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55 SR IP ER IR 20 S S Bl Bh 4
IRFEAF Fe R
Mg 2 Il x5 B MEBT CD26 fitik &
FIET = v 7R A MEEIE & OFHROF FERTE O B

WHERFEE HA BR ERERFRFLE IR
FIIR + DS A ERIBIR AL R R

MREE

SEPERIE T I IX T AN A MELS BRI X o Tl Z 2 8RB R 7223, e T IR
B < B RIBRIEOSIN R END, Pivbhidt ME CD26 Hifk YS110 ZBH¥E L,
[E P9 C b P B 563 2 57 I/IT AR RS IR AR 4 920 L 72, 2019 A= H 25 TT AR R PR SR 0O fe
KRB ~OREPET L, ROEFHNFET LIk ZAEN, BRI, 77 A
ToOH T HEARRR & RIEOFIEEZRET DR-ERBEFELNATND,

TRRRHRB UM O B oh iz Il FR 26 L C. CD26 HUIREAIT & 5\ ElA T Stable Disease
Partial Response & 72 0 HFUEEZVRITFRO oz, L0 EMIMPUESE R 2R L, MY
HAFHIMZ 5 2 DD ARPURE W8 e P RBE O b HERRE CTH D, £ 2T,
b Mg b~ v 22 Hvwic e MEM T BRI 2 AE T L AL L, YS110 & PD-1 it
e DOOFANR AT LTIZER, ENENOHEA LD BWHEZIRDZRBDO N T — & %
572, YS110 & PD-1 HiiA% fEH 45 & SO EPHICEE 425 & b CD4 T i - CD8 T Al
MNEBITHEML, FiZ CD8 T M2 1) T72< CD4 THIfgOR M LIEHET 2 Z ENEETH
DAREMENE 2 bivTe,

ENEE UIT HHERAR SR 0O B3 ) BRI A 52 10 7o IE g w BRAEAR 2 O IR 2 800 L,
A7 a7 VAT 21T 9 2 & T, CD26 HURD A RNETRIANA A~ — T —DERB & AT,
CD26 HURDHIEE A Progressive Disease T o7~ 4 SEfF & bz L C Stable Disease
Th o7z 3 JEFITHE L TRIAN WIS, BEBMEOER T OKRY IARZITV, L
7oA o0 1 OB B IEIZ 361 T 2 F B % o Mk Ye (o R C & 2 e Yu a5t 2 1R E L
72o ENEERRBRIR TOYta 21T 57223, SD/PD ERIM THE® 5472 mRNA L)L TO
FBLEOE A X0 BRI SO 2 5 sk g LA ORI T 1EIZ DV T H 5% IAT L TR
5,
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A, TFEEH

ML R L T AR N REEIC L0 RE
THHIEENRATH Y | THRITMD TRET
T RBEIRITE E DB RE R E 7> TNV D,

7R 1% CD26 DOHUIABH%E . cDNA @
BAfE A i U2 SEBR T CAT VO (Immunol Rev
1998). 30 4EIZJE Y CD26 AF7E & kel T, Hilc
CD26 ® b M R OB AT BT HHEEE.
RSO TR EZ Y — FLTW5b, bifE
B RO ML CD26 HifkZ PR3 L,
P Rz I 31T 5 CD26 DIEHL, HUA D HiE
T VEFRERE A2 B3 5 732 L C & 7=(Clin Cancer

Res 2007, PLoS One 2013, Nat Immunol 2015),

7 7 2 AN TIRIFE G O BEVE 2 i & T
> & L7- 2} 33 f41C First-in-Human &5 | #HER
Kk s e L, REELEASIHh, %

HERETEHIT—2 /5N I=(BrJ Cancer
2017), AT HIREHCPUE O B R fE 12
R 58 | FRERARRER A B AG L (S 1~3 27k
— ). 2018 2R 9 FI~DEEDPKT LTz
(Lung Cancer 2019), A& SR 7 & HUAHELEH
&% eémg/kg & L. & I FHESARFER $ 2019
AR 3L BI~OE G T Lc, ENE
KRBT 7 7 A TOERER & [F% 0
HIIMEZ R THRERDE B AL TO D GRsTiRs
o), EEARZ LT, CD26 HUATIZ T 70 A
T OGRS 33 6, EPNTORGKRER 40
i, REFzvIRA > FEBRIC)T
BESATWS LS GECRERBIROE
FERIEGL., REMMFEAS LTS,
FERLT &1, ENERARRER 40 4, PD-1
P& (Nivolumab (Nivo))HELh 5 A3 13 #il& £ i
THH., 2 HLaHMlATEE 11 il Partial
Response (PR)7% 1 {51 - Stable Disease (SD)7* 7
fl - Progressive Disease (PD)7* 3 4l C. 72.7%
(8/11)723 PR - SD TH b, CD26 &3 ICI
ERMEEICLANTHLITEMITR S
Nz, T4, CTLA-4 Hiif, PD-1 Hiik7a & d
ICI DX, RN R AE-CHE R & D
IR CIRRICEE 2 720 LIz AT HIR
SEHRBUME O BEME R 2 JE 31 12 %95 Nivo
DH5 1 AR G PR 5B B A 77 1 R (PFS)
6.1 7 H L Z2H L CRIFZRFERDPFBF LT
% D3 BRK C O TR BRI o Rz Lk
% AR <X, PD-1 HUfA1Z Nivo,
Pembrolizumab & % (Z LA Tl PFS 2.6-4.5
HIEE T, Nivo & CTLAA FUADPEH T
AR Rz i 38 51 C PFS 6.2 » H T& % (Front
Oncol 2020), Z ® K 9 I — AN OF I E
TIXEAIL Y & PFS XA B2 6 O DRIE
AHHRE LR 5720 ERHERFEERD
BENPMETH D, & ML CD26 HiLikDEN
i R 5B C b 42 40 61 H Nivo #HTH: BR8] 53
13 Bl & 72 > THR Y | ICI OIREHPTE
BEOIEFEEZVDIZH ST b5 % W
MR _REFEENZ D,

PLED S, B M CD26 HifkHEAITH AR
MERTREEIELNLTHDEN, Z2LDE
HhREREIC, LYRHMKWERSHRZ
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A % W T2 B TR R T T L2\ T
bt~k CD26 Hifk & PD-1 Hifk & O Of FA%h R
ZETT %,

(2) " R s BEAEA 2 A O CREB L & )
DH L. DNA~A 27 a7 LA fENTE1T 9,
SD JERI & PD JER] & OFARF I B O LLigeH
5 CD26 LR OH TR ANA A~ — T —
A0 SAIr ARG O M U L2 38 1) B
FEBL A PR TR S 5
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b ML CD34 Btk iE ML e ds & OF
% N 3 O KR M &2 TGRS DT
X BRARDRIE ST T DNERERKFERTE
e A SRR CARMF IR & 1T 5 72 D ORFFEE!
i EE A MR AT B SR L AR E S
T 5 (IEKREM S 2020280 =, 2020291 ),
F£7-. & Mk CD26 kD EWNE I FHER
RARBR O BERIRE W2 F~— T —
PR DN, BRRBREAEZ AR,
PR FERER N OIRBRE A Z BRI TR
B D E it & At TS, A~ —h— R
PR, - B AR AR R ORI Z DWW T S 4.
LN AGE & BUFE 2 T D, AFTERT R A 1%t
T2 NHEE F Rl &K OWFFEIC L 0 BF5E
RRE T D AR FIRE OB 21T,
EHRTOA T —Lb Koty h&aET
WD,

M EROFEIT DD D 3R ITHE SN
TATWNER B R E P EREY E BRI
FEGEHEE 27 LEFE#O LGRS ATy
% UKGRE 5 2022239).

C. WFERER
1) t MK CD26 $ifk & PD-1 Hifk & O fHA
RO

b Mk CD26 Hifkiz~ 7 % CD26 (i3
B LW b b OEME R RS 2
EHRH Y PD-1FiiR & OO R &Rt
BHT-OITIE, b MaEMaA AR Lok MM
Elb~ 7 AT 20BN H D, £ 2T,
HEDGERE~Y T ATHD NOG =17 4
(ARHRE DU Z ST L, b b O3 M
fion & B AR L 0 Al L=,

HEPE o 7 R kR H226( | R R B L O
JMNAERD)IEL, v~ U A ENTE b T flf
OFMIREL N 2 T < A S M 13 31
HIZ~ 7 ZADMIBEHEIC R FBA LT,

H226 8 L OVIMN % b RMagElb~ 7 Al
BEFBALT 5 HERE L, /NS RIERY
% % R L7 FF LAy 5 . control human
IgGi, & h1{k CD26 #i{&K Bl , mouse
anti-human PD-1 mAb (LT, PD-1 #i{k)
i, & MMk CD26 Hitik & PD-1 HUL DG
% NI 200ug/dose T 3[R 5- %l
Too NEBYA XZHEIT 2 [\ LR R,
control HriA# G-#E & ik L C, CD26 fuik
B(YS alone), PD-1 Hi{&kE Ml (PD1 alone)
ZIE I CRESHEFE O I 23 7 & = 23 Of
&G RE(YS+PDD) Tlix & BB 1 X
D/INSWNZ PRSIz, JMN &g LT
H226 O 235 O RNBEE T, 5[k
W3 DCITREE Y A X H3 e/ N LTz,

2) REBIRIE Y o REROEHT

H226 ¥ *JMN % b kg fl~ v A2
TBALT 9 BEIMEZICE T ORI L
T IR E PR & 7o —H A R A b
U —IZ K DREEHRE Y o/ SER(TIL) O EIE O



fEMT 24TV, FRV 1T TIL ORI AWT>
= /) XA T OfEHT. mRNA FEHUENT 51T -
7=, CD26 PrikHE 7213 CD26 Hiik &
PD-1 A PFREGRECIX, Migo e K
CD4 T #fifa - CD8 T #iifid, fEZNE ~ CD4
T #ffla - CD8 T fifa W34 & ffafsE Lo
CD26 OFRINEZFITIKTFTLTNDZ LN
maNT,
7r—H%A AN —=ZE~TRICES
LCTWbE Mk CD26 fifk &It h—>7
DET D CD26 Hiikz L T\ 572
b Mk CD26 Hilk AT 5 2 & Tl
DA~ CD26 43 FDBATHE Z
STNDHZENTRREIND, £z, PlEo T
A2 T <, TEENO T AT R
DEAENR R ENT=Z Ehn w7 ARG L
7= CD26 HuiRITERE PHIC iR 9% T Hilfe

Tz, CD8 T fifa72i} T72 < CD4 T #ifie
DR AR 2 2 LT EE 0 2 U
DIATHEHETHDL Z LBVREINT,

3) EIWNE UII fHERRREBRAE O R EM
DB T RBURNT

A= RO HMIE, b Mk CD26 Hiffkk
BRI BB RN CTE DN, I~ —T
—HEHFTHZETHDH, CD26 HFiRDEN
Wi R R BR C BB B D A A~ — T —
EATICIRE NS DD, 3 T N4 9

%¢2maﬁnmﬂfa1m¢21m 323
51(28/40) TdH - 7~
FIENS LN 23 Fld, PERI - FHARA -

Nivolumab #5-OF M [F US4, SD JiE
5l & PD JERI % 3 HILL BB D DI, 51k
_F A - Nivolumab 5% L | (SD 6 fl/PD

ICHREAE L TWD EBEZ LD, [AERIZ, H
fiaEt o> PD-1 OFBL b it L 72 # 5K . PD-1
PUAE & 7213 CD26 ik & PD-1 Hiik o ff
M ERETIE PE O v - CD4 T ##f-CDS
T HM, FEEMNE b CD4 T #if - CD8 T #H
faOWF b M Eo PD-1 O%BLH R
FEIETFTLTWD Z EAURENT,

JESEPICIRIE Lzt - CD4 T#Hijlg & CDS
T il DML & EIG OfHT 217 - 7o, PIIE
Ao JMN TiE, CD26 #Hifk L PD-1 Hifko
PR EC L EGENOE b CD8 T il
DEIE M control IgG £ G-HE & L THEIZ
BN L 72(p=0.019) , —7F T, JMN XV %
TV IRWHUIEE SRR b B O
H226 TiX, CD26 fifk & PD-1 HifkdHFH
ek, EAOE k CDS8 T flanE|
& 73 control IgG # 58 & e ~THEIZHIM
95 &L Hi2(p=0.040), &  CD4 T D
HEDWTNORE L X THHEEICEML

4 BOIHTH-TT=, Z D5 TR
A1FHIM PFS 73 & SD 3 65 & PD 4 6785
ML 28 L, DNA~A 27 a7 LA
L T Y e

SD #t 3 & PD # 4 #il& O CTElsT
FBLORELEL 21TV, PD BEE i LT SD
HCTEBEIHLTCWDEEHELE SD #fé
LT PD HCTEBEIL WD BRIEFHEE
t—h~ v 7ICFE ED72(2021 FFE 5755
I BRIR I JE 2 B i B & AT Z0 R F T F
E

SD JEFI TIT IR L, RIETTHE, A -
RHTCHEICEA D 2 BB T OFBE R @<, SD
SEB 345112 i L C PDYER] L 0 & BEE T H
BrmWBEs X E2RM L7, £72, PDJE
B CIIMEGERAL 2 80 0 H L CH s Bl
HraAT o 72 b DD EAE AR | A DU .
O RRAE AR L BIER 3 2 BAR - DI B &
<. PDJER 4 Fliz 38 LT SDIEFI LV b



PEIZREBINEWERTY & /A L,
RHIH PFS 23 F5f5¢ 9% CD26 Hiikf 20
& PD JEf & 2RI TE DA A~ —T1—
iy +& LTHICX & YITHKER L, Eik
Hh Rz LR O S e Y o L S i A BIR, KON,
Gt e (HUA IR BE PR IR AL S 1) D #
ATV BREFREEZRE LT ZATh D,

D. B&

t Mk CD26 HUADEIVER A D 22 FI A
AR LTI e DRI Z BRI T 5729
2. B M b~ 2 &2 Ao e bEMET R
JERREN AT T /UIZ T, & ME CD26 #iik
& PD-1 $iulk & OPFIFRIEOHUESER A
H = X DN AT 12,

