformational change and interactions with
T lymphocytes |1). Due to the newfound involvement of CD26 in MERS-CoV infectivity, CD26 inhibition
raises interest as a potential therapeutic target for the treatment of MERS-CoV.

While CD26/ DPPIV chemical inhibitors did not inhibit binding between DPPIV and MERS-CoV, the use of
antibodies directed against CD26 has shown more promising results in MERS-CaoV-mediated infection [ 20|
In a mouse study by Li et al., human DPP4 knockin mice with humanized exons of the mouse DPP4 locus
were inoculated with MERS-CoV. Viral replication was observed in the lungs, although these mice did not
develop illness [-1]. Ohnuma et al. demonstrated that treatment with anti-CD26 mAbs successfully inhibited
interaction between CD26 and the spike protein, therefore suppressing MERS-CoV host infection. Various
clones of anti-CD26 mAbs and the humanized anti-CD26 mAb YS110 were tested in binding inhibition
assays with the fusion protein construct MERS-CoV S1-Fc, with the anti-CD26 mAbs 2F9, 1F7, and YS110
being able to block MERS-CoV infection in vitro |2 1}. In addition, the humanized anti-CD26 mAb YS110
exhibited tolerable safety profiles in a phase I clinical trial involving patients with CD26-expressing
malignancies, as discussed earlier [20.25. These findings suggest the potential of anti-CD26 mAbs as a novel
therapeutic approach in MERS-CoV-mediated infection.

CD26 in COVID-19

The SARS-CoV-2, also known as COVID-19, pandemic has affected over 3.8 million individuals in over 200
countries in 2020. The disease is characterized by severe acute respiratory syndrome with a case fatality rate
of 4.58% |17 . Recent work has shown an association between COVID-19 case fatality and hypertension and
type two diabetes |-17- 19|, Coronaviruses have been demonstrated to gain entry into human cells through the
spike protein (S-protein) that interacts with certain membrane receptors. In the case of SARS-CoV-2, virus
gains cell entry through a type II transmembrane serine protease called TMPRSS2, which activates the viral
spike protein and allows binding to angiotensin-converting enzyme two (ACE2). TMPSS2 and ACE?2 are co-
expressed by type 11 pneumocytes of human lungs [-19|. DPPIV may also function as a co-receptor for viral
entry of SARS-CoV-2 by facilitating S-protein binding [-17--18]. Computational models have suggested an
association between DPPIV dysfunction and COVID- 19 disease severity based on the anti-inflammatory
effects of DPPIV inhibitors such as vildagliptin and saxagliptin shown in animal studies [-18]. Further
experimental studies are needed to evaluate the clinical impact of DPPIV inhibition on COVID-19 disease
course.
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A recent genetic study by Senapati et al. on the interactions among SARS-CoV-2 spike protein, TMPRSS2,
and CD26 further characterized the potential role of CD26 in COVID19 infection. CD26 is found to be
significantly involved in the expression of key regulatory genes that regulate SARS-CoV-2 internalization.
Furthermore, epigenetic modifications that induce CD26 overexpression are hypothesized to have a role in
the higher case fatality rate of SARS-CoV-2 among type two diabetics; however, results have not been
proven in experimental studies | 1. Due to the known anti-inflammatory effects of DPPIV inhibitors by
reducing C-reactive protein and IL-6 levels, it has been hypothesized that DPPIV inhibitors such as
sitagliptin may play a role in reducing inflammation in SARS-CoV-2 infection | 1%]. However, there is
currently no published experimental data showing that DPPIV inhibitors decrease binding and viral entry.

Conclusions

The diverse role of CD26/DPPIV in immunology, tumorigenesis, glucose homeostasis, and infectious
pathophysiology has been established in numerous studies over the past decades. Beyond the
pathophysiological involvement of CD26 in various diseases, recent in vivo studies and clinical trials suggest
it to be a promising therapeutic target. For example, DPPIV inhibitor sitagliptin reducing the rate of acute
GVHD following allogeneic HSCT suggests an important role in immunosuppression and clinical outcomes
of immune-mediated disorders. Furthermore, the administration of the humanized anti-CD26 mAb YS110
yielded promising antineoplastic outcomes in advanced MPM that previously progressed on numerous
chemotherapy agents, suggesting a more well-tolerated and possibly more effective treatment potential in
certain cancers.

In the arena of infectious disease, studies of mice injected with anti-CD26 mAbs demonstrated successful
suppression of MERS-CoV host infection, although this was not tested in human studies prior to the
eradication of MERS. More relevant to current times, CD26 is believed to function as a co-receptor for viral
entry of COVID-19, while DPPIV inhibitors are hypothesized to reduce the inflammatory response. More
experimental and clinical data are needed to demonstrate the role of DPPIV inhibitors in reducing viral
entry or downstream inflammation, but CD26/DPPIV remains a promising therapeutic target.

Additional Information
Disclosures

Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

References

1. Thompson MA, Ohnuma K, Abe M, Morimoto C, Dang NH: CD26/dipeptidyl peptidase IV as a novel
therapeutic target for cancer and immune disorders. Mini Rev Med Chem, 2007, 7:253-273.

2. Doonan BP, Ohnuma K, Dang LH, Morimoto C, Dang NH: Current and emerging therapy for malignant

pleural mesothelioma: focus on CD26/dipeptidyl peptidase IV as a therapeutic target. Curr Cancer Ther Rev.

2017, 13:76-88.

Chu H, Chan CM, Zhang X, et al.: Middle east respiratory syndrome coronavirus and bat coronavirus HKU9

both can utilize GRP78 for attachment onto host cells. | Biol Chem. 2018, 293:11709-11726.

il

4.  Li K, Wohlford-Lenane CL, Channappanavar R, et al.: Mouse-adapted MERS coronavirus causes lethal lung
dlsease in human DPP4 knockin mice. Proc Natl Acad Sci U S A. 2017, 114:3119-3128.

5. Morimoto C, Torimoto Y, Levinson G, et al.: 1F7, a novel cell surface molecule, involved in helper function
of CD4 cells. | Immunol. 1990, 143:3430-3439,

6. Dang NH, Hafler DA, Schlossman SF, Breitmeyer |B: FcR-mediated crosslinking ofTa] (CDw26) induces
human T lymphocyte activation. Cell Immunol. 1990, 125:42-57. 1 0008-§

7. Dang NH, Torimoto Y, Deusch K, Schlossman SF, Morimoto C: Comitogenic effect of solid- phase
immobilized anti-1F7 on human CD4 T cell activation via CD3 and CD2 pathways. ] Immunol. 1990,
144:4092-4100.

8. Dang NH, Torimoto Y, Schlossman SF, Morimoto C: Human CD4 helper T cell activation: functional
involvement of two distinct collagen receptors, 1F7 and VLA integrin family. ] Exp Med. 1990, 172:649-652.

9. Dang NH, Torimoto Y, Shimamura K, et al.: 1F7 (CD26): a marker of thymic maturation involved in the
differential regulation of the CD3 and CD2 pathways of human thymocyte activation. ] Immunol. 1991,
147:2825-2832.

10.  Torimoto Y, Dang NH, Tanaka T, Prado C, Schlossman SF, Morimoto C: Biochemical characterization of
CD26 (dipeptidyl peptidase IV): functional comparison of distinct epitopes recogmz,ed by various anti-CD26
monoclonal antibodies. Mol Immunol. 1992, 29:183-192. 10 1016 000 009G
11. Torimoto Y, Dang NH, Vivier E, Tanaka T, Schlossman SF, Morimoto C: Coassociation of CD26 (dipeptidyl
peptidase IV} with CD45 on the surface of human T lymphocytes. ] Immunol. 1991, 147:2514-2517.

2021 Pan et al. Cureus 13(2): e13495. DOI 10.7759/cureus. 13495 60of8

90



Cureus

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

41.

42.

2021 Pan et al. Cureus 13(2): 613495, DOI 10.7750/cureus. 13495

Dang NH, Torimoto Y, Sugita K, et al.: Cell surface modulation of CD26 by anti-1F7 monoclonal antibody.
Analysis of surface expression and human T cell activation. ] Immunol. 1990, 145:3963-3971.

Hatano R, Ohnuma K, Yamamoto |, Dang NH, Yamada T, Morimoto C: Prevention of acute graft-versus-host
disease by humanized anti-CD26 monoclonal antibody. Br ] Haematol. 2013, 162:263-277.

P0.0111 hih 12378

Ohnuma K, Hatano R, Aune TM, et al.: Regulation of pulmonary graft-versus-host disease by IL-
26+CD26+CD4 T lymphocytes. ] Immunol. 2015, 194:3697-3712. 104049 pmmuncl 1402783

Liu X, Zhang T, Zhang C: Sitagliptin inhibits extracellular matrix accumulation and proliferation in lung
fibroblasts. Med Sci Monit. 2020, 26:€922644.

Farag SS, Abu Zaid M, Schwartz JE, et al.: Dipeptidy! peptidase 4 inhibition for prophylaxis of acute graft-
versus-host disease. N Engl ] Med. 2021, 384:11-19. 10.1056 NEJMoa2027372

Takasawa W, Ohnuma K, Hatano R, Endo Y, Dang NH, Morimoto C: Inhibition of dipeptidyl peptidase 4
regulates microvascular endothelial growth induced by inflammatory cytokines. Biochem Biophys Res
Commun. 2010, 401:7-12, 10.1016 {.hbre 201008152

Shirakawa }, Fujii H, Chnuma K, et al.: Diet-induced adipose tissue inflammation and liver steatosis are
prevented by DPP-4 inhibition in diabetic mice. Diabetes. 2011, 60:1246-1257. 12337 dh1i1- 1334

Amori RE, Lau |, Pittas AG: Efficacy and safety of incretin therapy in type 2 diabetes: systematic review and
meta-analysis. JAMA. 2007, 298:194-206. 10,1001 jama.298.2.194

Ohnuma K, Hatano R, Komiya E, et al.: A novel role for CD26/dipeptidyl peptidase 1V as a therapeutic target .
Front Biosci (Landmark Ed). 2018, 23:1754-1779.

Sato K, Aytac U, Yamochi T, et al.: CD26/dipeptidyl peptidase IV enhances expression of topoisomerase 11
alpha and sensitivity to apoptosis induced by topoisomerase Il inhibitors. Br ) Cancer. 2003, 89:1366-1374.

HLLURS S hICHsD 2SR
Aytac U, Sato K, Yamochi T, et al.: Effect of CD26/dipeptidyl peptidase IV on Jurkat sensitivity to G2/M
arrest induced by topoisomerase Il inhibitors. Br ] Cancer. 2003, 88:455-462. {0.1U38 sj bic.onlii™¢]

Yamochi T, Yamochi T, Aytac U, et al.: Regulation of p38 phosphorylation and topoisomerase Ilalpha
expression in the B-cell lymphoma line Jiyoye by CD26/dipeptidyl peptidase IV is associated with enhanced
in vitro and in vivo sensitivity to doxorubicin. Cancer Res. 2005, 65:1973-1983. 10,1155 CONS- 3472 CAN 04
RITEDI

Aoe K, Amatya V], Fujimoto N, et al.: CD26 overexpression is associated with prolonged survival and
enhanced chemosensitivity in malignant pleural mesothelioma. Clin Cancer Res. 2012, 18:1447-56.
Angevin E, Isambert N, Trillet-Lenoir V, et al.: First-in-human phase 1 of YS110, a monoclonal antibody
directed against CD26 in advanced CD26-expressing cancers. Br | Cancer. 2017, 116:1126-1134.