CD26 [IfEFZ1 T < T Mfaic 88
LTEY, EFEOHENE CD26 HLikDft
TEIGAE R IE S A~ D B 70 B B 71T T
<\T A Z A L7z g g ~ DB & %
Z MR ENnS, CD26 (Tt b T
RlZIEMEAL Y 7 VB BT 5 T ff L]
W+ ThbdH Y, b MbCD26 Hiikix CD26
DY RTHD caveolin-l & CD26 & D
fif. 2FVIL T Md~o CD26 il
TFINOIREET Oy 73 5H, T, vV
A T #ifao> CD26 133y 1 & L CHkhe
L7V, F£72, b b T #f ik CD26 1354
BRI « SHIEPE « Btk oD ZFAPE S X — o R R
DZxt L, 7 A T X —BIC5EET
&5, T HIRLLIA DO fIC 31T 5 CD26
DFEBEH, B N T RAETIERRD, 20
E 91T, T M 31T 2 HREC A/ fliia L2 38
JHERB T — e ERe RE~v T ALT
IFREL R AR D720, CD26 HUikDER 1%
DB ERNTT 511X ME R TOME
MR ARAIRTH D, iz, ICI BHUIEENS

ERETH-OCH . THIRZ PO E L6
ERDFEN AR K THY . & Mk CD26
ik L ICT & OOFAZIRZ IR 2RI
it M b~ A2 NS0 ERH S, L
ML B e Mgk~ 7 2 & W fin
PET IZIIRER b IFET 5, —DiF, &
PR AN b b IR L3 f e e >k HLA
ERELL TWDHOITx L, B MESHIIaKIE
B7p 5 HLA 3Bl L T\ 5729, [AfEER
(allogeneic)® T AMfEIGE % W5 Z L1272 0 |
AR DN AFURFF ARG E L3RR D, F
72, b MUEHIEOMEKIZBE LT, Ao
E7/LTIEE b THEE BT~ Y 2K
NTHRRAEENRDLNLDLM, B b NK
RSO PR H T A A 2 o B S 00
DAEFRIZIEF TR, Z ORI A fRIR T2
7=z, & b IL-2,IL-15, IL-3, GM-CSF 73
EDOBEA ZREIEBL S H7- NOG ~ 7 A
RIS - RS oo 528, Bl S Tlke
I oD 3 I I A B 42T OO S HI N & %
A b EED Z LT TEP, Eo, BHERE
HERE 72 & RS JE BH O VB IS~ v A R o
fachdZ bl v hORAINREE A~
U ATHELT 2 Z LIXARARRIZIT Y,

~ 7 2N AET L TEE & —##1 DPP4
inhibitor (Sitagliptin) Z & XXt 2% Z & T,
CXCR3 51> CD4 T #ifd, CDS8 T HHfa,
NK #ifa=> CCR3 Bttt DAFBEER DN D3 AN
JEAPEIZ &0 SEAE U IS Sy o JiE I @ <
&R S7-(Nat Immunol 2015, 2019),
77 AKRCERNOE M CD26 HFUADE
ERBROFE RIS, CD26 ik a5+ 2 &
Mg o REEME CD26 &AMEF L, £
v DPP4 BEZTEME IR T3 5 Br J
Cancer 2017, Biomark Res 2021), Z D=
&b, CD26 Fiik a5 L 7238128\ T



b | 03 AU B BRI ZERE 2 s M 25 oD 1Y
ISk Z B ATREMEN B 2 H LD, L L7RR
5. t Mk CD26 fitfkiz~ v % CD26 (121
A LW ARIOMEMR AETT BN
T, My oaEtte B CD26 &1L CD26
PUREEGIZ L T 7 BHEIR T L7223, #f
Wit~ A2 CD26 EIZITHE L 2hoT,
~ 7 A CD26 (2% DPP4 BEEIGIENH 5 7=
W, b hE=T 2D CD26 H3K DPP4 %%
EMED AR TIX CD26 iikZ#5 LT 5
FRECRFICEE-TEL, BABREIC
CD26 Hitkz L Li-GRIEEZDET IV
Tl% DPP4 BERIGTHE FEAITMIRF T & 72
W, BEOETLTH, CD26 Hifk & PD-1
PR & OO G &0 ESENICRTET S
t ~ CD4 T #fid - CD8 T Mifid OEE NG
SN, ZhiE PD-1 Hifkickse B T
il OIEME(L & CD26 Prikic L 2 iR
BENEG L TW5D & THREND,

bt Mk CD26 HiAD 1% - 165 F T
INA F~v—T1—%RET H 7012, CD26 it
ROIENE TIT ARSI FER B O 5 m B
#A%k A VL SD JER 3 51l & PD SEf] 4 il
® DNA ~A 7 a7 LA figtr 217>, SD JE
BTl U CRBEN mWEE T, F720E,
PD JEGITIeam L CHBL & W EE T O
VIABEAT ST,

SD JEGIRE S PD JEFIRE & O T mRNA
LAV TORBRICEHE e 220 A b7l
X BB YIZER L, FEEE B
DRIZGANT K DHBIFHE 21T > TV D08,
B¢ SD SER & PD JSER] & DI DNA
~A 7 a7 LA TORERIZEHAR R ZENTE
D HAIVRVER S HL BTV D SRR
BlIR N~ U UEE S RO & o3y
LAV TORBL AT 52715 LTEE

SN 57, mRNA FHL& & 37 BHRELN
T LH B LN &0 kG n
JE B D WDITEEMEDMEWRES H 5720,
S%ITIEGHEIC BT 2BEF X &Y O
mRNA L X)L T ® 3% 8 % In Situ
Hybridization T3 2 HIEC, MIHH
KFDOBIRTX &Y DX /37 &% ELISA
TERETLHHERE BT L THRFLTW
SFPETH D,

E. f&#

b MEMH R ER A H226 & JMN % f2
TBERATLZHEBAET VBN T, B Mk
CD26 #ifk & PD-1 ik & O ff % R4 et
L7 R AV EN O A L 0 & 58\ M E S
FEANHIZI RN A 6N D Z B RENT,
CD26 #ifkix CD26 GRS AMMIal B
AT 5L EH1T, B R T ML N AMIaR
> CD26 %8l - Al CD26 |4 K T &
#5Z & T DPP4 BERISMHIR FIZ B <
LR,

t Mk CD26 HLiRDENE IIT FHESKG
B85 o SD JE 3 41 & PDSE 4 451 > DNA
~A7aT VAN 2T o T2, ZORER,
mRNA L ~ULZ3\ T SD JER] THil LT
NP IZEWEBER T X & PD ER| Tk
WU CRBADNEF ISR WVEE Y &2 R,
HEPE o R FEAELRR (23 T B 2 & O R BLGEAM
AT 2 DRl St 2 R E LTz,

F. bR F#H
UG TR L~ & G BRIE 3 70
Uy,

G SHORBRYE
TR R IE A RR 2 B TR AT S 4 E o



ETNELAWAT LT, L0 BE O ALK
PEAHERF L TV D & 2 DAL D B R E
O B E 35 % ff (PDX; Patient-derived
xenograft) €7 /MZEB W T H A EOH
M Z IR 5,

CD26 HUARIEN AR R EE ZIEIRTE
HNAF~—A—ZFETEUL, PD-1#t
RINA RN T - 7o M R 2 Th
o TN A N TR 2T
WA T~ =T — DGR E T 5 Z & T,
CD26 fiifk & PD-1 fiufk & O HF LD WIfT
TE 588, PD-1HUANEETH CD26 #71
RIZE DD CE L REOREGE T
W22 e~DsHbHIfF SN D,
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& U725 TAHERIREABR % | [E N C & B B L k9 2 28 DI AR R IREABR 2 920 L 72, 2019
AR T AR AR D B BT ~ OGN T L, fEROEEFINET L& ZAKEN,
RRMEDHR I, 77 0 ATOHE THERRKRER & [F%OF ML ReT 581356
TW5, TR EME R ISR 2R LT, CD26 HUAHAITH @WEIE T Stable
Disease - Partial Response & 72 0 HUEE N RITRO b2, L REIMGUREE 2R %
FAE L, BN 2 5 2 D2 AHUAEZ W2 F T2 22 0P REE OB & B2 7 35S
Th b, £ T b MuElb~y 2z vt MEERREMREEEN AT TV Z L L,
YS110 & PD-1 Hifk & OO R Z M5 Lo fE R, 2RO AL D &3O AR H N
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FEPE i B I T AR R ML BT &
< CiE Z 2 M b Bz bk oo TR M SV IS
T D, 7 ANRZ MIS BN HIIEE TOH
REIENEAT 30-50 £E L Sh, AAZE DS
ECA v R ET U7 - PR TITREENS
B“EDITHINT D LEZ LN TS, T&IX
Fi o T HE < BURE ATl 2 T & D IR RE ©
372 < BT RIBEIE DML L EN D, D
ALOIUT, FRERIER 1 & U CEMER R
fEAIEIC 3845 CD26 [IEH L, & M
CD26 #ifA% B L T7 7 v A CTEMEH
FE 2 H 002 First-in-Human 25 T FHESE R
B %17 - 7=, Infusion reaction (BT
SR EBRWTHR R T REEIEA b2 X4
PERFER SN D & & b T AAISIED
EMEPRERE 19 F 10 $1725 modified
RESIST #1fi ¢ Stable Disease (SD) & 72V |
ZDHHL5EIE 6 r HLLE, KT 399 H
SD 23Fe L, Atz rme 4 2R 6150
A 7-(Br J Cancer. 2017),

AFT S HU AFIRGUHE O P rh B 12
X925 VLT AHERIREBR 2 920 L, 25 T AH1X
1~3 @k — 4% 3 fi oG 9 #il, % 11 #H
13 31 BliCH G- 21TV, 2019 AP T1 AR
DIRKEEBE~OE G T LT, B VI AT
it 40 Bl G- 21TV, FU0S A AIFRHUE O HE
PEr R IR IR L TR W EIA CHUEE R
EREOLND L, 5E4E T (Complete
Response: CR)IE7¢ < | & 0 B HUIE L)
REFMH L EEEAEFYMEZ 52 b DR
iRz AT 72 7o OF HBIE O BR %S & E 22
RRETH D,

HFx Tz E Tk ME CD26 HikoHt
FESSVER A 1 = X & U CLUPRESRERE O
PUREAA G EADCOTEEIZ N 2, 23
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AR OMIARE > CD26 \ZHiEAFEA T
D2 LT K D EEER e I E R 2B 5
71 L T % 72 (Clin Cancer Res. 2001,
Immunology. 2002, Clin Cancer Res. 2007,
PLoS Onme. 2013), %7-. CD26 Huikik,
CD26 %3495 DPP4 F#RIHEICIXE
BB LR 0S, MifaE o> CD26 430
LRI I DY KT T EE T
% soluble CD26 Oz 5729,
CD26 Hifkz 595 & DPP4 FEETRME S
FERBNARN T T 5, IEFEOH RN, DPP4
BRI ALE TS5 & DPP4 (ICk b7 €0
A > DY ETEPEIR T MG B av, B E
(IR T A M N 2 e b biE
Bt U (2 < = & 2398 < R X u(Nat
Immunol. 2015, 2019), CD26 HiikixZtk7e
AT = RALEI U CHIERE R AR L T
WhHEEZOLND, FFRLT XX, EANE
UIT FREGRRER 40 FloHiZix PD-1 filk
Nivolumab #EZNFA 13 FlEFNTEY . %
O OBFITH LT RIERICEWEIE TH
FEE RO iz Z & vn, CD26 ik
I T = v 7 RA v FLEEACDHEG
DOBRFIZHLATHDHZ L ICI L3 D
AT = XL THIEGNRERET 52 LN
g < TR X duTz,

Z 2T, BHERDIER A 720 CD26 it
EORN R ZTED LT 7 FEERSE . KRl
ICI L OffHBIEAET <<, & Mk
CD26 #ifk & PD-1 ik & o ff F%h 4 it
L7z, ICT S HUBIZ R 2 Fe 43 5 72 IiT
T Mifaz i & L7z a3 R Al K Cd
D .~V ACRFZRO~ U AEGREBAT D
HEmETARLL AL NG, —J T,
CD26 HUANHUES IR % R4+ 27201
I3t b CD26 %1 EOFEEMNAL L HETH



Y (Clin Cancer Res. 2007), & h &~ A &
TR RICEBIT D CD26 ORED K& <
$72 % Z &£ 5 (Immunol Rev. 1998), t h
ft. CD26 HifkDT — % BfFizid e MEEE
WO b MR TORMTNSLEATH 5, LA
FoBEANG, b MEl T R E/ERL
Z D~ 7 A% T2 B R JERR AR A AT
FIZBWTE MECD26Hifk & PD-1 Hilk
& DU R A E Lz,
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1) ik

b AR R A fa k. H226( R &
JMN(H JER) 1L, 10% FBS Z ¥ L 7~
RPMI1640 £ 1141 -C 37°C, 5% CO285: T
Begg U7-, b MM CD34 BPETE mggi
% RIKEN BioResource Center 7> 5 A
L7,

2) VYU A

NOD/Shi-scid, IL-2RyKO Jic (NOD.Cg-
Prkdcscid T12rgtmiSug/Shidic)~ v A (LLF
NOG ~ 7 A)iZ In-Vivo Science Inc.75 i
ALT, U RIFNEKRE K5 D specific
pathogen free (SPF)Jitiz% CfilE L7-,

3) Pk &K

Flow cytometry (21X FFRO & M HUFFEE
Pui&%Z /-, BUV395-labeled anti-CD3
mAb (clone SK7), PE-labeled anti-CD26
mAb (clone M-A261) X% 8 APC-R700
-labeled anti-CD4 (clone RPA-T4)!% BD
Biosciences 7> 5 A L7, Brilliant Violet
421-labeled anti-CD45 mAb (clone HI30),
Brilliant Violet 510-labeled anti-CD14
mAb (clone M5E2), Brilliant Violet
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605-labeled anti-CD1lc mAb (clone 3.9),
FITC-labeled anti-CD11b mAb (clone
ICRF44), PerCP/Cy5.5-labeled anti-CD8
mAb (clone RPA-T8), PE/Cy7-labeled
anti-CD56 mAb (clone 5.1H11), APC
-labeled anti-CD19 mAb (clone 4G7)&% TN
APC/Fire 750-1abeled anti-mouse CD45
mAb (clone 30-F11) &% UK DIEFEEH) 72
A& 7nmy 73 %57 H O Human
TruStain FcX, TruStain FeX (anti-mouse
CD16/32)% BioLegend 7> HHEA L7, F7=.
Brilliant Violet [Al LD IR A 22 5EA 280
Z 5728 ® Brilliant Stain Buffer plus (%
BD Biosciences 2> LA L7z,