H0T038 Dic.201 702

Takeda M, Ohe Y, Horinouchi H, et al.: Phase I study of YS110, a recombinant humanized monoctonal
antibody to CD26, in Japanese patients with advanced malignant pleural mesothelioma. Lung Cancer. 2019,
137:64-70. 10, 100 i lungcan. 201900010

Lu Z, Qi L, Bo XJ, Liu GD, Wang M, Li G: Expression of CD26 and CXCR4 in prostate carcinoma and its
relationship with clinical parameters. ] Res Med Sci. 2013, 18:647-652.

Shah C, Hong YR, Bishnoi R, et al.: Impact of DPP4 inhibitors in survival of patients with prostate, pancreas,
and breast cancer. Front Oncol. 2020, 10:405-2020. |1:.3559 fonc. 20Zini0 313

Wesley UV, McGroarty M, Homoyouni A: Dipeptidy] peptidase inhibits malignant phenotype of prostate
cancer cells by blocking basic fibroblast growth factor signaling pathway. Cancer Res. 2005, 65:1325-1334.

HE T3S 0008547 LCAN 04-1852

Sun YX, Pedersen EA, Shiozawa Y, et al.: CD26/dipeptidy] peptidase [V regulates prostate cancer metastasis
by degrading SDF-1/CXCL12. Clin Exp Metastasis. 2008, 25:765-776. [(\.1{017 510385 -0NS- 9188

Russo JW, Gao C, Bhasin SS, et al.: Downregulation of dipeptidyl peptidase 4 accelerates progression to
castration-resistant prostate cancer. Cancer Res. 2018, 78:6354-6362, ©i+.11°8 {005 3472 CAN- Iy tohT
Nazarian A, Lawlor K, Yi SS, et al.: Inhibition of circulating dipeptidyl peptidase 4 activity in patients with
metastatic prostate cancer. Mol Cell Proteomics. 2014, 13:3082-3096. 1111074 mcp 2L 1-LORSSRY,

Cordero O], Ayude D, Nogueira M, Rodriguez-Berrocal FJ, de la Cadena MP: Preoperative serum CD26 levels:
diagnostic efficiency and predictive value for colorectal cancer. Br ] Cancer. 2000, 83:1139-1146.

P03 Bjoc. 20001410

De Chiara L, Rodriguez-Piiieiro AM, Rodriguez-Berrocal F), Cordero 0], Martinez-Ares D, de la Cadena MP:
Serum CD26 is related to histopathological polyp traits and behaves as a marker for colorectal cancer and
advanced adenomas. BMC Cancer. 2010, 10:333-2010. 100186 147 0- 2407 [0-53%

Larrinaga G, Perez I, Sanz B, et al.: Dipeptidyl-peptidase IV activity is correlated with colorectal cancer
prognosis. PLoS One. 2015, 10:0119436-2015. 11157 journal.ponctii 19456

Jang TH, Janker F, De Meester 1, et al.: The CD26/DPP4-inhibitor vildagliptin suppresses lung cancer growth
via macrophage-mediated NK cell activity. Carcinogenesis. 2019, 40:324-334. 10,1093 carcin hze0n9

Pang R, Law WL, Chu AC, et al.: A subpopulation of CD26+ cancer stem cells with metastatic capacity in
human colorectal cancer. Cell Stem Cell. 2010, 6:603-615. 11.10110 [.stens 201004001

Lam CSC, Cheung AHK, Wong SKM, et al.: Prognostic significance of CD26 in patients with colorectal
cancer. PLoS One. 2014, 9:98582-2014. .1 37! rournal.ponc. 0NUsis?

Cheung AH, lyer DN, Lam CS, et al.: Emergence of CD26+ cancer stem cells with metastatic properties in
colorectal carcinogenesis. Int ) Mol Sci. 2017, 18:1106-2017. 10,3390 fims 180n 1 {6

Asada Y, Aratake Y, Kotani T, Marutsuka K, Araki Y, Ohtaki S, Sumiyoshi A: Expression of dipeptidy]
aminopeptidase IV activity in human lung carcinoma. Histopathology. 1993, 23:265-270. 111111 [.150%-
2359.1093hu] 1949.x

Bishnoi R, Hong YR, Shah C, et al.: Dipeptidyl peptidase 4 inhibitors as novel agents in improving survival
in diabetic patients with colorectal cancer and lung cancer: a surveillance epidemiology and endpoint
research medicare study. Cancer Med. 2019, 8:3918-3927. 11+ 182 camd.2278

Dang NH, Aytac U, Sato K, et al.: T-large granular lymphocyte lymphoproliferative disorder: expression of
CD26 as a marker of clinically aggressive disease and characterization of marrow inhibition. Br ) Haematol.

7of8

91



Cureus

43.

45.
46.
47.

48.

49.

2021 Pan et al. Cureus 13(2): e13495. DOI 10.7759/cureus. 13495

2003, 121:857-865. 101040 11503 214103045030

Carbone A, Gloghini A, Zagonel V, et al.: The expression of CD26 and CD40 ligand is mutually exclusive in
human T-cell non-Hodgkin's lymphomas/teukemias. Blood. 1995, 86:4617-4626.

Jones D, Dang NH, Duvic M, Washington LT, Huh YO: Absence of CD26 expression is a useful marker for
diagnosis of T-cell lymphoma in peripheral blood. Am ] Clin Pathol. 2001, 115:885-892. 1i1.1504 UlYe
JHAC SMANM-TAYY

Reinhold D, Bank U, Biihling F, et al.: Inhibitors of dipeptidyl peptidase IV (DP IV, CD26) specifically
suppress proliferation and modulate cytokine production of strongly CD26 expressing U937 cells.
Immunobioclogy. 1994, 192:121-136. i1 1010 SUITL-2083 11804122

Ho L, Aytac U, Stephens LC, et al.; In vitro and in vivo antitumor effect of the anti-CD26 monoclonal
antibody 1F7 on human CD30+ anaplastic large cell T-cell lymphoma Karpas 299. Clin Cancer Res. 2001,
7:2031-2040.

Senapati S, Kumar S, Singh AK, et al.: Assessment of risk conferred by coding and regulatory variations of
TMPRSS2 and CD26 in susceptibility to SARS-CoV-2 infection in human. | Genet. 2020, 99:53.

HLT00T S12001-020-01207-7

Bassendine MF, Bridge SH, McCaughan GW, Gorrell MD: COVID-19 and comorbidities: a role for dipeptidyl

peptidase 4 (DPP4) in disease severity?. | Diabetes. 2020, 12:649-658. /' (11 1733 (D7 13050
Huang C, Wang Y, Li X, et al.: Clinical features of patients infected with 2019 novel coronavirus in Wuhan,
China. Lancet. 2020, 395:497-506. 1! 1itic Sl 4 0730, 20050183 2

92

8of8



Diabetologia (2021) 64:1816-1821
https://doi.org/10.1007/s00125-021-05467-7

SHORT COMMUNICATION ..)

Check for
updates

Reduced beta cell number rather than size is a major contributor
to beta cell loss in type 2 diabetes

Hironobu Sasaki' - Yoshifumi Saisho % - Jun Inaishi’? - Yuusuke Watanabe' - Tami Tsuchiya' - Masayoshi Makio" -
Midori Sato' - Masaru Nishikawa' - Minoru Kitago® - Taketo Yamada®® - Hiroshi Itoh’

Received: 12 December 2020 / Accepted: 1 March 2021 / Published online: 3 May 2021
() The Author(s) 2021

Abstract

Aims/hypothesis Type 2 diabetes is characterised by reduced beta cell mass (BCM). However, it remains uncertain whether the
reduction in BCM in type 2 diabetes is due to a decrease in size or number of beta cells. Our aim was to examine the impact of
beta cell size and number on islet morphology in humans with and without type 2 diabetes.

Methods Pancreas samples were obtained from 64 Japanese adults with (n=26) and without (7 =38) type 2 diabetes who
underwent pancreatectomy. Using pancreatic tissues stained for insulin, we estimated beta cell size based on beta cell diameter.
Beta cell number was estimated from the product of fractional beta cell area and pancreas volume divided by beta cell size. The
associations of beta cell size and number with islet morphology and metabolic status were examined.

Results Both beta cell size (548.7+58.5 vs 606.7+65.0 um’, p<0.01) and number (5.10 x 10°+2.35 % 10% vs 8.16 x 10°+

4.27 % 10%, p <0.01) were decreased in participants with type 2 diabetes compared with those without diabetes, with the relative
reduction in beta cell number (37%) being greater than for beta cell size (10%). Beta cell number but not size was positively
correlated with BCM in participants with and without type 2 diabetes (r=0.97 and »=0.98, both p<0.01) and negatively
correlated with HbA . (r=-0.45, p<0.01).

Conclusions/interpretation Both beta cell size and number were reduced in participants with type 2 diabetes, with the relative
reduction in beta cell number being greater. Decrease in beta cell number appears to be a major contributor to reduced BCM in
type 2 diabetes.

Keywords Beta cell mass - Beta cell number - Beta cell size - Human pancreas - Japanese

Abbreviations DM group  Participants with diabetes
BCA Beta cell area NDM group Participants without diabetes
BCM Beta cell mass
4 Yoshifumi Saisho Introduction
ysaisho@keio.jp
Type 2 diabetes is characterised by reduced beta cell mass
" Department of Internal Medicine. Keio University School of (BCM) [1]. Since type 2 diabetes is a progressive disorder, it
Medicine, Tokyo, Japan is important to develop treatment strategies to preserve BCM
2 Center for Preventative Medicine, Keio University School of in individuals with type 2 diabetes [2].
Medicine, Tokyo, Japan Although BCM has been shown to decrease by approx-
*  Department of Surgery, Keio University School of Medicine, imately 20-65% in individuals with type 2 diabetes [1, 3,
Tokyo. Japan 4], the precise mechanism remains uncertain. Increased
* Department of Pathology, Keio University School of Medicine, beta cell apoptosis in individuals with type 2 diabetes
Tokyo, Japan has been reported as one of the underlying mechanisms
* Department of Pathology, Saitama Medical University, of reduced BCM [3]; however, recent studies have also
Saitama, Japan suggested beta cell dedifferentiation and/or degranulation
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What is already known about this subject?

[ ]
cell loss remain to be established

Beta cell mass (BCM) is decreased by 20-65% in individuals with type 2 diabetes; however, the mechanisms of beta

Rodent models of type 2 diabetes have demonstrated decreased BCM but increased beta cell size

In non-diabetic Europids, studies have suggested that the increased BCM in participants with insulin resistance or

obesity is due to an increase in beta cell number rather than size

What is the key question?
°
What are the new findings?
.
.