4) v Mg~y 2% AW HEET L
NOG ~ 7 A MK & (100cGy) Tl
MST L. FH & MM CD34 ki i
Hifel 1x105 cells Z RBFFIRN 22 HREA LT,
b hEmEsiie 2 A LT 5, 9, 13 3,
17 BRI~ 7 ARFHIRD B R RFRY I PR 1M 2
1T, b MR OAE Z R LT, B b
EMEARIE 2 B L C 13 %O b THil
WAER L~y A2, JMN E7213 H226 O
FHAR YR ENE & Matrigel & 1:'17E& L C1C
H7- 1x106 cells TOMATHIZE FEAL
7o JMN F721L H226 & FEA LT 5
[ S ST RN NV b AR e (A Byl s TR0
o . control human IgG1 (Bio X Cell), & b
{t. CD26 H1&(Y’s AC Co., Ltd) i, mouse
anti-human PD-1 mAb (Bio X Cell; clone
J116)§H, b hMb CD26 #itik L PD-1 Hifk
DOPFH % Z 1 E741 200 pg/dose Tl 3 [A1# 5-
EfelT o, NS A X3EIC 2 [\ESHL,
JMN 7213 H226 B A 9 R IC~ Y A %
fifg U, B2 T OREygE 2 [l U CEHEEAHIE L



2o JHIS OO —ERITRT BT D 7212 10%758
N~= Y THEEL, %91 Liberase TL
Research Grade (Roche) 0.25mg/ml Cl#55
JLER %47\, DNase I (Roche)f71E T CHfk
Ze B U CHESSHAE AR O A 4572 MG
=Y RO M TiX. MagniSort
Human CD3 Positive Selection Kit
(invitrogen) &% ' EasySep
(STEMCELL) % AW T U > RERFERL A 1T -
7o Flo, TEIGRIE Y o/ BR & OMEE i
D=, WD U > /BRI H 1T > 7=,
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5) 7ua—HA FA MU —

~ U ZERND & S RE R O A4 & R
T 572D~ U ZADRFEMR) HERIL L TH
7 AKA4 M %, Human & Mouse (%3 %
TruStain FeX Z W 5N L, dOG 6 FRT%
ik cfa L7-% . BD FACS Lysing
Solution (BD Biosciences)(Z TI& L & [E E
WLBRZAT\N, BEd L7-%. BD LSRFortessa
(BD Biosciences) CHIE 21T\, fF61 727
— % % FlowdJo (BD Biosciences) CEMT L 7=,

6) ~ U AMiFHFOAEEMEE b CD26 fEE ~
7 A CD26 fii, KD DPP4 FRiEVEfE
DRE

b gk~ 7 A2 JMN £ 7213 H226 %
BTFBALT b HE&% ) bHUAR G % Btk
L. 9EMRIC~ U A2 D5, #Riin L
TIE %2 R LTz,

~ U AMIEFROFEMEE B CD26 fEOH|
EX, FEREEHRADHIE L, & ME
CD26 HiA LT =7 BREN LR
% mouse anti-human CD26 mAb 2 7 v —
> (clone 5F8 & 9C11)% F\ 7= sandwich
ELISA (2 XV 1T-7z, Wt~ % CD26
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EOWEIX, Mouse DPPIV/CD26 DuoSet
ELISA (R&D Systems)z W\ T{T-7-2, ~
A7 a7 L— kU —%—(Bio-Rad) TW A
ZHE L, 550727 — ¥ % Microplate
Manager 6 (Bio-Rad) CTi##T L 7=,

(f B~ DBLFE)

b MR CD34 BA LIS M riiia 2 Hv
TR ON T BRADEERTE TH D
JE R 3 R 77 R 5B R A S0 R C AR FE A 1T
D 12D ORFFEEE EHE & mEFE AL A S~
L, ARZ2/ TV 5 UEKXEf@EFH
2020280 =), B EBR O EEIX b5 3R
(2SN TIT U E R B K2 S SRR Eh )
FERCERFEEL R LF#EO E KGR
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R DORRF}

t hMb CD26 Fifkid~ 7 A CD26 2134k
A LW D v FOEMEREELZ HW 5 2
ARG Y PD-1FUIR & OO DR Z RETd
DT b NMuEMIEREE Lzt MM
Tk~ AR ERT A NERH D, T,
HEOGERAEY T ATHDL NOG w7 A
R R DRSS 2 IS L e b i i
JazBERE VB L7, & N fmeiia
A L C 10 R T 2 £ Tld~ v 2D
Hobe MoK 90%5 B fifa(CD19
BPE) <. 10 LI e b CD4 T #ifu(CD3
Btk CD4 Bhth) - CD8 T #lfa(CD3 itk CDS
R OEE ™R 22 & 13 @A T
<t P OIMEHIEOK 10-15%725 T g, 17
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FeAfiBh & BFITHRE EITREHRD,

R bR SRR H226( 1A Fs L O
JMN(AJER) L. in vivo TOHEFENIER I
E T ADKTIZBAL T E
AT % E T 56 BRI D T2, v T A
WTE & T flaoiifan sl z T< 2iE
R 13 38 B I P R IR A R % Rz
TBATLHZ &L L,

H226 1 L OV JMN % & bk~ v 2D
MREERIZ R TRAA LT 5 BB L, /S
7 NG T Ak & MERR L 72 IRE 2> & . control
human IgGi, t R{t CD26 #t ik Hijl,
mouse anti-human PD-1 mAb (LA F. PD-1
PUAREM, & MME CD26 Hifk e PD-1 #ifk
OOF A % 1 Z 4 200ug/dose Tilll 3 [A14% 5-
AT, S A X &2@IC 2 [EF L7
fE AL, control FUIASL HG-HE L ik LT, CD26
PUAHLI(YS alone), PD-1 HifAHM(PD1
alone) Z AU E 4L CHEEHFE O I 23 R 5
728, DR B EE(YS+PD1) TlE & O 1l
YA AP/ S N LR ENT2(K 1), JMN
&L LT H226 O G MFREG- ORI E
BHZEC, 5 PLH 3 PLIIME T A X3/ N LT
(7 — & Kfeifk),

H226 (L&%E)

H226 / Tumor volume (mm3)

JMN (iEE)

JMN / Tumor volume (mm3)

Time after tumor inoculation (weeks)

BtkoB R )

el IgG YS alone
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E1 ErEfEEEEREH26 R CIMNEErRE(LT Y AN REICETBALTSEME.
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ERORBOLEEONERORYIEOBBERLI(THE).

PDI alone YS plus PD1

2) FEENZIE U o REROfEMT
H226 XN JMN % t FajEib~ w7 22 %
TBALT 9 @M%~y AZEH L, /&

13

T O ESE % B L C—EBIR B R iR AT &
7a—H%A MA MY —ICLDEEREY >
RER(TIL) O FIE DT 24TV, 7% 0 1% TIL
DRI NT 7 = ) XA T DR
mRNA FEUEHT 217 > 7=,

EPIEEANE b CD4 T #if - CD8 T i
DOHIERE 0> CD26 & PD-1 O3 DfifT %
o7, MhigxiRE LTl e b CD4 T
HifE - CD8 T il C & Rk DT $4T - 7=,
CD26 HikE % 7213 CD26 Hiifk & PD-1 #t
EOHFREGRETIE, MiEo e ~ CD4 T #
i - CD8 T ffifid, fEZENE ~ CD4 T i -
CD8 T MW b e o> CD26 @
RENHEITEK T LWL Z EN RSN
(F— 2 RKB#), 7a—H A1 b A MY =2
<7 AHE L TWb e M CD26 fifk s
X =705 CD26 HuikafER L
TWah7=H, b Mb CD26 HiABFEET 5
Z & TR B RN ~D CD26 -+
DBITNEZ > TWAHAZ R THREIND, F
7=, Mg T fipa7=0 ¢/ <, EEANO T
MIECHRBROEN A ORI b <
U ARG L= CD26 HiiA g E U2 2
B35 TMICHFEE LTS EEZON
%, [ARRIC, fRlE _E oo PD-1 O33R & gt
L7z, PD-1 HUiRE E 7213 CD26 Hiik
& PD-1 HUiRO P G#ETIE, MiEO & K
CD4 T #ifia - CD8 T #ifid, fEEANE - CD4
T #if@ - CD8 T ffa O WT 4 & ffaE Eo
PD-1 DB HBEITIK T L TWVD Z &R
EINFT— 2K, 7r—F A FA Y
—ZFE~ U RICE G LTS PD1 fuik e
T h—7 38705 PD-1 BiikZfEA L
TW5 72 ,CD26 & [AEkIC PD-1 T% PD-1
PURDRE A4 2 2 & THIBRME 12> 5 Hifia N
~D PD-1 3 FOBITHEZ > TNDHZ &,




PD-1 Ui E S E P IE M 9~ 5 T M &
AL WL Z EnEZLND,

I, JEFNIZIRIE L7zt ~ CD4 T il
& CD8 T il offfla% & EIE Ot 247 -
7=, WIERLD JMN Tix, CD26 #iifk & PD-1
RO RE I LY, EENOEe B CD8
T HLDOEIA )Y control IgG % 5-8F & L~ T
AEIHI L7 (p=0.019) (K 2 £), — T,
JMN X 0 & KW IROHIIEE R 23580 i
7 R H226 TiE, CD26 #ifk & PD-1
PUROPEHEE G L0, EENOE N CDS
T HlLDOEIA )Y control IgG % 58 & L~ T
BREICHMT 2 & & H12(p=0.040), t
CD4 T HifEOEIE L WTHOREE T
AREIHEML W= 2 75), Fric, K27k
AR CTERR LI iR & B Ic k- T
G A X5/ LT o T flliR &2 7 LT
BV, & CD4 T MR M2 81 23 M
L7k Ch-7=Z &b, CD8 T fifid7s
1772 < CD4 T M iZM a2 et 5 = &
X ESEE A TTHET 59 2 TEETH D Z
ERRMB ST, BENICRBELZE B
CD4 T ffife - CD8 T #lfa Dt FlZ Fu T
b RIBEDOFER T - 12 (5 — 2 RKB#H),

H226

(%) (%) JMN

ZﬁHﬁH ﬂﬂﬁﬂ Tadad mEil

TIL hCD4 TIL hCD8 TIL hCD4 TIL hCD8

[ ctrl 1gG (n=5) [ YS alone (n=5) [0 PDI alone (n=5) [ YS plus PD1 (n=4 or 5)

E2 EMECD26IRER(YS)EPD- 1R FZEHARETHLT, EHBAIC
2MTAHErCDS TR CD4 TR A MM T S EMNTEhT-,

BUE, TFHREICHT D Ki-6T Bt
FE A B D DS AR D e
caspase-3 <° cleaved PARP [0 7 R k—
DA LT AR OB DR 21T -
TWo, 7 EENICRB L N CD4T

cleaved
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#ifE - CD8 T #ifd D=7 = 7 ¥ —Kfe %
DE LT 2 A T BT TED .,
CD26 fitfk & PD1 Hifk & OFUEZEN A A
=R DDETOWT L0 ZEIS 7T L, OF
R ROFE I ZE FFET 5,
D. B%&
t Mk CD26 HUADEIVER 2 72\ WFI A
G LTI ORI 2 AT 5720
2. b Mg b~ D 22 e e MEMEHR
JEREHS AET UIZ T, B ME CD26 ik
& PD-1 fiufk & o fF R EOHUREEM A
I NUNTRY Ik Nl

~U AL MHC ONTaX AT efizl-
~ U AR E B A LTl AET L
TIE, BAERIERNFERRR E 2D A
PURIC P B 2 IZ IR B 2 i+ 5 2 &2
TE 5, LVEBROREZEMLIZET LD
FREELWILIEE I ETHRND,
CD26 %1 DT TIE~ T A DR R % H
WD I ENTERWEHNMEEAFET D,
CD26 1 ZfEE 21 T/ < T MlElc H 3881
LT, EFEOHINEL CD26 Hiikoht
FEIGAE LS A~ D E R R BB 12 1) T
<\ TR %I Lo~ DB S 65
Z e RIS, CD26 ikt T A
NN Y [ i P g e con RSN N 1) O B
WMo ThdH Y., b Mk CD26 HifkiZ CD26
DY H KTHD caveolin-l & CD26 & D
faer. 2FVIE T Mlla~n CD26 i
TINVNDIsER Ty 735, — T, w0
A T #ifao CD26 IX3Lflisy 7 & L Ci¥ne
L7ew, F72, b b T Ml TlX CD26 135
Bt - 53BGME  FatE o MM N Z — v R

WL, v U A T Ml — 985 <
&5, TS ORIz 31T 5 CD26



DIRBL, B hEYTRETEHRERD, 2D
F O, T IR 31T 2 Hre s fial s 35
Té%‘éfﬁ/\&~/iﬁ ERe he~vwoRET
IR E L B b7, CD26 HLikDE %
DEBE NI HI12I1T e Mo R TOfE
WIS ARR R CTH D, £z, ICT BHUlEEhF
PRETH-OCH T HIRZ PO & L0
ERDFIEN AR THY . & ML CD26
ik & ICT & OO HZNR a5 3R
ITb MMuElb~ 7 22 ANWSMERD 5,
CD26 HUANHUEE R R 2T 2 5 2
T, PuER CD26 431 Lo & OEAIZHES
THMNMoE h—)REETHY, CD26 it
ROFUER RO T — & WSS 51213 5t
~ U A CD26 FifkTid7e<, Eu%r“mﬂﬂ% H
L L7zb Mb CD26 $ifkz Hun2s 2 &M
Ru[KToH %, & Mk CD26 Fifl YS110 1%
~ U A CD26 ITIIAAE A RS T RS
LenwZ eirbd, b CD26 #REL LT
AURIRE 22 N T FEBRSR IS AN AT RIZ 72 B
VL BB S, CD26 ik L PD-1 Hiik
EDOPERSIRDOT — 2 BT HI2iE B b
FERTORRPMLIELZN & Mgk~ y
A W23 AT T VI X R AL B 17 AE
T 5, —OlE, REMINEAS PR M s
Ak HLA 2B TWD D% L,
b MESEHOK T2 5 HLA 23681 L T\
5=, [AfESE % (allogeneic) D T #l IS
ZRD T &0 ASRD ) AR R RS
JEE LR D, FTo, b MU O
B LTH, SE0EF/ALTIEE M T Hil
& B MfdiZ~ U 2K THo R A2 E DR
bH, B R NK ﬁﬁiﬂ@%wﬁﬁﬂéﬂiﬂa%
B R T AR O A 25 RIS FER IR,
ZOMEEMBRT L0, B b IL-2,
IL-15, IL-3, GM-CSF 7¢ & D& {1 % 5l
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HBLX 72 NOG ~ 7 AN - T S o
S 5N HEETITE O mEMTE S
ETOREMBEBAE - HMEEESHZ LI T
X9, FE o, BRMEIERRRA e E R E P O
I~v U AHROMIETHL Z il B FD
WIS NREE A~ 7 A CHBLT A 2 L IxAR
EfFJl: ZATV