[ ]
participants with and without type 2 diabetes

Does beta cell size and/or beta cell number contribute to reduced BCM in humans with type 2 diabetes?

Both beta cell size and number were decreased in participants with type 2 diabetes
There was a greater relative reduction in beta cell number than in beta cell size in type 2 diabetes

Beta cell number but not size was positively correlated with BCM and negatively correlated with HbA:cin

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

Since reduction in beta cell number rather than size appears to be a major contributor to reduced BCM in humans

with type 2 diabetes, efforts should be made towards developing therapeutic strategies to prevent the reduction
in beta cell number possibly induced by apoptosis, dedifferentiation and/or degranulation in type 2 diabetes

as possible mechanisms [5, 6]. Rodent models of type 2
diabetes have shown decreased BCM but increased beta
cell size [7]. In a previous study on Europids, beta cell
number rather than size was increased in non-diabetic
individuals with insulin resistance or obesity [8, 9].
However, because the studies did not compare these find-
ings with those in diabetic individuals, it remains unclear
how beta cell size and number are altered by diabetes.
Therefore, using our previously published data [10]. we
here aimed to estimate the relative contribution of beta
cell size and number to the reduction of BCM in individ-
uals with type 2 diabetes.

Methods

Participants The characteristics of the participants have been
reported previously [10] and are shown in ESM Table 1. The
Ethics Committee of Keio University School of Medicine
approved this study. Further information can be found in
ESM Methods. Briefly, 64 Japanese individuals with (n =
26) and without (n = 38) diabetes were included in this study.

Measurements and questionnaire Information about pancre-
atic disease, surgical procedure, and height and weight at the
time of surgery was obtained from the medical records.

94

Preoperative HbA . was measured by HPLC (HLC723Gl1;
Tosoh, Tokyo. Japan). Participants were asked about their
detailed weight trajectory using a questionnaire, as previously
reported [10].

Pancreatic tissue processing Surgically removed pancreatic
specimens were quickly fixed in formaldehyde and embedded
in paraffin for subsequent analysis. Then, 5 pm sections were
cut from the tumour-free area and stained for light microscopy
as follows: (1) with haematoxylin—eosin; (2) for insulin
(peroxidase staining) with haematoxylin; (3) for glucagon
with haematoxylin; and (4) for insulin and Ki67 for assess-
ment of beta cell replication, as previously described [10-13].

Morphological analysis To analyse the pancreatic tissues, a
single cross-sectional pancreatic section for each participant
was used. The entire pancreatic section containing approx-
imately 300 islets (total pancreas area 126 +50 mm?) was
imaged at the original magnification of %200 (%20 objec-
tive) using a NanoZoomer-XR slide scanner and viewed
with NDP.view2 software (Hamamatsu Photonics,
Shizuoka, Japan).

For analysis of islet morphology, the ratio of BCA to
total pancreas area was digitally measured using Image Pro
Premier software (Media Cybemetics, Silver Spring, MD,
USA). All analyses were conducted by a single researcher
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(H. Sasaki), and inter- and intra-observer coefficient of vari-
ance were approximately 11% and 5%, respectively.
Individual pancreatic tissues were analysed twice, with
blinding to the metabolic status such as BMI and HbA,,
and the average of the two measurements was used, as
previously described [10].

For further morphological analysis, islet density and mean
islet size were quantified using NDP.view2 in randomly
selected areas of pancreatic tissue containing at least 100 islets
in each case (105 £5 islets, total 6741 islets) [10, 12, 13]. In
addition, we quantified scattered beta cells, insulin-positive
duct cells and beta cell replication (i.e. double staining for
insulin and Ki67) as surrogate markers for beta cell turnover.
The frequency of beta cell apoptosis was not assessed in this
study because it was extremely rare, as described in previous
reports [11-13].

Scattered beta cells were defined as a cell cluster of no
more than three beta cells in acinar tissue, and the density of
scattered beta cells was defined as the number of scattered
beta cells/pancreas area (no./mm-). The density of insulin-
positive duct cells was also measured and expressed as the
number of insulin-positive duct cells/pancreas area (no./
mm?). Beta cell replication frequency was expressed as the
percentage of islets with Ki67.

To measure the size of individual beta cells, six islets
were randomly selected from each sample using
NDP.view2 software, as previously reported [11]. These
islets were then examined to identify six representative
beta cells within each. We primarily selected cells with a
circular shape and that were judged by the observer to have
been sectioned through their maximum diameters. To
determine the mean beta cell diameter, six distances
between two adjacent cell nuclei (including one of the
nuclei) were measured in each of the six islets (i.e. a total
of 36 diameters in each case).

Estimation of beta cell size and number To estimate beta cell
size, mean beta cell diameter was used. As the cells are not
entirely circular, we estimated beta cell size as the average of
two values calculated as 47t°/3 (sphere) and 8r (cube) (where
r = half the mean beta cell diameter).

Beta cell number was calculated, using the reference values
of pancreas volume [14], by the following formula:

Beta cell number = Parenchymal pancreas volume (um?*)

x BCA =+ Beta cell size (um?)

The obtained pancreas volume was multiplied by 0.92 in
the diabetes group because pancreas parenchymal volume was
reduced by 8% in participants with type 2 diabetes [14] and
BCM was estimated as the product of BCA (%) and pancreas
weight (g), assuming 1 cm® pancreas=1 g.

@ Springer

95

Statistical analysis Data are presented as mean +SD unless
otherwise specified. Mann—Whitney U test was used to
analyse the differences between the two groups, and
Spearman correlation coefficients were used to examine the
correlation between two variables. A p value <0.05 was taken
to indicate statistical significance. All analyses were
performed using SPSS (version 26; SPSS, IBM, Chicago,
IL, USA).

Results

Participant characteristics The characteristics of the 38 non-
diabetic participants and 26 diabetic participants have been
reported previously [10] and are shown in ESM Table 1. As
reported, BCA and estimated BCM were reduced by 34% and
43%, respectively, in the participants with diabetes (DM
group) when compared with participants without diabetes
(NDM group) (ESM Table 1). Representative photographs
of islets from participants in the NDM and DM groups are
shown in ESM Fig. 1.

Effects of diabetes and obesity on beta cell size and number
Overall, mean beta cell diameter was 9.13£0.36 pm in
the total participants. As a result, beta cell size and
number were calculated as 583.1 +68.3 um® and 6.92 x
10%£3.90 x 10%, respectively, indicating a wider inter-
individual variation in beta cell number than in beta cell
size (ESM Table 1). There was no significant correlation
between beta cell size and number in either the NDM
group (r=-0.23, p=0.16; Fig. la) or the DM group
(r=0.13, p=0.54; Fig. 1b).

Both beta cell size (548.7 +£58.5 vs 606.7+65.0 um3.
p<0.01; Fig. 1c and ESM Table 1) and number (5.10 108
+235% 10% vs 8.16 x 10°+4.27x 10%, p<0.01; Fig. 1d and
ESM Table 1) were significantly reduced in the DM group
compared with the NDM group. However, in the DM group,
the relative reduction was greater for beta cell number (37%)
than for beta cell size (10%). In both groups of participants
overall, HbA . was not correlated with beta cell size (r=
—0.19, p=0.14; Fig. 1¢) but was negatively correlated with
beta cell number (r=-0.45, p <0.01; Fig. 1) as well as with
BCA (r=-0.38, p<0.01) and BCM (r=-0.47, p <0.01).

In this Japanese cohort, there was no correlation between
current BMI (ESM Fig. 2) or maximum BMI (data not shown)
and beta cell size or number in either the NDM group or the
DM group.

Effects of beta cell size and number on islet morphological
characteristics There was no correlation between beta cell size
and islet morphology in either the NDM group or the DM
group (Fig. 2a.b and ESM Figs. 3, 4). On the other hand, there
was a strong correlation between beta cell number and BCM
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in both the NDM and DM groups (= 0.98 and 0.97, respec-
tively, both p <0.01; Fig. 2c.d), indicating that BCM was
mostly determined by beta cell number rather than size.
There was also a positive correlation between beta cell
number and islet density, and number of scattered beta cells
in the NDM and DM groups (ESM Figs. 3c.d, 4c.d).
Regarding other markers of beta cell turnover, there was no
correlation between beta cell number and number of insulin-
positive duct cells or beta cell replication in either the NDM
group or the DM group (ESM Fig. 4g. h.k.1).

Discussion

In the present study, we found that both beta cell size and beta
cell number were decreased in participants with type 2 diabe-
tes. However, because the reduction in beta cell number was
greater than the reduction in beta cell size (37% vs 10%), beta
cell number is likely to have a major role with respect to the
reduced BCM in type 2 diabetes. We also found that beta cell
number, as well as BCA and BCM, but not beta cell size was
negatively correlated with HbA, ., indicating the importance
of beta cell number for glycaemic control. Furthermore, in this
study, beta cell number was strongly correlated with BCM and
islet density. We reported previously that islet density is
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strongly correlated with BCA and is a major determinant of
BCM [15], consistent with the results of the present study,
suggesting that beta cell number is a determinant of BCM
through islet number. In this present cohort, we reported a
significant positive correlation between birthweight and
BCM, with no change in beta cell size, indicating an associa-
tion between reduced beta cell number and low birthweight
[10]. With regard to beta cell turnover, previous studies have
suggested that beta cell neogenesis, rather than beta cell repli-
cation, is important as the mechanism of regulation of BCM in
adults [3, 8, 9]. These results are consistent with the results of
the present study, in which the number of scattered beta cells,
but not replication of beta cells, was correlated with beta cell
number. The close correlations among beta cell number,
number of scattered beta cells, islet density and BCM could
suggest an important role for newly formed beta cells (through
neogenesis) in the regulation and maintenance of BCM in
adult humans.

In this study, we found no correlation between beta cell size
or number and BMI, in contrast to the previous study in
Europids that showed an increase in beta cell number in
non-diabetic individuals with insulin resistance [8]. This
might be due to the lower BMI of our cohort compared with
that in the study in Europids, although we did not evaluate
insulin sensitivity. However, it is worth noting that beta cell
size was consistent in obese participants regardless of race 9],
supporting the concept that BCM is regulated primarily by
beta cell number rather than beta cell size in humans.

This study was subject to certain limitations. First, actual
BCM, expressed as the product of pancreatic weight and BCA,
was not determined because the presence of pancreatic disease
made it difficult to measure pancreatic weight or volume.
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However, instead we simulated BCM using reference values of
pancreas volume taking into account age, BMI and presence of
type 2 diabetes [14]. Although estimated beta cell size based on
mean beta cell diameter might be inaccurate, the relative differ-
ence in beta cell size and number should not be largely affected.
Indeed, the results were not changed when we assessed beta cell
size and number using only cell diameter and BCA without
pancreas volume (data not shown). Second, different sites of
pancreatic tissue were analysed in each individual according to
the operation; however, the proportion of endocrine cells has
been shown to be relatively consistent regardless of pancreatic
site, except for the ventral portion of the pancreatic head [4].
Moreover, BCA is widely used as a surrogate marker for
BCM:; this is supported by the significant correlation between
BCA and HbA,. in this and prior studies [12, 13]. Third, the
surgical procedures and comorbidities of the participants might
have affected islet morphology; however, BCA in this cohort was
not different from that in other studies (i.e. BCA 1~2% and BCM
0.6~1.2 g [16]). Fourth, as we used the average value of beta cell
diameters, which were assessed in a small population of beta cells
(1386 and 936 cells in the NDM group and DM group, respec-
tively), we might overlook the heterogeneity of beta cell size.

In conclusion, both beta cell size and number were
decreased in type 2 diabetes. The relative reduction in type 2
diabetes was greater for beta cell number than for beta cell
size. Beta cell number but not size was positively correlated
with BCM and negatively correlated with HbA .. These find-
ings indicate that beta cell number rather than size is a major
contributor to reduced BCM in humans with type 2 diabetes.

Supplementary Information The online version of this article (https://doi.
org/10.1007/s00125-021-05467-7) contains peer-reviewed but unedited
supplementary material.
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Significance of secretory leukocyte
peptidase inhibitor in pleural

fluid for the diagnosis of benign
asbestos pleural effusion

Takumi Kishimoto™, Yoko Kojima & Nobukazu Fujimoto

Secretory leukocyte peptidase inhibitor (SLPI) is a biomarker present in the respiratory tract

that protects against tissue destruction and aids in wound healing. We examined whether SLPI

in pleural effusion can be used to distinguish benign asbestos pleural effusion (BAPE) from early-
stage malignant pleural mesothelioma (MPM) and other diseases. We measured the levels of SLPI,
hyaluronic acid (HA), soluble mesothelin-related peptides (SMRP), CCL2, galectin-3, and CYFRA21-1
in 51 patients with BAPE, 37 patients with early-stage MPM, 77 patients with pleural effusions due to
non-small-cell lung cancer (LCa), and 74 patients with other pleural effusions. SLPI levels in the pleural
fluid of patients with BAPE were significantly lower than those in patients with MPM, LCa, and other
pleural effusions (p <0.0001). The area under the curve (AUC) for SLPI's ability to distinguish BAPE
from MPM was 0.902, with a sensitivity of 82.4% and a specificity of 86.5%. This AUC was not only
favourable but was better than the AUC for the ability of CYFRA21-1 to distinguish BAPE (0.853). The
combination of SLPl and CYFRA21-1 achieved an AUC of 0.965 for the differentiation between BAPE
and MPM. Pleural fluid SLPI as well as CYFRA21-1 and HA is useful as a biomarker to diagnose BAPE,
which needs to be distinguished from early-stage MPM.

Abbreviations

AUC Area under the curve

BAPE Benign asbestos pleural effusion
BRCA1 Breast cancer susceptibility gene I
CCL2 C-C motif chemokine ligand 2
CYFRA21-1 Cytokeratin 19 fragment 21-1

CT Computed tomography

FISH Fluorescence in situ hybridization
HA Hyaluronic acid

HF Heart failure

IF Infection

LCa Lung cancer

MCP1 Monocyte chemotactic factor 1
MPM Malignant pleural mesothelioma
ROC Receiver operating characteristic
SLPI Secretory leukocyte peptidase inhibitor
SMRP Soluble mesothelin-related peptides

Benign asbestos pleural effusion (BAPE), an inflammatory lesion of the pleura caused by asbestos fibres, was
first reported in 1964 by Eisenstadt'. The underlying mechanism of BAPE has yet to be elucidated. However, it
is a condition that must be differentiated from early-stage malignant pleural mesothelioma (MPM). BAPE is an
exudative pleural effusion, and its diagnosis is based on a history of occupational exposure to asbestos, findings
of pleural plaque on imaging, and the elimination of other possible causes using pleural fluid markers, cytology,
and pleural biopsy.

Department of Medicine, Okayama Rosai Hospital, 1-10-25 Chikko Midorimachi, Minami-ku, Okayama 702-8055,
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Early-stage lesions of MPM often present with pleural effusion only; however, as the disease progresses,
imaging findings such as pleural rind patterns may suggest a malignant tumour. In early-stage lesions, neoplastic
pleural thickening is typically not present, making it difficult to differentiate from other diseases, particularly
BAPE. Because the diagnosis of early-stage lesions and surgical treatment can improve prognoses, when patients
with a history of asbestos exposure present with pleural effusion, BAPE should be considered for a differential
diagnosis from MPM.

In patients who present with pleural effusion, such as macroscopic and neoplastic pleural thickening, with no
abnormal findings on computed tomography (CT) of the chest, accurate identification of the lesion site can be
challenging, even with thoracoscopic biopsy. When sufficient tumour tissue cannot be obtained from a biopsy
site, it can be difficult to make a histopathological diagnosis. In such instances, the detection of p16 gene deletion
using fluorescence in situ hybridization (FISH) may be useful’~. In addition, the detection of BRCA1-associated
protein 1 deletion in cell nuclei as well as deletion of the p16 gene is reportedly important'.

In the diagnosis of MPM, elevated levels of hyaluronic acid (HA)™* and soluble mesothelin-related peptides
(SMRP) * in pleural fluid are reportedly useful for its differentiation from other diseases. Secretary leukocyte
peptidase inhibitor (SLPI) is a serine protease inhibitor found in the respiratory tract and in the mucous of the
cervical canal, nasal discharge, and saliva. Its physiological function is associated with wound healing and the
prevention of tissue destruction, and it is considered a promising biomarker of acute renal impairment follow-
ing heart surgery’.

In BAPE, which is an inflammatory lesion of the visceral pleura caused by asbestos fibres, the significance of
SLPI in pleural fluid has yet to be confirmed. Here, we measured SLPI levels as a biomarker for BAPE, which is
difficult to differentiate from early-stage MPM, and obtained results superior to those involving other markers.

Methods

We analysed the pleural fluid of 51 patients with a definitive diagnosis of BAPE, 37 patients with early-stage MPM
(diagnosed by histology from pleural biopsy; 31 with epithelial MPM and six with sarcoma-type conditions),
77 patients with malignant pleural effusions due to non-small-cell lung cancer (LCa) (diagnosed by cytological
and histological examinations), 27 patients with heart failure (HF), and 47 patients with bacterial pleurisy (IF)
diagnosed at Okayama Rosai Hospital between 2015 and 2019. The 74 patients with HF and IF were considered
“other” patients.

BAPE can be diagnosed, according to the criteria of Epler et al."’ in individuals with a history of occupational
exposure to asbestos and in whom the presence of pleural effusion can be confirmed. However, a diagnosis of
BAPE is based on the presence of an exudate with no cause other than asbestos exposure and deaminase and
carcinoembryonic antigen in pleural fluid, as well as cytology, pleural plaque findings and, depending on the
patient, pleural biopsy results''.

In this study, we analysed biomarkers of MPM, such as HA, SMRP, CCL2, galectin-3 and CYFRA21-1, in
pleural effusion and compared these markers with SLPI. We measured SLPI using a human SLPI Quantikine
enzyme-linked immunosorbent assay (ELISA), HA using latex coagulating nephelometry, SMRP using Lumipulse
CLEIA, CCL2 using a human MCP-1 ELISA Kit (PromoKine), galectin-3 using a human galectin-3 ELISA kit
(PromoKine), and CYFRA21-1 using a colorimetric fixed quantity assay.

Significant differences between each disease were determined using a nonparametric Kruskal-Wallis test in
accordance with Dunn’s post hoc test, and a p value <0.05 was deemed a significant difference. The reliability of
each marker was evaluated using a receiver operating characteristic (ROC) curve. The cut-off value was deter-
mined based on the curve, and the specificity and sensitivity were calculated. Analyses were performed using R
and GraphPad Prism statistical software.

All participants provided written informed consent before inclusion in the study. This study was approved
by the 3rd Reserch Ethics Committe of Okayama Rosai Hospital on February 26, 2015 (No.113-1). All study
procedures were carried out in accordance with the principles of the Declaration of Helsinki.

Consent for publication.  All participants approve this publication.

Results
Biomarkers for BAPE, MPM, LCa and other diseases. As shown in Fig. |, the SLPI level was
57.8+25.7 ng/mL in patients with BAPE, which was significantly lower than that in patients with MPM
(173.0£134.5 ng/mL) (p<0.0001), LCa (103.5 + 85.7 ng/mL) (p <0.01), and other diseases (124.8 +12.9 ng/mL)
(p<0.05).

The HA level was 38.7 £4.0 ug/mL in patients with BAPE, which was significantly lower than that in patients
with MPM (192.4 +40.4 pg/mL) (p<0.01). On the other hand, the HA level was 25.1+ 2.1 pg/mL in patients
with LCa and 21.5+2.0 pg/mL in patients with other diseases, indicating a significantly (p <0.05) higher level
in patients with BAPE (Fig. 2).

The SMRP level was 7.5+ 0.5 nmol/L in patients with BAPE, which was significantly lower than that in
patients with MPM (28.5£5.5 nmol/L) (p <0.01) and significantly higher than that in patients with other dis-
eases (5.6+0.4 nmol/L) (p<0.05). On the other hand, in LCa patients, the SMRP level was roughly comparable
at 11.0+2.5 nmol/L, with no significant difference observed (p<0.512) (Fig. 3).

The CCL2 level was 6.1+0.8 pg/mL in patients with BAPE, which was significantly higher than that in
patients with MPM (3.7 £0.7 pg/mL), LCa (2.5+0.3 pg/mL), and other diseases (2.0 + 0.3 pg/mL) (all p<0.05)
(Fig. 4). However, the data differed according to the histological type, with a level of 1.5 pg/mL for patients with
epithelioid MPM and 9.5 pg/mL for patients with sarcomatoid MPM. This can difference be attributed to the
fact that three of six patients with sarcomatoid MPM had relatively high levels (between 12.9 and 18.2 pg/mL).
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Figure 1. SLPI levels in pleural effusion from patients with BAPE, MPM, LCA, HF and IE. SLPI secretory
leukocyte peptidase inhibitor, BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma,
LCA lung cancer, HF heart failure, IF bacterial pleurisy.
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Figure 2. HA levels in pleural effusion from patients with BAPE, MPM, LCA and other diseases. HA
hyaluronic acid, BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma, LCA lung
cancer.
Regarding other differential markers, the measured level of galectin-3 was 6.1+ 0.8 ng/mL in patients with
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Figure 3. SMRP levels in pleural effusion from patients with BAPE, MPM, LCA, and IE. SMRP soluble
mesothelin-related peptides, BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma,
LCA lung cancer, IF bacterial pleurisy.

BAPE, which was significantly lower than that in patients with MPM (23.7+4.0 ng/mL), LCa (26.1+3.6 ng/mL),
and other diseases (23.4 £2.6 ng/mL) (all p <0.05) (Fig. 5).

The CYFRA21-1 level was 20.3 + 2.3 ng/mL in patients with BAPE, 162.0 £ 35.8 ng/mL in patients with MPM,
164+31.9 ng/mL in patients with LCa, and 21.1+3.9 ng/mL in patients with other diseases. That is, while these
levels were significantly lower in patients with BAPE than in patients with MPM and LCa (p <0.03), they were
significantly higher than in patients with other diseases (p <0.0001).