WA, ~ 7 AR AET VT & —fFIZ
DPP4 inhibitor (Sitagliptin)Z & ~X&H5%
Z & T, CXCR3 Bt CD4 T #Hifa, CD8 T
HifE, NK #ifa> CCR3 Gk D AFBRER 23 28
AUMRRJE BHIC & 0 4658 L g s0% O TTHELS
< = LA & 72 (Nat Immunol. 2015,
2019), 7 7 AR OENO E ME CD26 i
RO EERRBROFE RN S CD26 Hiik % # 5
T 5 L iEF O RVEME CD26 &MET L,
ZAUZPE DPP4 B RTEE B T35 Br J
Cancer. 2017, Biomark Res. 2021)0 Dz
&b, CD26 Hilk &b L7oaIc\nT
L B AL E PR _i%ﬁﬂ“éﬁ&ﬂiﬂ@%&@i%
MK Z D ATREMENE 2 HiL D, L L72RH
5. b Mk CD26 HiikiL~ v 2 CD26 I1Z1%
FEA LW ARIOMEN AET MZE N
T, MiET o EEE B CD26 #i% CD26
P HIZ L > T 7 B KT LA, A
At~ 2 CD26 BT B Lo 72(F
— & ®fgi#)., ~ 7 A CD26 (2t DPP4 £
EER S D720, B FE~T A0 CD26 H
>k DPP4 BERIEMED G5 TIE CD26 Hifk%
BHELTHEREDRTICEE-TEY.,
WAEEIT CD26 HilkZ &G LTI GaiE s
ZDETILTIE DPP4 BESRTEMAR FEMI
WFFcE RV, AREIOET /L TH, CD26 i
k& PD-1 Huik & off ik 5-12 L0 EHEN
2295 b CD4 T #if - CD8 T #ifa D
BN = 3(™ 2), 2k PD-1 #t



Kick s e b T #MlRoOEMEL S CD26 Hik
LB IRERED RN/ E LT D & T
ENb, BNABEIR L TlRAIOO RS %
1T o e & TIPS R EmE 2 LV
RV EAEIRE S LD,

E. f&i#

t b T e e Bfas o3I 4% Lici
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Anti-glomerular Basement Membrane Disease Concomitant
with MPO-ANCA Positivity Concurrent with High Serum
Levels of Interleukin-26 Following Coronavirus Disease 2019
Vaccination

Seiji Kobayashi', Kazunori Fugo®, Ryo Hatano®, Kazuto Yamazaki®, Chikao Morimoto® and
Hiroyuki Terawaki'

Abstract:

As coronavirus disease 2019 (COVID-19) vaccine booster campaigns progress worldwide, new reports of
complications following COVID-19 vaccination have emerged. We herein report a case of new-onset anti-
glomerular basement membrane (GBM) disease concomitant with myeloperoxidase-antineutrophil cytoplasmic
antibody positivity concurrent with high levels of interleukin (IL)-26 following the second dose of the Pfizer-
BioNTech COVID-19 vaccine. The temporal association with vaccination in this case suggests that an en-
hanced neutrophilic immune response through 1L.-26 may have triggered necrotizing glomerulonephritis and a
T-cell-mediated immune response to GBMs, leading to the development of anti-GBM antibodies, with an en-

hanced B-cell response after the vaccination triggering anti-GBM IgG and the onset of anti-GBM disease.

Key words: Anti-GBM disease, ANCA-associated glomerulonephritis, 1L-26, mRNA-based COVID-19

vaccine, pharmacovigilance

(Intern Med Advance Publication)
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Introduction

As coronavirus disease 2019 (COVID-19) vaccine booster
campaigns progress worldwide. new reports of adverse
events following mRNA-based COVID-19 vaccination have
emerged, such as cases of anti-glomerular basement mem-
brane (GBM) disease or anti-neutrophil cytoplasmic anti-
body (ANCA)-associated vasculitis (AAV) (1, 2). The patho-
genesis of anti-GBM disease has been well defined at the
molecular level, but the factors that initiate the autoimmune
process remain unclear (3).

AAV is a multisystem autoimmune disease, with neutro-
phil extracellular traps (NETs) involved in its pathogene-
sis (4). Interleukin (IL)-26 is a member of the TL-10 family
of cytokines that participates in inflammatory signaling
through directly binding DNA to facilitate cellular transduc-

tion and intracellular inflammation signaling (3). Recently, it
has been shown that IL-26 binds to NETs to induce the se-
cretion of inflammatory cytokines (IL-1p and 1L-6) and
chemokines (IL-8) by myeloid cells in ANCA-associated
glomerulonephritis (6).

We herein report a case of new-onset anti-GBM discase
concomitant with myeloperoxidase (MPO)-ANCA positivity
with high levels of serum IL-26 following the receipt of the
second dose of the Pfizer-BioNTech COVID-19 vaccine.

Case Report

A 67-year-old man with a history of pulmonary tubercu-
losis at 25 years old was admitted with a fever and anuria 6
weeks after his second vaccination. He had reported pro-
tracted systemic reactions with a low-grade fever and gross
hematuria two weeks after the first dose. He received a sec-
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ond dose three weeks after the first dose. One month after
the second dose, he developed a fever, anasarca, and anuria,
which lasted over the next two weeks. He had received 6
months of chemotherapy for the treatment of pulmonary tu-
berculosis at 25 years old. There was no history of smoking
or medication use, including propylthiouracil. Results of an-
nual medical reviews had been normal, with serum cre-
atinine levels of 0.6 mg/dL and normal urinalysis findings.

On admission, his blood pressure was 162/98 mmHg, and
a physical examination revealed generalized edema. Labora-
tory tests revealed a white blood cell (WBC) count of
12,900/mm’, serum creatinine of 14.6 mg/dL, and albumin
of 1.6 g/dL. A serologic evaluation revealed a C-reactive
protein level of 37.0 mg/dL, positive anti-GBM IgG (>3,500
U/mL., reference range 3.0> U/mL), positive MPO-ANCA
IgG (268 U/mL, reference range 3.5> U/mL), and positive
IFN-y release assays for tuberculosis. The levels of comple-
ment C3 and C4 were within the reference ranges, and test-
ing for proteinase 3-ANCA, anti-nuclear antibody, hepatitis
B virus, hepatitis C virus were negative. Polymerase chain
reaction and serology testing for SARS-CoV-2 were also
negative. A urinalysis revealed blood (3+) and protein (3+)
at 4,377 mg/dL, and urine microscopy showed >100 red
blood cells per high-power field (>10% dysmorphic) and
100 WBCs per high-power field with granular casts. Com-
puted tomography of the chest revealed nodules in the apex
segment of the right upper lobe and bilateral mild pleural
effusion, without pulmonary involvement. Three sputum
smear examinations with Ziehl-Neelsen staining for the di-
agnosis of tuberculosis over a three-day period were nega-
tive. In addition, there were no negative culture results for
those sputum specimens.

A kidney biopsy was performed 52 days after the second
vaccination. Light microscopy of the kidney biopsy speci-
men showed cellular crescents and fibrinoid necrosis involv-
ing 43 of 45 glomeruli, with CD4 T cells and macrophages
scattered throughout the glomeruli. Cortical tubules dis-
played diffuse acute epithelial injury with interstitial inflam-
mation. Interstitial fibrosis and tubular atrophy were moder-
ate. Immunofluorescence showed linear staining of GBMs
for IgG1. Electron microscopy revealed disruption of GBMs
and diffuse effacement of podocyte foot processes without
immune complex-mediated deposits, leading to a diagnosis
of anti-GBM glomerulonephritis (Fig. 1). Further investiga-
tions revealed a high serum IL-26 level of 517.1 pg/mL on
an enzyme-linked immunosorbent assay (reference range:
not detectable), IL-1B of 34.5 pg/mL, IL-6 of 1,577.9 pg/
mL. tumor necrosis factor-a (TNF-a) of 300.6 pg/mL,
granulocyte colony-stimulating factor (G-CSF) of 126.6 pg/
mL. IL-8 of 615.4 pg/mL, and chemokine (C-X-C motif)
ligand (CXCL) | of 1,480.9 pg/mL using the Bio Plex
multi-plex system (Bio-Rad Laboratories, Inc. Hercules, CA,
USA). He carried human leukocyte antigen (HLA) DRB1*
04:03 and DRB1#14:05 alleles.

Intravenous methylprednisolone 1 g daily for 3 days was
initiated the day after the kidney biopsy followed by oral

prednisolone 1 mg/kg daily. Ten days after admission, he
was treated with 2 doses of rituximab at 375 mg/m’ once a
week. Hemodialysis was initiated on day 2 after admission.
Prednisolone was tapered by 0.1 mg/kg/day wecekly, and the
patient was discharged after 50 days in hospital. The patient
received 300 mg of isoniazid daily for latent tuberculosis in-
fection over 9 months from the start of treatment for anti-
GBM disease. Currently, he continues maintenance hemo-
dialysis while on oral prednisolone at 10 mg/day. Nine
months after discharge, neither pulmonary involvement nor
relapse occurred, with serum levels of anti-GBM IgG, MPO-
ANCA and inflammatory cytokines/chemokines, including
1L-26, gradually decreasing or resolving (Fig. 2).

Discussion

Several recent case reports have described the new onset
of anti-GBM disease or AAV following COVID-19 vaccina-
tion (2, 7, 8). However, the mechanism concerning the con-
tribution of the mRNA-based vaccines to these diseases re-
mains unknown. To our knowledge, this is the first report of
anti-GBM disease concomitant with ANCA positivity ac-
companied by a high serum IL-26 level following the sec-
ond dose of the Pfizer-BioNTech COVID-19 vaccine. The
temporal association with vaccination in this case suggests
that an enhanced neutrophilic immune response through IL-
26 may have triggered necrotizing glomerulonephritis and a
T-cell-mediated immune response to GBMs, leading to the
development of anti-GBM antibodies, with an enhanced B-
cell response after the vaccination triggering anti-GBM IgG
and the onset of anti-GBM disease (Fig. 3).

The possible mechanisms underlying the new-onset ad-
verse effects following mRNA-based COVID-19 vaccination
reportedly include molecular mimicry, vaccine adjuvants,
and polyclonal activation followed by the production of par-
ticular autoantibodies. Recently, Ventura et al. reported that
2 out of 35 patients who developed ANCA after SARS-
CoV-2 vaccination developed ANCA and AAV after receiv-
ing the first dose of the Pfizer-BioNTech COVID-19 vac-
cine. One of the two cases developed ANCA six days after
the first dose (9). A secondary effect from the polyclonal ac-
tivation induced by the vaccine may be attributable to the
production of ANCA by potential autoreactive clones spe-
cific for MPO. AAV has been known to occur under a vari-
ety of circumstances, including with infections (4, 10). Cer-
tain infectious agents such as Mycobacterium tuberculosis
may lead to development of ANCA (11, 12). In our case, la-
tent MPO-ANCA, which might have developed following
pulmonary tuberculosis, may have been enhanced following
receipt of the SARS-CoV-2 mRNA vaccine, potentially trig-
gering ANCA-associated glomerulonephritis. Whether or not
our case can be attributed to pulmonary tuberculosis-induced
ANCAEs is speculative but intriguing and warrants further in-
vestigation, given emerging cases of vaccination-induced
AAV,

IL-26 directly binds neutrophil-derived extracellular DNA
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Kidney biopsy findings. Light microscopy of (A) the renal cortex showing multiple glom-

eruli with fibrinoid necrosis and crescentic formations associated with rupture of Bowman’s capsule
(Masson trichrome, original magnification x40) and of (B) a representative glomerulus showing fibri-
noid necrosis, a circumferential cellular crescent, and destruction of the glomerular tuft and Bow-
man’s capsule with leukocytes, including neutrophils (Jones methenamine silver, original magnifica-
tion x200). Immunohistochemical staining for (C) CD4 and (D) CD68 showing scattered CD4 T cells
and macrophages throughout the glomeruli as well as adjacent tubules and interstitium (original
magnification x200, respectively). Immunofluorescence for (E) IgG1 of glomeruli showing global lin-
ear staining along glomerular basement membranes (original magnification x200). (F) Electron mi-
croscopy of the glomerulus showing disruption of the glomerular basement membranes, diffuse foot

process effacement, and the absence of electron-dense deposits (original magnification, x6,000).

to facilitate intracellular inflammation signaling in a stimula-
tor of interferon genes (STING)- and inflammasome-
dependent manner (5). It is possible that an enhanced neu-
trophilic immune response through IL-26 after the vaccina-
tion may have been responsible for the ANCA-associated
glomerulonephritis in our case. Recently, Poli et al. demon-
strated that IL-26 is one of the most significant inflamma-
tory mediators in active AAV (6). High levels of IL-26 are
detected in the sera of active AAV patients with glomeru-
lonephritis. Furthermore, IL-26 binds 1o NETs, and IL-26-
DNA complexes induce secretion of inflammatory cytokines
(TNF-c, 1L-1B. IL-6, and G-CSF) and chemokines (IL-8
and CXCL1) by myeloid cells in the crescentic necrotizing
lesions of ANCA-associated glomerulonephritis (6). In our
case, 1L-26 may have potentiated the recruitment of immune
cells to the necrotizing lesions through inflammatory cytoki-
nes and chemokines. leading to ANCA-associated glomeru-
lonephritis.

Anti-GBM disease is caused by autoimmunity to the o3
chain of type IV collagen of GBM. Susceptibility to anti-

GBM disease is strongly associated with HLA-DRB1 genes,
for which HLA-DRB1%#15 and DRB1#04 are particularly re-
sponsible (13). In our case, the T-cell-mediated immune re-
sponse o peptides derived from the ruptured GBM through
HLA-DR4 from HLA DRBI1#04:03 on antigen-presenting
cells may have induced the development of anti-GBM anti-
bodies. Furthermore, the vaccine is supposed to elicit CD4
cytokine responses involving type 1 helper T cells (14). It is
possible that the enhanced B-cell response alter the second
dose of the vaccine was responsible for triggering the ex-
tremely high titers of anti-GBM IgGl and the subsequent
onset of anti-GBM disease.

Whether AAV predisposes patients to the development of
anti-GBM disease or if ANCA positivity occurs in the
course of anti-GBM disecase is unclear at present (15). Pa-
tients with anti-GBM disease may be classified into at least
two clusters based on clinical presentation: older adults pre-
senting with kidney involvement alone with a high propor-
tion of ANCA positivity and younger individuals with pul-
monary involvement and a lower proportion of double posi-
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Figure 2. Timeline of clinical events and trends in the serum IgG antibody to GBM titer, MPO-

ANCA titer, serum IL-26 concentration, and serum IL-6 concentration from the time of vaccination

until the four-month follow-up after discharge.

tivity (16). The recent confirmation of spatial and temporal
clustering of anti-GBM disease suggests that environmental
factors, including certain infections, may trigger the disease
in susceptible individuals (17, 18). We suspect that genetic
susceptibility to anti-GBM disease and the history of pulmo-
nary tuberculosis, followed by vaccination, may have trig-
gered the secondary autoimmunity in our case.