Biomarkers to differentiate BAPE from MPM. When the ROC curve was drawn to confirm the reli-
ability of SLPI to differentiate between BAPE and MPM and the cut-off value was 82.9 ng/mL, we found that
the sensitivity was 82.4%, the specificity was 86.5%, and the AUC was 0.902, indicating that SLPI is an effective
differential marker (Fig. 6). However, with a cut-off value of 47.1 pg/mL in the ROC curve for HA, the sensitivity
was 77.0%, the specificity was 75.0%, and the AUC was 0.802 (Fig. 7), which, while useful, were inferior to those
of SLPL. Furthermore, with a cut-off value of 9.0 ng/mL in the ROC curve for SMRP, the sensitivity was 72.3%,
the specificity was 71.4%, and the AUC was below 8 (0.746; Fig. 8). In the ROC curve for CCL2, the cut-off was
1.8 pg/mL, the sensitivity was 62.7%, the specificity was 44.4%, and the AUC was 0.652. In the ROC curve for
galectin-3, the cut-off was 11.4 ng/mL, the sensitivity was 67.9%, the specificity was 59.5%, and the AUC was
0.679. In the ROC curve for CYFRA21-1, the cut-off was 37.3, the sensitivity was 85.3%, and the specificity was
70.3. These results suggest that SLPI is a more effective marker than HA and SMRP, which are differential mark-
ers for mesothelioma, for the differential diagnosis of BAPE.

Tests of the ability of each pleural fluid marker to differentiate BAPE from early-stage MPM revealed that,
SLPI, CYFRA21-1, HA and SMRP can be used in the diagnosis of BAPE. A combination of SLPI and CYFRA21-1
for the differentiation between BAPE and early-stage MPM achieved an AUC of 0.965.

Discussion
By focusing on BAPE and differentiating it from early-stage MPM and other diseases, we found that SLPI in
pleural fluid was a significant indicator because the values were significantly lower than those for other diseases.
We believe that the mechanism of BAPE (i.e., asbestos fibres on the visceral pleura) may involve mechanical
inflammation without wound healing and the prevention of tissue destruction because of the low SLPI value
observed in pleural effusion.
Although HA and SMRP reportedly serve as differential markers for MPM and other diseases, upon draw-
ing the ROC curve, SLPI had an AUC of 0.902, indicating higher reliability than CYFRA21-1, HA and SMRP.
Combining pleural effusion markers with pleural fluid cytology, chest CT, and positron emission tomog-
raphy-CT images facilitates the differentiation of BAPE from MPM and LCa, which are malignant tumours.
However, in the early stages of MPM, many patients do not exhibit significant uptake on chest CT or PET-CT, and
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Figure 4. CCL2 levels in pleural effusion from patients with BAPE, MPM, LCA and other diseases. CCL2 C-C
motif chemokine 2, BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma, LCA lung
cancer.
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Figure 5. Galectin-3 levels in pleural effusion from patients with BAPE, MPM, LCA and other diseases. BAPE
benign asbestos pleural effusion, MPM malignant pleural mesothelioma, LCA lung cancer.
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Figure 6. Receiver operating characteristic curve of SLPI for the differential diagnosis between BAPE and
MPM. BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma, SLPI secretory leukocyte
peptidase inhibitor (SPSS Statistics V26 for IBM Japan (https://www.ibm.com/jp-ja/products/spss-statistics)).
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Figure 7. Receiver operating characteristic curve for HA for the differential diagnosis between BAPE and
MPM. BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma, HA hyaluronic acid
(SPSS Statistics V26 for IBM Japan (https://www.ibm.com/jp-ja/products/spss-statistics)).

it has been reported that MPM is diagnosed by searching for the presence of p16 gene mutations in histopathol-
ogy specimens using FISH and cytology tools when more than a certain number of homozygous deletions are
confirmed'". However, in MPM patients, the rate of diagnosis by pleural effusion cytology is much lower than
that by pleural effusion caused by malignant tumours such as LCa. Therefore, even if tumour cells are detected,
markers that suggest MPM is present. In the past, such markers included osteopontin'" and fibulin-3'""", but at
present, they are rarely evaluated.
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Figure 8. Receiver operating characteristic curve for SMRP for the differential diagnosis between BAPE

and MPM. BAPE benign asbestos pleural effusion, MPM malignant pleural mesothelioma, SMRP soluble
mesothelin-related peptides (SPSS Statistics V26 for IBM Japan (https://www.ibm.com/jp-ja/products/spss-stati
stics)).

As a marker for differentiating pleural effusion in MPM, SLPI is described only in a report by Blanquart
et al.'’; however, in their report, three markers (CCL2, galectin-3, and SMRP) were reportedly effective, and if
they were used properly, MPM could be differentiated from other diseases that cause pleural effusion, with an
AUC of 0.968. However, Blanquart et al. used three markers rather than a single marker. For SLPI alone, the
AUC was 0.706, which was the lowest among the markers examined, but its significance was not evaluated.
However, our data showed that for the differentiation between BAPE and early-stage MPM, the AUC of a single
marker (SLPI) was 0.902, and its combination with CYFRA21-1 achieved an AUC of 0.965, close to the 3 mark-
ers described above.

With regard to MPM, CCL2 levels in pleural fluid are high and reportedly increase as the disease progresses .
We reported that high levels were found in the serum in patients with advanced-stage MPM'". In the present
study, we examined CCL2 in pleural fluid and found significantly higher levels in patients with BAPE than in
patients with LCa and other diseases. However, with respect to MPM, which should be associated with high
levels, we found significantly lower levels compared with BAPE (p <0.016), in contrast to Blanquart et al."’, who
reported that the levels differed according to the histological type, with 2.82 ng/mL in epithelial mesothelioma
and 16.73 ng/mL in sarcomatoid mesothelioma. Our patients included 31 with epithelial mesothelioma and
six with sarcomatoid mesothelioma (indicating overwhelmingly more patients with epithelial mesothelioma),
and the mean level was therefore low, at 2.15 pg/mL. Of the 37 MPM patients included in this study, three
had sarcomatoid mesothelioma, and while some patients had a high level, the level in patients with epithelial
mesothelioma was 0.4 to 3.0 pg/mL, indicating significant individual variation. We therefore intend to conduct
another study with a larger sample size.

Galectin-3 levels were not only high in MPM patients but also in LCa patients, and we therefore suspect that
galectin-3 can be used to rule out malignancy because low levels are found in BAPE patients'”. Similarly, for
CYFRA21-1, high levels are common in pleural effusions, even in early-stage MPM, and therefore, even if there
is no malignant pleural thickening on imaging, early-stage MPM should be considered because CYFRA21-1
appears to be a marker that can warrant thoracoscopic biopsy™".

When comparing HA, which is a biomarker of mesothelioma, and SMRP by focusing not on MPM but on
BAPE, we found a significantly high AUC of 0.902 for SLPI and significantly lower AUCs for CYFRA21-1 (0.853),
HA (0.802) and SMRP (0.746). Even on its own, SLPI was deemed a superior marker for differentiating BAPE
from MPM compared with HA and SMRP. We also found that it was more useful than HF or IF for differentiat-
ing LCa. A differential diagnosis of LCa can be based on cytology or tumour markers such as carcinoembryonic
antigen and CYFRA21-1; for tuberculosis pleurisy among IF, it can be based on adenosine deaminase; and for
inflammatory pleurisy, a differential diagnosis can be achieved based on neutrophilia in pleural fluid.

Because SLPI levels were significantly lower in patients with BAPE than in patients with pleurisy caused by
other diseases, such as MPM, SLPI may be an effective screening marker for the diagnosis of BAPE and in the
differential diagnosis of early-stage MPM.
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Conclusions

The levels of SLPI in the pleural fluid of patients with BAPE were significantly lower than those in patients with
MPM, LCa, and other diseases. For the differential diagnosis of early-stage MPM, we propose the inclusion of
SLPI as a pleural effusion marker along with CYFRA21-1.

Data availability
All data generated or analysed during this study are included in this published article.
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Abstract

Background: Chest radiography (CR) is employed as the evaluation of pneumoconiosis; however, we sometimes
encounter cases in which computed tomography (CT) is more effective in detecting subtle pathological changes or
cases in which CR yields false-positive results.

Purpose: To compare CR to CT in the diagnosis of early-stage pneumoconiosis.

Material and Methods: CR and CT were performed for 132 workers with an occupational history of mining. We
excluded 23 cases of arc-welder’s lung. Five readers who were experienced chest radiologists or pulmonologists inde-
pendently graded the pulmonary small opacities on CR of the remaining |09 cases. We then excluded 37 cases in which
the CT data were not sufficient for grading. CT images of the remaining 72 cases were graded by the five readers. We
also assessed the degree of pulmonary emphysema in those cases.

Results: The grade of profusion on CR (CR score) of all five readers was identical in only 5 of 109 cases (4.6%). The CR
score coincided with that on CT in 40 of 72 cases (56%). The CT score was higher than that on CR in |3 cases (18%).
On the other hand, the CT score was lower than that on CR in |9 cases (26%). The incidence of pulmonary emphysema
was significantly higher in patients whose CR score was higher than their CT score.

Conclusion: CT is more sensitive than CR in the evaluation of early-stage pneumoconiosis. In cases with emphysema,
the CR score tends to be higher in comparison to that on CT.
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Pneumoconiosis, an occupational lung disease caused
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by the inhalation of silica, coal particles, or asbestos,
still has a serious effect on occupational health world-
wide (1). Silicosis, a pneumoconiosis, is an incurable
lung disease caused by the inhalation of dust contain-
ing free crystalline silica. Early recognition is important
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in the management of this disease. Early-stage pneu-
moconiosis is defined as profusion 0/1 to 1/1 cases on
chest radiography (CR) based on the international clas-
sification of radiographs of pneumoconiosis published
by International Labour Office (ILO) (2,3). Because
they do not have pulmonary dysfunction, a radiologi-
cal examination is essential for the diagnosis of pneu-
moconiosis for both clinical and epidemiological
purposes (1). Although workers with possible exposure
to occupational dust are screened using CR, there are
some limitations in the assessment of pneumoconiosis
on CR.

Computed tomography (CT) is more sensitive than
CR in detecting lung parenchymal abnormalities. CR
as well as CT findings in patients with silicosis have
been documented, and it has been reported that discor-
dance between the two was high, especially for CR-
negative and early-stage pneumoconiosis cases (2). In
addition, we sometimes encounter cases in which nod-
ules, which are suspected on CR, are not evident on
CT, especially in patients with pulmonary emphysema.
The aim of the present study was to compare the CR
and CT findings in the diagnosis of early-stage pneu-
moconiosis. Moreover, we also would like to evaluate
whether the presence or degree of pulmonary emphy-
sema is associated with the CR and CT scores.

Material and Methods

The present retrospective study was approved by the
institutional review board of our hospitals, and the
requirement for informed written consent was waived
from all participants.