Anti-GBM disease is a monophasic non-relapsing illness.
However, this may not be so in patients with dual positivity
for both ANCA and anti-GBM antibodies. The relapse of
clinical features while anti-GBM antibodies are still present
is common, and although relapses can also occur in double-
positive cases, such instances are often in the context of co-
existent ANCA positivity (19). In the present case, decreases
in serum IL-26 levels were correlated to a decline in the se-
rum levels of anti-GBM IgG and MPO-ANCA, with no re-
lapses. TL-26 might be a specific biomarker of disease activ-
ity. Furthermore, we recently developed a humanized neu-
tralizing anti-IL-26 monoclonal antibody (mAb) for thera-
peutic use (20). Humanized anti-IL-26 mAb might be a use-
ful therapeutic agent for the treatment of AAV,

This case highlights the association between an aberrant
immune response to a vaccine and development of anti-
GBM disease concomitant with MPO-ANCA positivity
through IL-26. A deeper analysis of the immune response
through IL-26 may provide better insight into the mecha-

nism underlying the development of AAV and anti-GBM
disease. However, at present, there is insufficient evidence to
postulate causality, as it may have been coincidental that
mRNA-based SARS-CoV-2 vaccine administration closely
preceded the new-onset anti-GBM disease with ANCA posi-
tivity. Given the possibility of further usage of mRNA-based
vaccines against viral infections, strict pharmacovigilance
will be important to determine the true frequency and poten-
tial causality between these vaccines and small-vessel vascu-
litides.
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immune response to peptides derived from the ruptured GBM through HLA-DR4 from HLA
DRB1*04: 03 on antigen-presenting cells may have induced the development of anti-GBM antibodies.
(D) The COVID-19 vaccine may have been responsible for triggering extremely high titers of anti-

GBM IgG1 and the onset of anti-GBM disease.
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Abstract: Intercellular communication between cancer cells themselves or with healthy cells in the
tumor microenvironment and/or pre-metastatic sites plays an important role in cancer progression
and metastasis. In addition to ligand-receptor signaling complexes, extracellular vesicles (EVs)
are emerging as novel mediators of intercellular communication both in tissue homeostasis and
in diseases such as cancer. EV-mediated transfer of molecular activities impacting morphological
features and cell motility from highly metastatic SW620 cells to non-metastatic SW480 cells is a
good in vitro example to illustrate the increased malignancy of colorectal cancer leading to its
transformation and aggressive behavior. In an attempt to intercept the intercellular communication
promoted by EVs, we recently developed a monovalent Fab fragment antibody directed against
human CD9 tetraspanin and showed its effectiveness in blocking the internalization of melanoma
cell-derived EVs and the nuclear transfer of their cargo proteins into recipient cells. Here, we
employed the SW480/SW620 model to investigate the anti-cancer potential of the anti-CD9 Fab
antibody. We first demonstrated that most EVs derived from SW620 cells contain CD9, making
them potential targets. We then found that the anti-CD9 Fab antibody, but not the corresponding
divalent antibody, prevented internalization of EVs from SW620 cells into SW480 cells, thereby
inhibiting their phenotypic transformation, i.e., the change from a mesenchymal-like morphology to a
rounded amoeboid-like shape with membrane blebbing, and thus preventing increased cell migration.
Intercepting EV-mediated intercellular communication in the tumor niche with an anti-CD9 Fab
antibody, combined with direct targeting of cancer cells, could lead to the development of new
anti-cancer therapeutic strategies.

Keywords: cancer; CD9; Fab; cell morphology; migration; colon carcinoma; extracellular vesicle

1. Introduction

Intercellular communication between cancer and healthy cells is now recognized as
an important aspect of tissue transformation that would promote the growth of cancer
and the dissemination and seeding of cancer cells in pre-metastatic sites. Nanosized
extracellular vesicles (EVs) appear to play a major role in these processes [1]. They carry
biological information (e.g., membrane and soluble proteins, lipids, metabolites, and nucleic
acids—notably messenger RNA, microRNA, and long non-coding RNA) that reflect, at
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least in part, the characteristics of donor cells [2,3]. These bioactive molecules could act
as mediators in the regulation of neighboring and distant host/recipient cells. EVs are
released either by a membrane budding process occurring at the plasma membrane or by
fusion of late endosomal multivesicular bodies (LE/MVBs) with the plasma membrane,
resulting in the release of their intralumenal vesicles [4-6]. EVs are then referred to as
microvesicles/ectosomes and exosomes according to the first and second mode of release,
respectively. Once discharged into the extracellular medium, such as a biological fluid, in
addition to their potential degradation, EVs may be trapped in the extracellular matrix
and/or taken up by surrounding cells [7]. The direct interaction between EVs and cells
has become the basis of a short- or long-distance intercellular communication mechanism
where EVs can trigger a cellular response in host cells. Thus, EVs can reprogram their fate,
by promoting their proliferation or differentiation, as well as stimulate their migration
among various cellular processes [8-10].

The fusion of EVs and cell membranes and/or various mechanisms of endocytosis
are described to explain the transfer of EV cargoes [11-14]. Direct binding of EVs to cells,
similar to ligand-receptor interaction, could also occur and promote cell signaling. EVs as
mediators of intercellular communication mechanisms are of general interest in various
fields, as the molecular transfer of active biomolecules is involved in development, enables
homeostasis, and is often dysregulated in various diseases, including cancers [15]. In
the latter case, the increased release of cancer cell-derived EVs may not only promote
cancer growth but also metastasis [16-18] (reviewed in Ref. [19]). In such a context, the
interception of EV-mediated communication could find an application in oncology.

Inhibition of the biogenesis and release of EVs from donor cells could be a possibility
to counteract their effect in cancer. For instance, proteins involved in exosome formation
and/or secretion, such as neutral sphingomyelinase 2 and Rab27a, could be targeted, result-
ing in a reduction of certain exosome subpopulations [20-23]. Similarly, the intracellular
calcium (Ca®*) pool may also be altered, resulting in a defect in EV release from cancer
cells [24,25]. Other regulators and potent drugs of exosome secretion have also been iden-
tified [26] (reviewed in Ref. [27]). Alternatively, it is possible to impede EV uptake into
receptor/target cells by interfering with certain modes of endocytosis, such as clathrin-
dependent or independent mechanisms, e.g., the lipid raft/caveolin-mediated pathways
using chemical drugs. The uptake of EVs by phagocytosis or micropinocytosis can also
be intercepted when these mechanisms occur. For a list of inhibitors and their molecular
targets /pathways, readers are referred to the following review [13]. However, the general
use of these inhibitors is limited because several mechanisms of EV internalization may be
involved concurrently, and systemic application of these drugs, which often act on various
cellular pathways, could result in toxic side effects.

Other therapeutic strategies to remove or neutralize cancer cell-derived EVs from
circulation have been suggested (reviewed in Ref. [28]). For example, Nishida-Aoki and
colleagues proposed to capture circulating EVs derived from cancer cells using specific
antibodies (Abs) against EV-associated proteins [29]. Treatment of mice with anti-CD9 (see
below) or anti-CD63 Abs stimulated EV clearance by macrophages. Although this treatment
had no effect on the primary tumor, tumor metastasis was significantly reduced. Thus,
elimination of cancer-derived EVs may be a novel therapy strategy for cancer metastasis.
Targeting EV surface proteins may also impede their distribution to distant anatomical
sites [29,30], as evidenced by the correlation between expression of specific integrins on the
surface of EVs and metastatic tropism [7].

In such a context, one of the EV-associated proteins has attracted attention in the
literature, namely CD9 (also known as tetraspanin-29, motility-related protein). CD9 is a
member of the tetraspanin superfamily that, by interacting with various protein partners,
has various cellular functions, such as cell-cell contact, cell-extracellular matrix interac-
tion, integrin-dependent cell migration, and membrane fusion, among others (reviewed in
Refs [31-33]). In addition to localizing at the cell surface, where it orchestrates membrane
organization, CD9 is associated with EVs including exosomes [34,35]. Of note, a nuclear
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pool of CD9 was also reported [36]. It has been shown that the presence of CD9 on the
surface of EVs and/or on the plasma membrane of recipient breast cancer cells is essential
for the uptake of EVs, as its silencing by RNA interference prevents internalization [37].
CD?9 is also important for sperm—egg fusion as CD9-deficient oocytes do not fuse properly
with sperm during fertilization, thus reduced female fertility is consequently observed in
CD9 knockout mice [38,39]. Interestingly, sperm fusion properties are conferred by the
CD9* EVs released from eggs [40], and Abs directed against the extracellular domains
of CD9 inhibited sperm—egg interaction and fusion [41]. Anti-CD9 Abs can also block
the transfer of molecules between CD9" EVs in the epididymal fluid and maturing sper-
matozoa [42]. Caution should be applied when divalent anti-CD9 Abs are proposed for
clinical application. Being the major platelet surface protein [43], CD9, together with the
fibrinogen receptor a2b33, can trigger platelet activation, aggregation, or lysis, depending
on the Ab subclass used [44]. Therefore, the clinical development of such biological tools
should exclude the occurrence of potential toxic events, including severe thrombocytopenia
and/or thrombocyte aggregation [45-48] (reviewed in Ref. [33]).

Recently, we designed a CD9-based strategy to block EV transfer between cells using
fragment antigen-binding fragments (Fab fragments; hereafter Fab) generated from 5H9 Ab
(CD9 Ab) directed to human CD9 [49,50]. We showed that monovalent CD9 Fab impedes
the internalization of melanoma cell-derived EVs and nuclear transfer of their cargo proteins
in recipient cells [50]. Here, we investigated whether this approach could have therapeutic
utility for intercepting the EV-mediated transformation of colon carcinoma. To this aim,
we used the established isogenic cell line model of non-metastatic SW480 cells and highly
metastatic SW620 cells, where EVs derived from the latter can transform the former and
impact their malignant properties, including their motility [10,51]. These cell lines were
derived from primary (i.e., SW480 cells) and secondary (SW620 cells) tumors from a single
patient [52-54]. Our data reveal that monovalent CD9 Fab, but not divalent CD9 Ab, blocks
the EV-mediated increase in malignancy of colorectal cancer cells.

2. Materials and Methods
2.1. Cell Culture

Human SW480 (CCL-228™) and SW620 cells (CCL-227™) were obtained from the
American Type Culture Collection (ATCC, Manassas, VI, USA). They were cultured in
RPMI-1640 medium (catalog number (#) 10-041-CV, Corning Inc., Corning, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS, #26140079), 2 mM L-glutamine (#25030081),
100 U/mL penicillin, and 100 pg/mL streptomycin (#15140122), all from Thermo Fisher
Scientific (Waltham, MA, USA), and incubated at 37 °C in a 5% CO, humidified incuba-
tor. Both cell lines were regularly tested for mycoplasma contamination by polymerase
chain reaction using the MycoSEQ™ Mycoplasma Detection Kit (#4460626, Thermo Fisher
Scientific) according to the manufacturer’s protocol, or upon staining with 4’,6-diamidino-
2-phenylindole (DAPL #D9542, Sigma-Aldrich, St. Louis, MO, USA) and visualization
under an Eclipse TE2000-U inverted fluorescence microscope (Nikon, Melville, NY, USA).

2.2. Lentiviral Infection

To inhibit the expression of human CD9 (NCBI protein accession number: P21926),
transduction-ready CD9 short hairpin (sh) RNA lentiviral particles (#sc-35032-V, Santa Cruz
Biotechnology, Dallas, TX, USA) were employed. Viruses were loaded on non-tissue culture
treated 24-well plates (#15705-060, VWR International, Radnor, PA, USA) coated with
50 pg/mL of RetroNectin® recombinant human fibronectin fragment (#T100B, Takara Bio
USA, San Jose, CA, USA), then centrifuged at 960 x g for 30 min at 4 °C. The supernatant
was removed and plates were washed with PBS before addition of SW480 cells. CD9-
deficient (shCD9) SW480 cells were then selected by introducing 2 ug/mL of puromycin
into the culture medium for a week. The antibiotic was removed three days before the start
of the experiments.
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2.3. Plasmid and Transfection

SW620 cells were transfected with pCMV6-AC-GFP plasmid encoding for CD9 with a
GFP tag at its C-terminus under the control of the cytomegalovirus promoter (#RG202000;
OriGene Technologies, Rockville, MD, USA) using Lipofectamine 3000 (#L3000008, Thermo
Fisher Scientific) in a 1:2 DNA /lipid ratio. Cells expressing the neomycin resistance gene
were selected by introducing 400 pg/mL of G418 Sulfate (Geneticin™ Selective Antibiotic,
#10131035, Thermo Fisher Scientific) into the culture medium. After selection, at least 98%
of the cells expressed CD9-GFP fusion protein, assessed by fluorescence microscopy. The
antibiotic was removed three days before the start of the experiments.

2.4. Isolation and Characterization of EVs

EVs released from SW480, SW620, or CD9-GFP* SW620 cells (250,000 cells) cultured in
a serum-free medium supplemented with 2% B-27 supplement (#17504044, Thermo Fisher
Scientific) on a 6-well plate coated with 20 pg/mL of poly(2-hydroxyethyl methacrylate)
(#P3932, Sigma-Aldrich) were enriched by differential centrifugation from the conditioned
media after 72 h of incubation. Briefly, after low-speed centrifugations (300 and 1200x &)
of the conditioned medium, the supernatant was centrifuged at 10,000x g for 30 min.
The resulting supernatant was centrifuged at 200,000 x g for 60 min. All centrifugation
steps were performed at 4 °C. The 200,000 g-pellet was resuspended in 200 pL PBS and
stored at —80 °C in small aliquots. The concentration and size of EVs were evaluated
by nanoparticle tracking analysis (NTA). We used the light-scattering characteristics of
488 nm laser light on EV preparations injected into the sample chamber of the ZetaView
unit (software v8.05.10, Particle Metrix GmbH, Meerbusch, Germany). The calculated EV
concentration and size were an average of 11 positions across the analysis window, each
recorded in 2 s videos (30 frames per second). Camera gain and minimum trace length
were set to 10 and 15, respectively. The concentrations for SW480, SW620, and CD9-GFP*
SW620 EVs were 7.3 x 1012, 6.9 x 10'°, and 7.6 x 10!° particles/mL, respectively.