Patients

CR and CT examinations were performed for 132
workers with an occupational history of mining, who
were recruited from two laborers’ hospitals. Because
the imaging findings of arc-welder’s pneumoconiosis
are different from those of silicosis (4), we excluded
23 cases of arc-welder’s lung (Fig. 1). Thus, 109 indi-
viduals (109 men; age range=48-89 years; mean
age =74.8 years) with silicosis or coal workers’ pneu-
moconiosis were included. They included 25 smokers,
72 ex-smokers, and 12 never-smokers. None of the
workers in the study had a history of pulmonary dis-
ease, such as tuberculosis, pneumonia, or lung cancer.

Interpretation of chest radiography

Posteroanterior CR was taken at full inspiration. CR
images were displayed in 3-megapixel LCD medical-
grade gray-scale monitor (Radiforce GS 320; Eizo,
Ishikawa, Japan). Five readers, who were experienced
chest radiologists (MT, KK, and SN, with 21-35 years
of experience) or pulmonologists (TK and YO, with 27
and 15 years of experience, respectively) independently
graded the profusion of lung abnormalities on CR of
109 cases in comparison to a set of standard radio-
graphs provided by Ministry of Health, Labour and
Welfare Labour Standards Bureau. In this set, CR
findings are classified into one of seven PR (profusion)
categories (PR 0, 1, 2, 3, 4A, 4B, and 4C). No radio-
graphic signs of pneumoconiosis are graded as PRO
and those with pneumoconiotic small opacities as
PR1-PR3, depending on increasing number

Patients with an occupational history of mining underwent CR and CT
(n=132)

arc-welder’s lung (n=23)

Five readers, who were experienced chest radiologists or
pulmonologists independently graded the CR images (n=109)

Slice thickness > 5 mm (n=36)

+—

with bronchiectasis (n=1)

v

Five readers, who were experienced chest radiologists or
pulmonologists, graded the chest CT images with consensus (n=72)

Fig. 1. Study selection process.
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Table . Observer performance of the experienced chest Table 2. Comparison of both CR and CT scores (n=72).
radiologists or pulmonologists in the interpretation of CR images
(n=109). CT score
CR score  5/5 agreement  4/5 agreement  3/5 agreement  CR score /1 1/0 i 1<
o/l 4 14 1 0/1 (n=27) 21 5 0 |
110 | 7 28 1/0 (n=27) 13 9 4 |
1 0 3 14 I/l (n=15) 3 2 8 2
>/ 0 2 4 i<l (n=3) 0 I 0 2
Toul 5 (46%) 26 (24%) 57 (52%) CR, chest radiography; CT, computed tomography.
CR, chest radiography.

Table 3. Correlation between the degree of pulmonary
(profusion), and large opacities as PR4. Small opacities emphysema and CR/CT scores (n=72).
pl‘O.fUSIOI} is reco.rde.d on a 12-point scal.e from 0/- to‘3/ Pulmonary emphysema CR>CT CR=CT CR<CT
+, in which 0/~ indicates no abnormality and 3/+ sig-
nifies the highest concentration of small opacities. We None (n=43) 5 26 12
analyzed the observer performance of the five readers Mid (n=21) 7 13 I

Severe (n=8) 7 | 0

in the interpretation of CR. After the analysis of their
scores (Table 1), the images from cases for which there
was disagreement among the reviewers were reviewed
to reach a consensus.

Interpretation of CT

All individuals were scanned in two CT scanners (TSX-
302A/1A Aquilion PRIME (Toshiba Medical Systems,
Tochigi, Japan) and Light Speed VCT (GE Healthcare,
Chicago, IL, USA). Because of the retrospective design
of this study, various CT scan protocols were used, and
CT images were obtained with slice thicknesses in the
range of 3-8mm and slice intervals in the range of
5-8 mm at full inspiration. We excluded 36 cases with
a slice thickness of >5mm, and one case with marked
bronchiectasis in the interpretation of CT images
(Fig. 1). CT images were also displayed in 3-megapixel
LCD medical-grade gray-scale monitor (Radiforce GS
320; Eizo, Ishikawa, Japan). All CT images were
viewed on lung window setting (level=-700 HU;
width = 1500 HU). Five readers also graded the profu-
sion of lung abnormalities on CT images of 72 cases
with consensus.

We compared the scores in both the CR and CT
images. Two other experienced chest radiologists (HH
and KA, with 22 and 30 years of experience, respec-
tively) evaluated each CT image and classified the
degree of emphysema into three levels: none; mild;
and severe. These three levels correspond to the classi-
fication in the Fleischner Society guidelines as follows:
none=none or trace; mild=mild or moderate; and
severe = confluent or advanced destructive (5). The
relationship between the degree of emphysema and
the CR/CT scores was examined.
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CR, chest radiography; CT, computed tomography.

Data analysis

The weighted value of kappa was calculated for the
comparison of CR and CT scores (Table 2).
Spearman’s rank correlation coefficient was calculated
to assess the correlation between the degree of pulmo-
nary emphysema and the CR/CT scores (Table 3).

Results

The observer performance in the interpretation of CR
images is shown in Table 1. The scores of all five
observers were identical in only 5 of 109 cases
(4.6%). There were 26 cases (24%) in which the
scores of four of the five observers matched. There
were 57 cases (52%) in which the scores of three of
the five observers matched.

A comparison of CR and chest CT according to the
categories is shown in Table 2. The weighted value of
the kappa coefficient between the CR and CT scores
was 0.456 (P < 0.01). 21 out of 27 cases with a CR score
of 0/1 matched the score of the CT images. Six cases
with a CR score of 0/1 were scored as 1/0 (n=35) or 1/
<1 (n=1) on CT images. Five cases with a CR score of
1/0 were scored as 1/1 (n=4) or 1/<1 (n=1) on CT
images. Two cases with a CR score of 1/1 were scored
as 1/<1 (n=2) on CT images. Therefore, there were 13
cases in which the CT score was higher than the CR
score (Fig. 2). On the other hand, there were 19 cases in
which CR score was higher than the CT score (Fig. 3).

The correlation between the degree of pulmonary
emphysema and the CR/CT scores is shown in
Table 3. The incidence of pulmonary emphysema was
significantly higher (r=0.503; P<0.001) in cases in
which the CR score was higher than the CT score.
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(b)

Fig. 2. (a) A 72-year-old man with an exposure duration of 30 years. Chest radiography was judged as profusion 0/1. (b) Computed
tomography images revealed many small opacities in the lung parenchyma (circles).

Fig. 3. (a) An 81-year-old man with an exposure duration of 34 years. CR was judged as profusion 1/I. (b) Computed tomography

images revealed pulmonary emphysema with a few small opacities in the lung parenchyma. (c) Magnified image of the upper lung fields
of CR (a). There appear to be small nodules in the upper lung fields (circles). CR, chest radiography.

Discussion

In the present study, CT is more sensitive than CR in the
evaluation of pneumoconiosis. Pneumoconiosis is usu-
ally diagnosed based on CR. Currently the diagnosis is
based on the international classification of radiographs
of pneumoconiosis, published by the ILO in 1980 (3);
however, CR is of limited value in cases of low-grade
diffuse infiltrative lung disease (6,7). In this study, 18%
(13/72) of cases had small nodular lesions that could only
be detected on CT, or in which more nodules could be
detected by CT. There are some cases in which tiny nod-
ules can only be depicted on CT. Suganuma et al. (8)
reported that the CR categorical classification was sim-
ilar to high-resolution CT (HRCT), with the exception of
category 0, in which HRCT was more sensitive.

In patients with pulmonary emphysema, the CR
score tended to be higher than the CT score.
Although Savranlar et al. (2) also reported that the
CR categorical score was higher than the CT score in

(c)

15 of 67 patients, the reason was not shown. Patients
with silicosis often have pulmonary emphysema. Bergin
et al. (9) reported that pulmonary emphysema associ-
ated with silicosis was easily detected on CT. To the
best of our knowledge, there are no reports on the
overestimation of silicotic nodules by correlated with
pulmonary emphysema.

It is difficult to diagnose pulmonary emphysema
based on CR alone. Thurlbeck and Simon (10)
described two different roentgenologic patterns of
altered pulmonary vascularity in patients with pulmo-
nary emphysema, namely, “arterial deficiency” and
“increased marking”. “Increased marking” refer to
prominent vascular markings which tend to be irregular
in contour. This pattern is thought to occur in patients
with mild or moderate emphysema due to redistribution
of blood flow, pulmonary arterial hypertension and
lung overinflation. We hypothesize that the presence
of “increased marking™ is one of the factors associated
with overestimation of tiny nodules on CR.
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Although image interpretation was performed by
experienced radiologists or pulmonologists in this
study, there were only 5 cases (4.6%) in which all five
scores of pneumoconiosis on CR matched. The diag-
nosis is based on the international classification of
radiographs; however, the criterion is ambiguous due
to the number of nodules. Since this ambiguity cannot
be completely eliminated, even by CT, we are of the
opinion that objective evaluation by a system such as
computer-assisted diagnosis will be necessary in the
future.

The present study has some limitations. First, this
was a retrospective study. Second, the study population
was relatively small. Third, the slice thickness of CT
was relatively thick, not thin-section CT, because CT
scans with thick slice thickness have been performed in
the past for screening purposes at many institutions,
and they are performed in some institutions in our
country, even at the present time. Therefore, this limi-
tation might influence the CT profusion score.

In conclusion, CT is more useful than CR in the
evaluation of pneumoconiosis. In addition to depicting
tiny nodules, we could reduce overestimation, especial-
ly in cases with pulmonary emphysema. We suggest
using CT as a standard screening method to distinguish
between normal and early-stage pneumoconiosis.

Acknowledgments

The authors thank Yuko Nishimoto and Tetsuhisa Nita for
their helpful comments.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The authors received the following financial support for the
research, authorship, and/or publication of this article: This
study was supported by the Ministry of Health, Labour and
Welfare Scientific Research Grant of Japan.

113

ORCID iD
Kazuto Ashizawa (2} https://orcid.org/0000-0001-6726-1297

References

1. Akira M. High-resolution CT in the evaluation of occu-
pational and environmental disease. High-resolution CT
of the lung II. Radiol Clin North Am 2002;40:43-59.

. Savranlar A, Altin R, Mahmutyazicioglu K, et al
Comparison of chest radiography and high-resolution
computed tomography findings in early and low-grade
coal worker’s pneumoconiosis. Eur J Radiol
2004;51:175-180.

3. International Labour Office. Guideline for the use of ILO
international classification of radiographs of pneumoco-
niosis, revised ed. 31. Occupational Safety and Health
Series No.2. Geneva: International Labour Office, 1980.

4. Yoshii C, Matsuyama T, Takazawa A, et al. Welder’s
pneumoconiosis:  diagnostic  usefulness of  high-
resolution computed tomography and ferritin determina-
tions in bronchoalveolar lavage fluid. Intern Med
2002;12:1111-1117.

5. Lynch DA, Austin JHM, Hogg JC, et al. CT-definable
subtypes of chronic obstructive pulmonary disease: a
statement of the Fleischner Society. Radiology
2015;277:192-205.

6. Gevenois PA, Pichot E, Dargent F, et al. Low-grade coal
worker’s pneumoconiosis. Comparison of CT and chest
radiography. Acta Radiol 1994;35:351-356.

7. Epler GR, McLoud TC, Gaensler EA, et al.

Normal chest roentgenograms in chronic diffuse infiltra-
tive lung disease. N Engl J] Med 1978;298:934-939.

8. Suganuma N, Kusaka Y, Hosoda Y, et al. The Japanese
Classification of Computed Tomography for pneumoco-
niosis with the ILO international classification of radio-
graphs for pneumoconiosis. J Occup Health
2001;43:24-31.

9. Bergin CJ, Muller NL, Vedal S, et al. CT in silicosis:
correlation with Plain Films and Pulmonary Function
Tests. AJR Am J Roentgenol 1986;146:477-483.

10. Thurlbeck WM, Simon G. Radiographic appearance of

the chest in emphysema. AJR Am J Roentgenol
1978;130:429-440.

[a=]






Respiratory Medicine Case Reports 33 (2021) 101381

| IER journal homepage: hiip: v el

Contents lists available at ScienceDirect

Respiratory Medicine Case Reports

£y MEDICINE
CASE REPORTS

Case report

A patient with epithelioid pleural mesothelioma (Myxoid variant) who
survived for a long period without treatment
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ARTICLEINFO ABSTRACT

Keywords:

Epithelioid mesothelioma
Myxoid variant

Long-term survival

No history of asbestos exposure
Female

Pleural mesothelioma is a disease with a very poor prognosis. Here, we report a mesothelioma patient who
survived for 5 years and a half. As a result of the autopsy, the tumor was diagnosed as a myxoid variant, which is
internationally proposed as a histological subtype of epithelioid mesothelioma with a relatively favorable
prognosis. Since patients with this disease are expected to survive for a long period even without treatment,
careful determination of the therapeutic approach is considered necessary. This report is considered to be the

first of a myxoid variant epithelioid pleural mesothelioma in Japan.

1. Introduction

According to mortality statistics by the Ministry of Health, Labour
and Welfare of Japan, the number of deaths due to mesothelioma
throughout Japan in 2018 was 1,512, consisting of 1275 males and 237
females (male/female ratio = 5.38:1) [1]. Asbestos exposure is consid-
ered to have been the cause of the disease in about 80% of the patients,
and pleural mesothelioma accounted for about 80% of all cases. Patients
with pleural mesothelioma have a chance of cure only if diagnosed at a
very early stage and undergo extrapleural pneumonectomy. In other
patients, the survival period is about 1-2 years, even with a combination
of cisplatin + pemetrexed, which is presently the standard chemo-
therapy for mesothelioma. According to the survey of the Japanese As-
sociation of Clinical Cancer Centers (compiled in February 2018) cited
in the Guidelines for Malignant Mesothelioma in the Guidelines for
Diagnosis and Treatment of Lung Cancer 2018, the 5-year survival rate
by stage is 14.6% for stage I, 4.5% for stage II, 8.0% for stage III, and
0.0% for stage IV. The prognosis is extremely poor in all stages [].
However, since the immune checkpoint inhibitor nivolumab began to be
covered by health insurance in the summer of 2018 in Japan, some
improvement in the therapeutic outcome is expected for the future. We
encountered a female patient with pleural mesothelioma without a clear
history of asbestos exposure who was diagnosed during a health checkup
and survived for five years and six months even without treatment. Since
autopsy could be performed, we report this case with details of the

* Corresponding author.

E-mail address: (K. Mizuhashi).

histopathological findings.

1.1. Case presentation

The patient was an 82-year-old female with dyspnea as the primary
complaint. She had no particular past or familial history. She used to be
a nurse (until the age of 72 years) and had no history of occupational
asbestos exposure. There was also no history of residence in an asbestos-
contaminated environment.

Regarding the history of the present illness, she presented with
abnormal chest radiographs (1iz. !a) during a community health
screening in July 2006. Still, she left the findings unattended because of
the absence of symptoms. On a retrospective review of the plain chest
radiographs taken one year before, in July 2005, the right costophrenic
angle was already blunted. The plain chest radiographs taken during the
community health screening in July 2007 indicated abnormalities again
(V'iz. 1b). At this time, as the chest radiographs showed a mass in the
right thoracic wall in addition to right pleural effusion, the patient was
referred to a hospital for close examination. In the chest CT scans taken
in July 2007 (I 1. 2), a small amount of pleural effusion was noted on the
right side, and pleural masses were found in the right anterior medias-
tinum and anterior and lateral thoracic regions. A percutaneous pleural
needle biopsy was performed for the mass of the right lateral chest wall,
and a diagnosis of pleural mesothelioma was made. The pathologist in
charge of the needle biopsy described the pathological findings as

Received 17 November 2020; Received in revised form 22 February 2021; Accepted 3 March 2021

Available online 8 March 2021

2213-0071/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http:/ creativecommons.orglicenses by 4.0.).
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Fig. 1a. Chest radiographs July 2006
The right costophrenic angle is blunted, but no other abnormalities were noted
at this point.

Fig. 1b. Chest radiographs
Blunting of the right costophrenic angle has progressed, and a mass is observed
in the thoracic wall.

epithelioid mesothelioma with edematous stroma, and intracytoplasmic
mucinous vacuoles are outstanding. However, when we re-evaluated the
specimen, it was an epithelioid mesothelioma with abundant myxoid
stroma and was completely homogeneous with the histological image at

116

Respiratory Medicine Case Reports 33 (2021) 101381

autopsy as described below.

Therefore, the clinician recommended anticancer drug treatment.
However, as the patient did not wish for aggressive treatment, she was
followed-up without treatment.

! shows a plain chest radiograph taken in April 2008. Masses
were observed in the area corresponding to the right lower lung field's
peripheries and the right lateral chest wall. Dyspnea appeared in the
middle of May 2010, and the patient was admitted to Toyama Rosai
Hospital in late May.

1.2. Physical findings on admission

The patient had clear consciousness, a blood pressure of 110/42
mmHg, a regular heart rate of 102 bpm, a body temperature of 36.8 °C,
and a respiratory rate of 32/min. Hypoxemia with an arterial blood
oxygen tension of 67.1 Torr under inhalation of room air was noted, and
the alveolar-arterial oxygen gradient was widened to 36.0 Torr. Mild
anemia was noted in the palpebral conjunctiva. Breath sounds were
weakened in the right lung region on chest auscultation.

1.3. Laboratory findings on admission

As shown in , blood tests on admission indicated anemia with
a hemoglobin level of 9.9 g/dL, but the platelet count was increased at
53.0 x 10%/pL. CRP (8.1 mg/dL) and fibrinogen (600 mg/dL) were high,
and the ESR was increased. The concentrations of tumor markers CA125
(147 p/mL) and TPA (96 p/mL) were elevated. The CEA, SCC antigen,
and ProGRP levels were normal. The serum ERC/mesothelin level [}]
was elevated at 35.5 ng/mL (cut-off value: 5-10 ng/mL) [].

1.4. Clinical course after admission

shows plain chest radiographs, and shows contrast-
enhanced CT scans of the chest, taken in May 2010, when the patient
was first admitted. In addition to many giant tumor-like shadows in the
right lower thoracic cavity, shadows of multiple masses extending along
the pleura were noted in the right upper thoracic region. Part of the
interior of some masses was hypodense. A giant mass was also pointed
out in the mediastinum, and the heart was markedly displaced to the
left. No clear abnormal shadows suggesting metastasis or infiltration
were observed in the lungs. 18p_FDG-PET/CT images were obtained in
the same period. No apparent FDG accumulation was noted in areas
other than the chest. While contrast-enhanced MRI of the head was also
performed, there were no abnormal findings. Thus no extrathoracic
distant metastasis was detected.

Therefore, we judged that no aggressive intervention or treatment
was necessary at this point and temporarily discharged the patient in
June 2010 after introducing opioid administration and home oxygen
therapy.

However, the patient was re-admitted in October 2010 due to
worsening of dyspnea. After that, the masses in the right thoracic cavity
further enlarged.

The patient died at the end of January 2011 due to respiratory
insufficiency. We, fortunately, had an opportunity to perform an au-
topsy. The patient was asymptomatic from 2005. This time is considered
to be the time of onset from the radiographs. The diagnosis was made by
needle biopsy in August 2007. The patient was observed without
treatment until about April 2008. The disease is considered to have
progressed slowly during this period but rapidly after that.

1.5. Pathological findings by autopsy

The lesion located in the lower right thoracic cavity was a large
lobulated mass that extended widely around the right lung and squeezed
it. Necrosis/degeneration was notable in some areas, but translucent
collagenous grayish-white areas were predominant. These areas
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Fig. 2. Chest plain CT scans at the first examination by the previous hospital (July 2007)
A small amount of pleural effusion is present on the right side. Pleural masses are noted in the right anterior mediastinum and anterior and lateral thoracic regions,
and irregular pleural thickening extends from the right mediastinum to the anterior thoracic wall.

corresponded to the non-enhancing and highly radiolucent nodules in
the mass. Thease nodules are among the multiple mass-like shadows
observed in contrast-enhanced chest CT scans(! 5). They were

Fig. 3. Chest radiographs taken at in April 2008. Masses were observed in the
area corresponding to the peripheries of the right lower lung field and the right
lateral chest wall.
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identified with the part of the tumor rich in hyaluronic acid myxoid
stroma ( ).

On histological examination, the lesion showed a lobulated structure
segmented by fiber bundles, and while some parts were solid, rich in
cellular components, and necrosed/degenerated, many features exhibi-
ted mildly atypical epithelioid tumor cell proliferation consisting of
eosinophilic cells rich in the myxoid stroma, low in density, and with a
binding tendency ('iz. 7). These features differed from those of a well-
differentiated papillary tumor. Infiltrative proliferation into the lungs
and mediastinum was observed in some areas, but displacive prolifera-
tion was predominant. No lymph node metastasis or distant metastasis
was noted.

Myxoid stroma and tumor cells were stained with Alcian Blue and
consisted of hyaluronic acid mucus digested by hyaluronidase (! 4).
Immunohistochemically, the lesion was positive for Calretinin, D2-40,
WT1. Immunohistochemical staining was positive for HEG1(focal) in a
small number of tumor cells and EMA (membrane, focal), while was
negative for CEA, TTF-1 and desmin.