EVs were characterized either by immunoblotting for the presence of tetraspanin
proteins CD9, CD63, CD81, and ALG-2-interacting protein X (ALIX) or the absence of endo-
plasmic reticulum (ER)-associated calnexin according to the guidelines of the International
Society of Extracellular Vesicles (MISEV2018) [55] or by high-resolution direct stochastic
optical reconstruction microscopy (ASTORM) (see below). All relevant data concerning
our EV characterization were submitted to the EV-TRACT knowledgebase (EV-TRACK,
https:/ /evtrack.org, ID: EV220040, accessed on 13 January 2022) [56].

2.5. CD9 Antibody Fab Fragment

The culture of 5H9 hybridoma cells [49] and the production of mouse monoclonal
CD9 Ab were recently described [50]. The corresponding CD9 Fab was generated using
the Pierce Fab Purification kit (#44985, Thermo Fisher Scientific). Herein, CD9 Ab (500 ng)
was incubated with papain immobilized on agarose resin for 3 h at 37 °C. The digested
Abs were collected by centrifugation (5000 g, 1 min) using a spin column, and the flow
through containing the Abs was placed in a new tube. The fragment crystalline (Fc) frag-
ment was removed from digested Ab samples by centrifugation (1000x g, 10 min) using
the NAb Protein A Plus Spin Column, and the flow through containing the purified Fab
fraction was collected. The column was then washed twice with PBS and each wash fraction
was combined with the Fab fraction. Using the Microsep Advance Centrifugal Device
(10K molecular weight cut-off) purchased from Pall Corporation (#MCP010C46, Westbor-
ough, MA, USA), the Fab fraction was concentrated by spinning at 3000x g for 25 min
at 4°C. Concentration was then measured by absorbance at 280 nm (final yield of
0.4-0.8 mg/mL). CD9 Fab preparation was assessed by sodium dodecyl sulfate-polyacry
lamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining as described in [50].
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2.6. Immunoblotting

Cells were lysed in cold buffer containing 1% Triton X-100 (#X100, Sigma-Aldrich),
100 mM NaCl, and 50 mM Tris-HCl with a pH of 7.5 and supplemented with Protease
Inhibitor Cocktail Set III (#539134, Sigma-Aldrich), followed by incubation on ice for 30 min.
Samples were then centrifuged at 12,000x g for 10 min at 4 °C. Detergent lysate was
collected and Laemmli sample buffer (#1610747, Bio-Rad, Hercules, CA, USA) containing
[-mercaptoethanol (#444203, Sigma-Aldrich) was added. The reducing agent was omitted
for CD9, CD63, and CD81 immunoblots. For the analysis of EVs, the Laemmli buffer
was added directly to the enriched EVs. All samples were heated at 95 °C for 5 min.
Proteins were separated by SDS-PAGE using a 4-20% Mini-PROTEAN TGX precast gel
(#4561096, Bio-Rad) along with the Trident pre-stained protein molecular weight ladder
(#GTX50875, GeneTex, Irvine, CA, USA) and were then transferred to a nitrocellulose
membrane (#88018, Thermo Fisher Scientific) overnight at 4 °C. Membranes were incubated
in the blocking buffer (PBS containing 1% bovine serum albumin (BSA, #001-000-161,
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA)) for 60 min at room
temperature (RT) and then probed with primary Abs (see below) for 60 min at RT. After
3 washing steps of 10 min each with PBS containing 0.1% Tween 20, membranes were
incubated with fluorescein (FITC)-conjugated donkey anti-mouse IgG (1:100, #715-095-150,
Jackson ImmunoResearch Laboratories) for 30 min at RT. Finally, membranes were washed
thrice (10 min each) in PBS containing 0.1% Tween 20, rinsed in deionized H»O, and antigen-
Ab complexes were visualized in the iBright FL1000 system (Thermo Fisher Scientific).

Blots were probed with mouse monoclonal anti-CD9 (clone 5H9, 1:500, see above) [49]
or anti-CD63 (clone Ts63, 1:500), anti-CD81 (clone 1.3.3.22, 1:500), and anti-Calnexin Abs
(clone AF18, 1:500), all purchased from Thermo Fisher Scientific (#10628D, MA5-13548,
and MA3-027, respectively), or with anti-Alix Ab (clone 3A9, 1:500, #2171, Cell Signaling
Technology, Danvers, MA, USA) and anti-f3-actin Ab (clone C-2, 1:1000, #sc-8432, Santa
Cruz Biotechnology).

2.7. Cell-EV Incubation

SW480 cells or shCD9 SW480 cells (1 x 10°) seeded in 1 mL cell medium on poly-D-
lysine-coated 35 mm dishes containing #1.5 glass coverslips (#P35GC-1.5-14-C, MatTek
Corporation, Ashland, MA, USA) were pre-incubated with various concentrations (6.25,
12.5, and 25 pg/mL) of CD9 Fab or divalent CD9 Ab for 30 min at 37 °C. Concurrently, EVs
(1 x 10? particles, equivalent volume of ~15 uL) derived from SW620 or CD9-GFP* SW620
cells were pre-incubated with the same concentrations of Abs for 30 min at 4 °C. Afterward,
EVs were added to the cells and co-incubated for 5 (or 16) h in the presence of Abs. The final
EV concentration is 1 x 107 particles/mL or 27 ug protein/mL. These conditions will be
referred as protocol #1 (Cells and EVs). As control, Abs were omitted. In some experiments,
EVs (1 x 107 particles) alone were pre-incubated with CD9 Fab or divalent CD9 Ab as above
and then added to cells (protocol #2, EVs). Conversely, cells were pre-incubated with CD9
Fab or divalent CD9 Ab as above and EVs (1 x 10° particles), which were not incubated
with Abs, were then added and both cells and EVs were incubated together for 5 h (protocol
#3, Cells). Note that in all conditions, Abs were not removed prior to co-incubation of cells
and EVs, resulting in different Ab concentrations during the 5 h co-incubation, especially
for protocol #1 (or #3) compared to protocol #2. Alternatively, the Abs were removed
from cells after the 30 min pre-incubation and before the addition of EVs which were not
pre-incubated with Abs (protocol #3’, Cells). These distinct protocols are summarized in
Supplementary Figure S1. In other experiments, cells were pre-treated with or without
10 uM PRR851, a drug synthesized in one of our laboratories (for detail, see Ref. [57]), in
the presence or absence of CD9 Fab (25 ug/mL) for 30 min at 37 °C. CD9-GFP* EVs were
then added for 5 h. DMSO alone was used as vehicle control. Cells were then fixed and
prepared for immunocytochemistry.
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2.8. Confocal Laser Scanning Microscopy

Cells grown on poly-D-lysine-coated dishes, as described above, were fixed in 4%
paraformaldehyde (PFA) in PBS for 15 min, washed twice with PBS, and permeabilized
with 0.2% Tween 20 in PBS (permeabilization buffer, PB) for 15 min. They were first
blocked with 1% BSA diluted in PB for 30 min and then immunolabeled, using either
rabbit antiserum directed against the SUN domain-containing protein 2 (SUN2) (1:50,
#PA5-51539, Thermo Fisher Scientific), which labels the inner nuclear membrane (INM),
or mouse monoclonal CD9 Ab (clone 5H9, see above), to label the cell membrane for 60
min. In some experiments, cells were not permeabilized. All steps were performed at
RT. Afterward, cells were washed twice with PBS and incubated with Alexa Fluor®647-
conjugated goat anti-rabbit IgG (1:1000, #A-21246) or Alexa Fluor®488-conjugated goat
anti-mouse IgG (1:1000, #A11017), both from Thermo Fisher Scientific, for 30 min. The
washing step was repeated prior to observation. Primary and secondary Abs were diluted
either in PB containing 1% BSA or, in the case of non-permeabilized immunolabeling,
in PBS with 1% BSA. To assess membrane rounding and blebbing, PFA-fixed cells were
instead stained with Alexa Fluor488®—conjugated Phalloidin (#A12379, Thermo Fisher
Scientific) for 40 min to label actin. Nuclei were counterstained with DAPI. Images were
acquired by confocal laser scanning microscopy (CLSM) using the Nanoimager S Mark
II system (Oxford Nanoimaging (ONI), Oxford, UK) with 100x oil-immersion objective
under constant microscope settings. A total of 20 x-y optical sections of 0.45 um thickness
were acquired for each cell of interest. Raw images were processed using Fiji. To measure
GFP fluorescence derived from endocytosed CD9-GFP* SW620 cell-derived EVs in the
cytoplasm, regions of interest (ROIs), excluding the DAPI-stained nucleus, were drawn
around the plasma membrane using corresponding bright-field images (not shown) as a
guide. Total cell fluorescence was then determined using the “measure” function in Fiji
across all optical sections. To count nuclear fluorescent materials, each optical section
through the cell was assessed individually by drawing ROIs around the SUN2-labeled
nuclear membrane. An auto threshold was then applied and, using the “analyze particle”
function in Fiji, signals showing greater than 8 pixel counts were considered as positive
and the results from all sections were combined.

2.9. Stochastic Optical Reconstruction Microscopy

Direct stochastic optical reconstruction microscopy (ASTORM) was applied on EVs
derived from SW480, SW620, and CD9-GFPt SW620 cells. EVs were immunolabeled
and imaged using the EasyVisi Single-Extracellular Vesicle Characterization kit from
ONI (beta v1.0, Oxford Nanoimaging, UK) as described previously [57]. Briefly, EVs
(3.5 x 107 particles) were incubated overnight at 4 °C with the fluorescently labeled Abs:
CD9-Atto488, CD63-Cy3B, and CD81-AlexaFluor®647. Labeled EVs were then immobi-
lized on microfluidic chips coated with PEG-Biotin. All preparations were performed on a
Roboflow automated system platform (ONI). Freshly prepared BCubed STORM-imaging
buffer was added prior to image acquisition. Labeled proteins were imaged sequentially at
45%, 50%, and 50% power for the 647, 561, and 488 nm lasers, respectively, at 2000 frames
per channel with the angle of illumination set to 52.5°. Prior to the start of the imaging
session, channel mapping was calibrated using 0.1 um TetraSpeck beads (#17279, Thermo
Fisher Scientific). Data were processed on NimOS software (v1.18, ONI, Oxford, UK). Note
that under these conditions, GFP fluorescence is not detected (data not shown). To identify
subpopulations of EVs that express one, two, or three markers, images were analyzed using
ONI’s online platform called CODI (https://alto.codi.bio/, release versions 0.20 to 0.24;
July to October 2021, accessed on 21 September 2021). Density-based clustering analysis
with drift correction was then performed to evaluate each vesicle.

2.10. Flow Cytometry

To determine the number of cell surface CD9 molecules, the Quantum™ Simply
Cellular® (QSC) anti-mouse IgG kit (#815, Bangs Laboratories Inc., Fishers, IN, USA) was
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utilized. SW480 and SW620 cells (1 x 10°) and 4 microsphere populations containing
increasing levels of Fc-specific capture Ab were incubated with FITC-conjugated anti-CD9
Ab (clone eBioSN4, 1:20, #11-0098-42, Thermo Fisher Scientific) in PBS containing 0.5% BSA
for 30 min on ice. Both cells and microspheres were then analyzed by the CytoFlex flow
cytometer (Beckman Coulter, Indianapolis, IN, USA) using the same detector gain for
all samples. A standard curve was generated using the median channel values of the
microspheres, and the amount of CD9 molecules per cell was determined from this curve.
All calculations were performed using the QuickCal® program (v2.3, www.bangslabs.com,
accessed on 13 October 2021).

2.11. Cell Migration

Scratch wound healing assay—Cell migration was evaluated by a scratch wound healing
assay. Briefly, SW480 cells were seeded at a concentration of 2 X 10° cells/well in 12-
well standard cell culture plates (#83.3921, Sarstedt Inc., Niimbrecht, Germany) and, after
reaching 100% confluence, a scratch was introduced on the cell monolayer with a sterile
pipet tip. The detached cells were washed with PBS. Cells and/or SW620 cell-derived
EVs were then pre-incubated for 30 min with CD9 Fab or divalent CD9 Ab at various
concentrations (6.25, 12.5, and 25 pug/mL) according to protocols #1 to #3. Afterward, cells
and EVs were co-incubated for 5 h. In all conditions, Abs were not removed during cell-EV
incubation. As positive control, cells were exposed to EVs without incubation with Ab.
Images of scratch wounds were captured using an inverted Olympus IX70 microscope
(Olympus Italia S.r.1, Segrate, Italy) before (0 h) and after (5 h) the addition of EVs. Wound
areas were measured by Image]J software [58]. The wound area at 0 h was considered
as baseline (100%). The wound healing assays were performed at least five times for
each condition.

Transwell filter assay—SW480 or SW620 cells were grown to 80% confluency then
serum starved for 24 h in DMEM-F12 cell medium (#12634010, Thermo Fisher Scientific)
supplemented with 0.5% FBS at 37 °C. The migration assay was performed using 8 um
pore size 24-well Transwell plates (#3464, Corning Inc.). Briefly, the lower chamber was
filled with 800 uL of cell medium as described above, followed by the addition of starved
1 x 10° cells in 200 pL medium to the upper chamber. For SW480 cells, they were allowed to
attach for 3 h prior to incubation with 25 pg/mL CD9 Fab or divalent CD9 Ab for 30 min at
37 °C. Concurrently, SW620-derived EVs (1 X 10° particles) were incubated with the same
concentration of Abs for 30 min at 4 °C according to protocol #1, then co-incubated with the
cells for 24 h at 37 °C. As controls, either EVs or Abs were omitted or cell medium contained
10% FBS (data not shown). In experiments involving SW620 cells, the same procedure was
performed as above without the addition of EVs. After the 24 h incubation, the number
of migrated cells was evaluated as previously described with minor modifications [59].
Briefly, cells on the upper chamber were carefully removed using cotton swabs, and the
migrated cells adhered to the bottom side of the microporous membrane, as well as those
in the lower chamber, were detached by trypsinization. Cells were collected, pelleted by
centrifugation, and resuspended in the residual medium. The number of invasive cells was
determined by automated counting using the TC20 automated cell counter (Bio-Rad).

2.12. Statistical Analysis

All experiments were performed at least in triplicate. Data are presented as the
mean = standard deviation (S.D.). Statistical analysis was determined using a two-tailed
Student’s t-test, and p values < 0.05 were considered significant. All graphs were created
using GraphPad Prism 8 (v8.4.3, Dotmatics, Boston, MA, USA).