The loss of BAP1 in tumor cells could not be assessed because the
lymphocytes, which should be the internal positive controls, were not
stained with BAP1.We guess that the reason for the poor staining of
lymphocytes is that it has been more than eight years since the autopsy.
(Fig. 9)(Ta ). The Ki-67 index, which was examined simultaneously,
varied, being 12.2% in stroma-rich areas but 17.2% in stroma-deficient
regions, and was higher than 3.3% determined by needle biopsy in 2007
at the previous hospital. From these findings, a diagnosis of epithelioid
pleural mesothelioma (myxoid variant) was made. The number of
asbestos bodies detected in the autopsied lungs was 627/g (dry lung),
which did not differ from the population average.
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Table 1
Laboratory findings on admission
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WBC 7300 /pL TP 7.7 g/dL Alb % 41.6 %
Neut 72.5 % Na 139 mEq/L al-glb % 53 %
Eo 0.3 % K 4.1 mEg/L a2-glb % 152 %
Baso 0.1 % Cl 100 mEq/L B-glb % 9.6 %
Lym 203 % Ca 4.2 mEq/L y-glb % 283 %
Mo 6.8 % UA 2.9 mg/dL ERC/mesothelin 35.5 ng/mL
RBC 443 x10"/pL UN 14 mg/dL
Hb 9.9 g/dL Cr 0.4 mg/dL
Ht 33.9 % TB 0.25 mg/dL.  BGA
MCV 82.9 fL AST 15 1U/L pH 7.45
MCH 24.2 pg ALT 14 TU/L PaCoO, 39.7 Torr
MCHC  29.2 g/dL v-GTP 29 IU/L Pa0O, 67.1 Torr
PLT 53.0 X1V /pL ALP 383 IU/L HCO;, 27.1 mEq/L
CRP 8.1 mg/dL LD 1433 107C A-aDO, 36.0 Torr
ESR 127 mm/hr TC 129 mg/dL BE 3.2
137 mm/2hrs TG 69 mg/dL
Fbg 600 mg/dL CPK 45 IU/L Urine
d S.G 1.011
PT 81.2 % CA125 147 U/mL pH 6
APTT  28.7 Sec TPA 96 U/mL Prot =) mg/dL
FDP 8.0 pg/mL SLX 27.2 U/mL sugar (=) gidL
AT-III 99.4 fL. NSE 13.7 mg/L keton 0 mg/dL
D-Dimer 1.6 pg/mL hyaluronic acid OB =
T 236 ng/dL Urob. 0.1 EU/dL

Fig. 4. Chest radiographs taken on admission to Toyama Rosai Hospital (May
2010)

The inside of the right thorax was mostly occupied by multiple masses, and the
mediastinum is displaced to the left.
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2. Discussion

While the findings in the chest radiographs taken on community
health screening in July 2005 were considered normal, the right cost-
ophrenic angle was retrospectively found to be blunted, so pleural
effusion is believed to have appeared before July 2005. Pleural effusion
is reported to be observed at the onset of pleural mesothelioma in 91% of
patients []. After two years, in July 2007, masses appeared ipsilaterally
in the thoracic region with an increase in the amount of right thoracic
effusion, and pleural mesothelioma was diagnosed by needle biopsy in
August of the same year. Therefore, it is highly likely that pleural me-
sothelioma accompanied by pleural effusion had developed before the
detection of right pleural effusion in July 2005 and that we observed the
subsequent course of progression. While the patient was observed after
that without treatment until about April 2008, she remained asymp-
tomatic, and progression of the disease was slow. After that, however,
the disease is considered to have progressed rapidly, resulting in death
in late January 2011. The patient is considered to have survived for five
years and six months after the onset (3 years and six months after the
diagnosis) without treatment.

The lesion was definitively diagnosed as epithelioid pleural meso-
thelioma (myxoid variant) through detailed pathological evaluation by
autopsy, and the prognosis was more favorable than usual
mesothelioma.

We searched ICHUSHI (Japan centra revuo medicina) as of May 2020
for reports of pleural mesothelioma patients’ long-term survival. A
search was made using “pleural mesothelioma™ and “long-term survival”
as keywords in a period of about 30 years after 1981. Case reports with
mesothelioma diagnoses made by tissue biopsy, clear histological types,
non-surgical treatments, and survival for five years or longer were
selected. As shown in , 7 case reports met the above conditions,
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Fig. 5. Contrast-enhanced CT scans of the chest (May 2010)
The right thoracic cavity is filled with multiple masses of various sizes, and part of the masses spread to, and compressed, the left mediastinum. The interior of more
than half these masses was extremely hypodense.
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Fig. 6. Macroscopic views of an autopsy sample
A whole picture of a giant mass occupying the right lower thoracic cavity. It was a gelatinous, lobulated, and grayish white tumor showing displacive proliferation

and enveloping the lung. 5
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Fig. 7. HE-stained autopsy sample.

A multinodular lesion rich in myxoid stroma segmented into lobules by fiber bundles. Epithelioid tumor cells floating in myxoid stroma are observed.

and they were all-conference proceedings.

The histological type was sarcomatoid and biphasic in 1 case each
and epithelioid in the remaining 5. Case 2 was 80 years old at the time of
diagnosis and reportedly survived for ten years by repeated drainage of
pleural effusion alone. Case 6 received palliative treatment alone, and
Case 5 with sarcomatoid mesothelioma was still alive with combination
chemotherapy of cisplatin + irinotecan. The histological type was
mostly epithelioid, and some of the 5 cases were reported as epithelioid
mesotheliomas, which may have been myxoid variants.

It has recently been proposed that epithelioid mesothelioma rich
myxoid stroma is a histological characteristic associated with a favor-
able prognosis. Such lesions can be identified as a subtype of epithelioid
mesothelioma. Shia et al. studied 19 patients with epithelioid pleural
mesothelioma with pronounced myxoid stroma, in which myxoid
components accounted for >50%, and reported that the percentage of
females (47%) was higher and that the percentage of those with a history
of asbestos exposure (53%) was lower than in patients with usual pleural
mesothelioma [5]. Also, Alchami et al. evaluated the histological
morphology and prognosis in 191 patients with pleural mesothelioma
and, by subclassifying epithelioid mesotheliomas according to pro-
nounced morphological features, reported that the prognosis was more
favorable with statistical significance in the myxoid/microcystic

subtype, with a median survival time of 24 months and a 2-year survival
rate of 50% than the tubulopapillary, solid, micropapillary, and pleo-
morphic subtypes [¢]. Based on the report by Shia et al., 2016 WHO
classification of tumors of the pleura described the prognosis of
epithelioid mesothelioma with abundant myxoid change as favorable
[6]. It is necessary to recognize this subtype of epithelioid mesothelioma
rich in myxoid components as a myxoid variant, and the present case
supports this view. This is considered to be the first detailed case report
of a myxoid variant of epithelioid pleural mesothelioma from Japan.

Shia et al. reported that the Ki-67 index was <5% in 7 and 10-30% in
5 of 19 patients [¢]. In our present case, also, it was 3.3% by biopsy at
the previous hospital and 17.2% even in the stroma-deficient part by
autopsy, indicating that the tumor was not highly malignant.

In the present case, right pleural effusion was clearly observed on
plain chest radiographs taken during a community health screening in
July 2005, but the findings remained unchanged for one year. Although
mass shadows were noted in the chest the next year, it took three years
for subjective dyspnea to appear. When the needle biopsy was per-
formed in 2007, neither pathologists nor clinicians knew that the me-
sothelioma shows the characteristic feature of the myxoid stroma. Also,
clinicians did not know that mesothelioma patients with this pathology
had a good prognosis. Although chest radiograms after the transfer to
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Fig. 8. Alcian blue stain and hyaluronidase digestion test of autopsied tissue.

Myxoid stroma was shown to consist of hyaluronic acid, because it is stained with Alcian blue and digested by hyaluronidase. . (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Immunohistochemical staining.
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Tumor cells were positive for calretinin, D2-40, WT1, and HEG1
(focal) was positive in the membrane part of the cell.
Toyama Rosai Hospital in 2010 confirmed the accelerated progression of point.

the disease.

Although mass shadows were noted in the chest the next year, It took
3 years for the subjective complaint of dyspnea. When the needle biopsy
was performed in 2007, neither pathologists nor clinicians knew that the
mesothelioma shows the characteristic feature of the myxoid stroma.
Also, clinicians did not know that mesothelioma patients with this pa-
thology had a good prognosis. Although chest radiograms after transfer
to Toyama Rosai Hospital in 2010 confirmed the accelerated progression
of this disease. Neither pathologists nor clinicians knew that mesothe-
lioma patients with this pathology had a good prognosis.

The tumor is considered to have grown slowly in the early stages but
enlarged rapidly and displaced the surrounding tissues after a certain

Table 2

List of immunohistochemical staining results
Antibody Reaction Antibody Reaction
CK (AE1/AE3) Positive, diffuse CEA Negative
Calretinin Positive, diffuse TTF-1 Negative
D2-40 Positive, focal Naspin A Negative
WT1 Positive, a few Ber-EP4 Negative
CK5/6 Positive, diffuse MOC-31 Negative
Mesothelin Positive, diffuse Claudind Negative
HEG1 positive, focal Desmin Negative
EMA Positive.(membrane, focal) MTAP No defect
Ki-67 index Stroma-rich area: 12.2% Stroma-deficient area: 17.2%

(Ki-67 index of biopsy sample obtained in 2007: 3.3%)

When a myxoid variant of epithelioid mesothelioma has been diag-
nosed, it may be necessary to develop a therapeutic strategy different
from the one for usual pleural mesothelioma, because the disease may
progress slowly, at least in the early stages.

3. Conclusions

1 We reported a patient with pleural mesothelioma who survived for
five years and six months without treatment.

2 Pathologically, the lesion was a myxoid variant of epithelicid me-
sothelioma rich in a myxoid stroma.

3 The myxoid variant of epithelioid mesothelioma is characterized as a
good-prognosis subtype of epithelial mesothelioma, and the present
case supports this view.

4 Patients with such pleural mesothelioma may live relatively long
even without treatment, and the selection of treatment appropriate
for the histological type based on an accurate diagnosis is considered
necessary.

An abstract of this paper was presented at the 60th Annual Meeting
of the Japanese Society of Occupational Medicine and Traumatology
(November 5th-6th, 2010; Chiba City).
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Table 3
Long-term survival pleural mesothelioma case search results
Case  Year of Form of Authors Affiliation Journal Volume  Page Biopsy Histological Primary Survival Dead
No. publication  publication (issue) type treatment period or
alive
1 2019 Conference Fukushima Ichinomiya Lung 59(6) 402 Percutaneous Epithelioid CDDP + >6 years  Alive
proceedings et al. Municipal Cancer needle biopsy PEM, PEM,
Hospital VNR
2 2019 Conference Oyama Koto Annals of Vol.8 361 Pleural fluid Epithelioid Repeated 10 years Dead
proceedings et al. Hosptal The cell block drainageof
Japanese pleural
Respiratory effusion
Society
3 2014 Conference Suzuki Seirei Lung 54(1) 38-39  CT-guided Epithelioid CDDP + S5y.9m. Dead
proceedings et al. Mikatahara Cancer biopsy GEM
General
Hospital
4 2014 Conference Suzuki Seirei Lung 54(1) 38-39  Thoracoscopy Epithelioid CDDP + 8y.3m. Dead
proceedings  etal. Mikatahara Cancer PEM
General
Hospital
5 2008 Conference Yoshida Gunma Thermal 24(1) 17-18  Thoracoscopy Sarcomatoid ~ CDDP + 5y.2m. Alive
proceedings  etal University Medicine CPT11
Hospital
6 2007 Conference Tsukada Yokosuka Lung 47(1) 71 Thoracoscopy Biphasic Palliative 9y.3m. Dead
proceedings  etal. Kyosai Cancer Autopsy therapy
Hospital
7 2002 Conference Kano et al. Kanazawa Lung 42(3) 233 Thoracoscopy Epithelioid CDDP + 8 years Alive
proceedings University Cancer ADM + VP-
Hospital 16()

? Intrathoracic.
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