3. Results

To investigate whether a monovalent Fab generated from mouse monoclonal CD9 Ab
(clone 5H9) directed to human CD9 [49,50] impedes EV-mediated morphological transfor-
mation of colon cancer cells, we used the established model of non-metastatic SW480 and
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highly metastatic SW620 cells [52,53]. One of our laboratories has previously shown that
morphological traits of SW620 cells can be transferred to SW480 cells via EVs [10,52,53].
Labeling of these cells with CD9 Ab confirmed their distinct morphologies; SW480 cells are
flat with a spread mesenchymal-like shape and tend to form multicellular clusters, whereas
SW620 cells are rounded and have numerous membrane blebs reminiscent of an amoeboid
phenotype (Figure 1A). In both cell lines, CD9 antigen is present on the cell surface and in
the cytoplasmic compartment (Figure 1A). The number of cell surface CD9 molecules per
cell was quantified by flow cytometry after labeling with fluorochrome-conjugated anti-
CD9 Ab (clone eBioSN4, see Section 2), while the total amount of CD9 was quantified by
immunoblotting (Figure 1B,C). Both approaches revealed that CD9 protein is significantly
more expressed in SW480 compared to SW620 cells. These observations are in agreement
with the previously reported CD9 transcript level for these cells [60]. These data suggest,
albeit indirectly, that CD9 per se is not responsible for the morphological difference between
SW480 and SW620 cells, although some level of its expression may regulate the function of
its interacting partners [10,52,53].

To monitor EV-mediated cell transformation, we engineered SW620 cells to express
the CD9-GFP protein that would produce fluorescent EVs (Figure 1D,E). As observed by
GFP fluorescence, CD9 overexpression did not alter the morphology of SW620 cells, with
their rounded appearance and membrane blebs remaining present (Figure 1D).

3.1. Characterization of EVs Released by SW620 Cells

Next, for comparison, we characterized the EVs released by SW620 cells as well as
those produced by CD9-GFP* SW620 and SW480 cells. The EVs were enriched from the
conditioned media by differential ultracentrifugation (for technical detail, see Section 2).
First, we measured their size by NTA. The EVs derived from the SW620, CD9-GFP* SW620,
and SW480 cell lines showed a similar diameter of 148 1.9, 157 = 9.4, and 144 + 2.5 nm
(mean + S.D., n = 3 independent measurements), respectively (Figure 2A, pink area).
Interestingly, large EVs with a size of 350-500 nm were preferentially observed in those
produced by SW480 cells (Figure 2A, grey area). Second, the expression of bona fide
EV markers was determined by immunoblotting in EVs released by SW620 cells. The
tetraspanin membrane proteins CD9, CD63, CD81, and cytoplasmic ALIX were detected
therein (Figure 2B). Alix was demonstrated to be involved in the sorting of tetraspanins
to exosomes [61]. As expected, the ER-associated calnexin was absent (Figure 2B). These
data are in agreement with our previous studies, as well as studies by others [57,62-64].
The overexpression of CD9-GFP did not influence the presence or absence of these proteins
in SW620 cell-derived EVs (Figure 2C). Third, the distribution of tetraspanins among
the EVs was determined at super-resolution using dSTORM (Figure 2D). Analysis of
small EVs (<200 nm in diameter) revealed the heterogeneity of the EV population with a
variable distribution of single, double, and triple positives (Figure 2E and Supplementary
Figure S2A), in agreement with previous studies [57,65]. Triple-positive EVs (CD9, CD63,
and CD81) constituted the major population (>70%) of EVs. They could correspond to
exosomes arising from LE/MVB fusion with the plasma membrane [34]. Single-positive
EVs represented minor or negligible fractions among the EV subpopulation, irrespective of
the CD marker. Of note, overexpression of CD9-GFP in SW620 cells slightly reduced the
amount of CD63*CD81* EVs with a concomitant increase in triple-positives. In SW620 cells,
CD63*CD81" EVs constituted about 17 & 10% of total EVs. These EVs cannot be targeted
by anti-CD9 Ab. In contrast, single CD9* EVs are highly enriched in large EVs (350-500 nm
in diameter) and represent the major fraction (>80%) (Supplementary Figure S2B,C). They
could correspond to microvesicles/ectosomes derived directly from the plasma membrane.
Double- or single-positive CD63 and CD81 were not detected. Thus, all large EVs contain
CD?9. Overall, the complexity of EV subtypes (exosomes versus microvesicles) and their
subpopulations, as monitored at an individual level, indicates that CD9* EVs account for
the majority of EVs.
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Figure 1. CD9 expression in SW480 and SW620 cells. (A) CD9 expression was investigated by indirect
immunofluorescence labeling using anti-CD9 5H9 Abs on either intact or permeabilized SW480 and
SW620 cells cultured on poly-D-lysine-coated dishes. Nuclei were stained with DAPI and samples
were observed by CLSM. Composite images (top panels) or single x-y sections (middle and bottom
panels) are shown. Arrowheads indicate membrane blebs, while asterisks mark cytoplasmic CD9
immunoreactivity. (B) The amount of surface CD9 antigens per cell detected with FITC-conjugated
eBioSN4 Abs was estimated using a flow cytometer calibrated with fluorescent microparticles.
(C) Total CD9 antigens were analyzed by immunoblotting (top panel) using 5H9 Abs and quantified
(bottom panel). The samples were normalized to (3-actin. Molecular mass markers (kDa) are indicated.
Arrowhead indicates the protein of interest. (D,E) SW620 cells stably transfected with CD9-GFP were
analyzed either by fluorescence microscopy without permeabilization (D) or immunoblotting (E). For
the microscopy, nuclei were stained with DAPI and samples were observed by CLSM. A composite
image (top panel) or a single x-y section (bottom panel) is displayed. Arrowheads indicate membrane
blebs. For immunoblotting, the membrane was probed with 5H9 Abs. The arrow and arrowhead
indicate the CD9-GFP fusion protein and the endogenous CD9, respectively. Means + S.D. and
individual values for each experiment are shown (1 = 3). p values are indicated. Scale bars, 10 pm.
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Figure 2. Characterization of EVs released by SW620, CD9-GFP* SW620, and SW480 cells. (A-E) EVs
were recovered from the conditioned media of SW620, CD9-GFP* SW620, and SW480 cells by dif-
ferential centrifugation, and the resulting 200,000 g pellets were analyzed by the ZetaView particle
analyzer (A), immunoblotting (B,C), and dSTORM (D,E). The concentration and size of EVs derived
from the indicated cells are shown (A). Note the presence of a common population of small particles
(<200 nm) with a peak at 100-150 nm (pink area), and larger ones (350-500 nm, gray areas) enriched
in SW480 samples. EVs, and for comparison the cells from which they were derived, were probed by
immunoblotting for CD9, CD63, CD81, Alix, and Calnexin (B,C). Arrowheads and brackets indicate
the endogenous proteins of interest, while the arrow points to the CD9-GFP fusion protein. Molecular
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mass markers (kDa) are indicated. EVs were imaged after immunolabeling of three tetraspanins using
dSTORM (D). The proteins of interest (CD9, CD63, and CD81) were pseudo-colored as indicated.
Small single-, double-, and triple-positive EVs were shown (D) and quantified (E). Means & S.D. and
individual values for the three experiments are shown (1 > 5000 EVs per experiment). Note that small
and large EVs derived from SW480 cells were also quantified (Supplementary Figure 52). Scale bars,
50 nm.

3.2. Internalization of SW620 Cell-Derived CD9-GEFP* EVs into SW480 Cells: Impact of CD9 Ab

By applying fluorescent EVs released by CD9-GFP* SW620 cells to recipient SW480
cells for a period of 5 h, we observed, after cell fixation and DAPI staining, the internal-
ization of CD9-GFD, as detected by green fluorescence in the cytoplasmic compartment
(Figure 3A, control). To assess the impact of anti-CD9 Abs on EV internalization, we pre-
incubated both cells and EVs with either monovalent CD9 Fab or divalent Ab (25 pug/mL)
for 30 min and then co-incubated them for 5 h in the presence of Abs. This is the first of
three protocols (#1-3) used in this study, which are summarized in Supplementary Figure S1
(see below and Section 2). Interestingly, application of CD9 Fab, but not CD9 Ab, reduced
the amount of GFP in the cytoplasmic compartment as observed by CLSM (Figure 3A, CD9
Fab). Through a series of x-y optical sections covering the entire cell of interest, quantifica-
tion revealed a significant decrease in cytoplasmic GFP fluorescence in CD9 Fab-treated
cells, whereas an increase occurred in those incubated with CD9 Ab (Figure 3B). The effect
of CD9 Fab depends on the concentration used (Figure 3B).

We recently demonstrated that EV-associated CD9 can reach the nucleus after EV
internalization and their endocytic transport, where EV-containing late endosomes enter
the type Il nuclear envelope invaginations of the nucleoplasmic reticulum [37] (reviewed
in Ref. [14]). The latter process involved a protein complex (named VOR) formed by vesicle-
associated membrane protein (VAMP)-associated protein A (VAP-A), which is localized at
the outer nuclear membrane, oxysterol-binding protein (OSBP)-related protein-3 (ORP3),
and endosomal Rab7 [66]. Their interactions can be inhibited by a novel chemical drug,
PRR851, which blocks Rab7 binding to VAP-A-ORP3 and thereby prevents nuclear transfer
of the EV-associated protein [57]. To visualize the nuclear transfer of the EV cargo and the
impact of CD9 Abs on it, upon 5 h incubation with CD9-GFP* EVs, SW480 cells were fixed,
immunolabelled for SUN2 to highlight the inner nuclear membrane, and analyzed by CLSM.
In each x-y optical section, the nuclear CD9-GFP appeared as discrete punctate signals
(Figure 3C), in which we set a threshold level above eight pixels to exclude (auto)fluorescent
signals (see Section 2, Supplementary Figure S3A). Analysis of the 20 sections covering
the entire nuclear compartment revealed a reduction in nuclear CD9-GFP in cells and
EVs treated with CD9 Fab (Figure 3C and Supplementary Figure S3B). This effect did not
seem to occur with those incubated with CD9 Ab. Quantification of these cells confirmed
these observations (Figure 3D). Although significant, the CD9 Fab-mediated reduction in
nuclear transfer of CD9-GFP appeared moderate compared to EV internalization (compare
Figure 3B versus Figure 3D, CD9 Fab). Indeed, fold change analysis indicates that CD9
Fab had more impact on the initial internalization of CD9-GFP than on its nuclear transfer
(Supplementary Figure S3C). In contrast, the addition of PRR851, alone or in combination
with CD9 Fab, abolished the nuclear transfer of CD9-GFP (Supplementary Figure S3D).
This observation suggests that intracellular transport of EV-associated proteins from the
plasma membrane to the nucleoplasm of recipient cells via the endocytic compartment is
highly efficient (see Section 4).
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Figure 3. Effects of CD9 Fab and divalent Abs on the internalization of SW620 cell-derived CD9-GFP*
EVs into SW480 cells. (A-D) SW480 cells and fluorescent EVs derived from CD9-GFP* SW620 cells
(1 x 10? particles) were individually pre-incubated for 30 min without (control) or with different
concentrations of anti-CD9 Fab or divalent Ab as indicated before their co-incubation for 5 h in
the absence or presence of Abs (protocol #1). Fixed cells were either stained with DAPI (A,B)
or immunolabeled for SUN2 (C,D) before observation by CLSM. Note the presence of discrete
punctate GFP signals in the cytoplasmic (A,C) or nucleoplasmic (C) compartments (asterisk and circle,
respectively). Their intensity (B) or amount (D) was quantified using serial optical sections through
a cell (see Supplementary Figure S3). Means =+ S.D. of individual signals from three independent
experiments, as indicated by color coding, are shown (1 > 15 cells per experiment). p values are
indicated. Arrowheads indicate CD9-GFP signals in the nuclear envelope invagination (C). Scale
bars, 5 um.

3.3. Pro-Metastatic Morphological Alterations of SW480 Cells by SW620 Cell-Derived EV's Are
Blocked by CD9 Fab

To assess whether CD9 Fab negatively interfered with the pro-metastatic morphologi-
cal alterations of SW480 cells induced by SW620 cell-derived EVs, we co-incubated them
in the presence or absence of Abs using three distinct protocols (Supplementary Figure S1)
and then determined their phenotypic modification, i.e., cell rounding and induction of
membrane blebs. In the first set of experiments, following protocol #1, both cells and EVs
were pre-incubated with either monovalent CD9 Fab or divalent Ab (25 pg/mL) for 30 min.
Cells and EVs were then co-incubated for a period of 5 h. SW480 cell morphology was de-
termined by fixing and staining them with fluorochrome-conjugated phalloidin and DAPI
to label actin filaments [67] and nuclei, respectively, prior to CLSM analysis. As negative
and positive controls, we used SW480 cells and those incubated with SW620 cell-derived
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EVs, respectively. In the latter, we observed cellular transformation with the appearance
of rounded cells and membrane blebbing (Figure 4A). Quantification revealed that both
phenotypes were infrequently detected in those not incubated with EVs (Figure 4B,C,
respectively). The addition of CD9 Fab (25 pg/mL) significantly reduced EV-mediated
cell transformation, a phenomenon also observed at lower concentrations (Figure 4A—C).
In contrast, the divalent CD9 Ab did not interfere with such processes (Figure 4A—-C).
Similar results were obtained when co-incubation of cells and EVs was increased to 16 h
(Supplementary Figure 54).
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Figure 4. Effects of CD9 Fab and divalent Ab on the pro-metastatic morphological alterations of
SW480 cells exposed to SW620 cell-derived EVs. (A—C) SW480 cells and SW620 cell-derived EVs
(1 x 10” particles) were individually pre-incubated for 30 min with different concentrations of anti-
CD9 Fab (red) or divalent Ab (green) as indicated before their co-incubation for 5 h in the presence of
Abs, as described for protocol #1. As negative and positive controls, cells were not exposed (SW480,
grey) or were exposed to EVs in the absence of Ab (+ SW620 EV, blue), respectively. Afterward,
fixed cells were stained with DAPI and fluorochrome-conjugated phalloidin to label nuclei and actin
filaments, respectively, before observation by CLSM (A). Single sections are presented. Rounded cell
morphology and membrane blebs induced by EVs are indicated by the letter R and the arrowheads,
respectively. The percentage of cells with rounded morphology (B) or membrane blebs (C) was
quantified. Means + S.D. and individual values for each experiment are shown (n = 4). At least
100 cells were evaluated for each experiment. p values are indicated. Similar experiments were
performed by pre-incubating only EVs or cells with Abs (Supplementary Figure S5). Scale bars,
10 pum.

In the second set of experiments, following protocol #2 (Supplementary Figure S1B), only
EVs were pre-incubated with monovalent CD9 Fab or divalent Ab for 30 min, then added to
cells and co-incubated for 5 h. Again, cell rounding and membrane detachment were both
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inhibited by the addition of CD9 Fab but not CD9 Ab (Supplementary Figure S5A), suggesting
that saturation of EV-associated CD9 interferes with these EV-mediated processes. Finally,
similar data were obtained when only cells were pre-incubated with either monovalent
or divalent CD9 Abs, according to protocol #3 (Supplementary Figure S1C), prior to their
5 h co-incubation (Supplementary Figure S5B). Note the presence of CD9 Abs during
cell-EV incubation, especially in protocol #3, where free Abs would bind to EVs and
could therefore have an impact on the result. To evaluate this, we performed a variant of
protocol #3 (#3') where unbound CD9 Abs were removed from the cells after the 30 min pre-
incubation and before the addition of EVs (Supplementary Figure S1C). Interestingly, under
these conditions, the pre-metastasis morphological alterations of SW480 cells were not
significantly impacted by the addition of CD9 Fab (Supplementary Figure S5C), suggesting
that the saturation of CD9 present in EVs is essential to interfere with their action.

3.4. SW620 Cell-Derived EV-Induced Migration of SW480 Cells Is Impeded by CD9 Fab

SW620 cells have a more rounded shape and strong plasma membrane blebbing ac-
tivity (see above Figure 1A,D), which is associated with amoeboid motility [68]. Since
these morphological traits can be transferred to SW480 cells via EVs derived from SW620
cells and influence their motility [8-10,51], we evaluated their migration and the im-
pact of CD9 Abs. For this purpose, we used two classical methods: the linear wound
healing assay and the Transwell filter assay (see Section 2). First, the wound healing
assay, performed for 5 h, revealed that SW620 cell-derived EVs stimulated the motility
of SW480 cells (Figure 5A), which is in agreement with our previous study [57]. Inter-
estingly, exposure of cells and EVs or only EVs to CD9 Fab according to protocol #1 or
#2, respectively, before their co-incubation for 5 h had a highly negative effect on their
migration (Figure 5A,B). In contrast, divalent CD9 Ab either did not prevent this migration
or stimulated it, which is consistent with the data regarding morphological alterations
(Figure 4 and Supplementary Figure S5A). Pre-incubation of cells with CD9 Fab or CD9 Ab,
as described in protocol #3, did not block cell migration (Figure 5C). The latter data contrast
with those observed for the impact of CD9 Fab on morphological alterations (protocol #3,
Supplementary Figure S5B) but are consistent with those observed when CD9 Abs were
removed prior to the addition of EVs (protocol #3', Supplementary Figure S5C), again
emphasizing the importance of intercepting EVs with CD9 Fab. In protocol #3, we could
not exclude that a fraction of EVs reaches some recipient cells before being neutralized by
CD9 Fab, and thus stimulates the cellular transformation impacting their migrations.

Second, we used a Transwell membrane filter with 8 um pores allowing migration
of cells from the upper to the lower chamber (Figure 5D). After attachment of the cells to
the membrane, we added SW620 cell-derived EVs and co-incubated them for 24 h. The
trans-membrane migrated cells recovered in the lower chamber revealed the stimulation
of motility for SW480 cells primed by EVs (Figure 5E). The experiment was then repeated
by pre-incubating the cells and EVs with CD9 Fab or CD9 Ab (25 pug/mL) for 30 min
before their co-incubation (Figure 5D). In agreement with EV-mediated morphological
transformation, addition of CD9 Fab reduced the number of migrating cells, whereas
divalent Ab increased it, although not to a statistically significant extent (Figure 5E).

Finally, caution should be considered with these assays, as horizontal CD9 binding
to adhesion and/or integrin molecules, as well as certain lipids, can suppress or promote
cell—cell and cell-extracellular matrix interactions (and consequently cell motility), as
these processes potentially being dependent on the cellular system [69-72] (reviewed
in Ref. [33]). This prompted us to evaluate the impact of CD9 Abs on SW620 cell migration.
As evaluated with the Transwell filter assay, highly metastatic SW620 cells are migrating
more than SW480 cells under the same culture conditions (Figure 5F), as recently reported
in [73,74]. Indirectly, these data indicated that CD9 expression levels in SW480 and SW620
cells inversely correlate with migration behavior, suggesting a negative impact of CD9 on
cell migration in such SW480/620 cell systems. Interestingly, addition of CD9 Fab to SW620
cells prevented their migration, similar to EV-primed SW480 cells, whereas, unlike the
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latter whose migration was partly stimulated by divalent CD9 Ab, this Ab further inhibited
SW620 cell migration (Figure 5F). The differential response to divalent CD9 Ab suggests
that EV uptake and subsequent cellular transformation of SW480 cells is the primary cause
of their migration. Further research is needed to determine whether a certain CD9 threshold
impacts SW480/620 cell migration (and their morphology, see above), which is beyond the
scope of this study.
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Figure 5. Effects of CD9 Fab and divalent Ab on the migration of SW480 cells exposed to SW620
cell-derived EVs. (A) The migration-wound healing assay was performed by introducing a scratch
on confluent SW480 cell monolayers cultured on 12-well standard cell culture plates and incubating
them for 5 h in the absence (negative control, grey) or presence (positive control, blue) of SW620 cell-
derived EVs (1 x 10° particles/mL). Alternatively, after introducing a scratch on the cell monolayer,
cells and EVs were individually pre-incubated for 30 min with different concentrations of anti-CD9
Fab (red) or divalent Ab (green) as indicated before their 5 h co-incubation in the presence of Abs (A).
The percentage of remaining wound areas after 5 h was quantified. Baseline (100%, dashed line)
refers to wound area at 0 h. (B,C) Solely EVs (B) or cells (C) were pre-incubated for 30 min with
Abs prior to co-incubation with cells or EVs for 5 h. Wound area was quantified. Controls (white)
are shown for comparison. Means =+ S.D. from multiple scratches are shown (1 = 4-13). (D-F) The
migration-Transwell filter assay was performed using a Transwell chamber as illustrated (D), where
SW480 (E) or SW620 (F) cells were added to the upper chamber. Cells and EVs were pre-treated, as
described in panel A, using 25 ug/mL CD9 Fab or divalent Ab ((D), steps 1 and 2) before 24 h of
co-incubation ((D), step 3). In the case of SW620 cells, they were not incubated with EVs (F). The
amount of migrating cells recovered in the lower chamber was then quantified. Each individual
value is shown. p values are indicated. n.s., not significant.
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3.5. CD9 Is Essential for Pro-Metastatic Morphological Alterations of SW480 Cells Mediated by
SW620 Cell-Derived EVs

All data described so far suggest that CD9 Fab blocks EV-mediated transfer of mor-
phological traits from SW620 to SW480 cells. However, we do not know whether CD9 per
se is involved in this process, particularly in the initial binding of EVs to the surface of
SW480 cells. To address this issue, we silenced its expression in SW480 cells using shRNA
technology. As shown by immunoblotting (Figure 6A), approximately 91 & 2.7% (n = 3) of
CD?9 is reduced in shCD?9 cells compared to parental cells. CD9 knockdown did not affect
the overall mesenchymal-like spreading morphology of SW480 cells (data not shown),
suggesting that CD9 is not the only player involved in this phenotype (see Discussion).
We then co-incubated them with SW620 cell-derived EVs for 5 h and determined their
morphological alterations. Interestingly, EV-induced rounded morphology and membrane
blebbing were prevented in shCD9 cells (Figure 6B,C, respectively), suggesting that cell-
associated CD9 is involved in the initial binding of CD9 EVs and/or their internalization
and upstream events.
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Figure 6. The lack of CD9 in SW480 cells impedes pro-metastatic morphological alterations produced
by SW620 cell-derived EVs. (A) Parental (control) or CD9-knockdown (shCD9) SW480 cells were
analyzed by immunoblotting for CD9 and -actin. Molecular mass markers (kDa) are indicated.
Arrowhead indicates the protein of interest. (B) SW480 cells as indicated were incubated with (+)
SW620 cell-derived EVs (1 x 107 particles) or without (-) for 5 h. Afterward, fixed cells were stained
with DAPI and fluorochrome-conjugated phalloidin to label nuclei and actin filaments, respectively,
before observation by CLSM. The percentage of cells with rounded morphology (top panel) or
membrane blebs (bottom panel) was quantified. Means £ S.D. and individual values for each
experiment are shown (1 = 3). At least 100 cells were evaluated for each experiment. p values are
indicated. n.s., not significant.
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4. Discussion

It is now well recognized that the growth of cancer and its metastases at distinct sites
involve not only intrinsic factors, but also extrinsic ones in which EVs secreted either by the
cancer cells themselves or by surrounding resident cells, such as mesenchymal stromal cells
and fibroblasts, play a role [7,35,75]. This bidirectional intercellular crosstalk contributed to
the establishment of tumor microenvironmental niches that favor cancer cells over resident
cells. Therefore, the development of therapies that target the intercellular communication
and metastasis process may find clinical application (reviewed in Refs [76,77]). In this
context, we have recently developed a novel approach, based on human CD9 protein,
where a monovalent anti-CD9 Fab intercepts the internalization of CD9* EVs by recipient
cells such as mesenchymal stromal cells [50].

Here, we report that CD9 Fab can intercept the internalization of CD9* EVs derived
from highly metastatic SW620 colon cells to non-metastatic SW480 cells, thereby blocking
their cellular transformation. The presence of CD9 at the surface of recipient cells is also
important for promoting EV uptake. Among the pro-metastatic properties transferred
by SW620 cell-derived EVs are general alterations in cell structure, e.g., a shift from a
mesenchymal-like spreading morphology to an amoeboid shape, which promotes conver-
sion of migration from a mesenchymal to amoeboid mode [10,78]. This change is called
the mesenchymal-amoeboid transition, which responds to a change in the cellular mi-
croenvironment [79]. As shown by the linear wound healing assay and Transwell filter
assay, CD9 Fab prevented increased cell motility of EV-primed SW480 cells or impeded
SW620 cell migration. In this context, one of our laboratories has previously shown that
EVs derived from SW620 cells are enriched in cytoskeleton-associated proteins as well
as RhoA interactors that activate the RhoA /ROCK pathway, which is known to induce
amoeboid cell migration [10]. This pathway and possibly others, including those that
involve the nuclear transfer of EV content (see below) [57], could explain the morphological
transformation of SW480 cells. The Akt/mTOR pathway could also be involved [51].

As demonstrated using CD9-GFP, not only the internalization of EV-derived cargo
proteins is blocked by CD9 Fab, but also the fraction of them that is transferred into the
nucleoplasm of recipient cells. Nuclear transfer of EV cargo could play a role in the repro-
gramming of host cells, leading to their transformation. For example, nuclear translocation
of epidermal growth factor receptor (EGFR) or androgen receptor (AR) associated with
EVs released from prostate cancer cells and taken up by indolent receptor cells (i.e., cells
without EGFR/AR) activated distinct signaling pathways in the latter [80]. Similarly, we
have shown that the transcriptome of mesenchymal stromal cells is altered after their
exposure to EVs derived from melanoma cells [37]. Among the genes whose expression
is modified are those involved in the inflammation process. More recently, it has been
shown that RNA cargoes of EVs released by Plasmodium falciparum reach the nucleoli of
recipient cells, i.e., monocytes, revealing new aspects of communication, and perhaps func-
tion, between pathogen-derived EVs and their host cells [81]. We showed that the nuclear
transfer of EV-associated proteins and nucleic acids involved the VOR protein complex [66],
which brings together Rab7* late endosomes containing endocytosed EVs and the outer
nuclear membrane, with the former entering and/or stimulating the formation of type II
nuclear envelope invaginations [37]. Nuclear transfer can be inhibited by a chemical drug,
PRR851, which blocks the formation of the VOR complex, i.e., the binding of VAP-A-ORP3
to Rab7, and thus prevents nuclear transfer of the EV-associated protein [57]. Application
of PRR851 to SW480 cells before and during their incubation with SW620 cell-derived
CD9-GFP* EVs severely impaired the nuclear localization of the fusion protein to a greater
extent than that of CD9 Fab alone. Given that PRR851 also blocked the SW620 cell-derived
EVs mediated transformation of SW480 cells [57] without impacting the internalization of
EVs [57] (this study), the modest reduction in the nuclear transfer of EV cargoes observed
with CD9 Fab nevertheless contributed, along with perhaps other factors mentioned above,
to the membrane rounding and blebbing phenotypes. This partial inhibition of the nuclear
translocation of EV cargoes by Fab CD9 is also interesting despite the significant inhibition
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of EV internalization at the plasma membrane, suggesting that endocytic transport of the
minute fraction of internalized EVs is highly efficient. Loading of late endosomes with EV
cargo could facilitate their transport to perinuclear areas and translocation into nuclear
envelope invaginations. More investigations are needed to further dissect the mechanisms
underlying the transport of EV-loaded endosomes en route to nuclear compartment. By
reducing the amount of internalized EVs, CD9 Fab may facilitate such studies.

How does CD9 stimulate cellular internalization of EVs? Although the lateral in-
teractions of CD9 with itself, other tetraspanins, or other membrane proteins forming
tetraspanin-enriched microdomains are well described [82], little is known about its poten-
tial trans-interaction, i.e., involving CD9 molecules in opposite membranes. However, it
has been described that CD9 promotes the clustering of adhesive proteins at the plasma
membrane of T cells, antigen-presenting cells, or endothelial cells, e.g., integrin lymphocyte
function-associated antigen 1 (LFA-1) and its ligands (intercellular adhesion molecule 1
(ICAM-1) and ICAM-3), and that these regulate cellular interactions at the level of im-
mune synapses [83] or firm adhesion and transendothelial migration of leukocytes [84,85]
(reviewed in Ref. [31]). Similarly, CD9 increases cell adhesion mediated by the activated
leukocyte cell adhesion molecule (ALCAM, CD166) [86]. In such a context, CD9 Fab could
interfere with CD9-mediated clustering of adhesive proteins. It remains to be determined
whether CD9-CD9 trans-interaction occurs, as suggested but not proven by divalent CD9
Ab and the impact of CD9 Fab on it. Silencing CD9 in recipient SW480 cells highlighted
the implication of this tetraspanin in the cellular internalization of EVs and upstream
cellular transformation events. In our previous study, using melanoma or breast cancer
cells, we showed that CD9 depletion in EVs also interfered with their cellular uptake [37],
indicating that CD9 in both recipient cells and EVs is involved in this process. The lack of
major morpho-phenotypic change in SW480 cells depleted of CD9 will deserve additional
investigation as upregulation of other tetraspanin proteins might contribute to the overall
organization of the plasma membrane, as well as cellular adhesion, allowing the mainte-
nance of their mesenchymal-like morphology in the absence of CD9. In a similar context,
an upregulation of CD81 was observed in breast cancer cells upon silencing CD9 [87].
Likewise, the CD9 overexpression, as shown with CD9-GFP in SW620 cells, revealed that
other players are essential in establishing a mesenchymal-like morphology. Further studies
to examine the impact of CD9 Fab on cell invasion using three-dimensional cultures and/or
mouse xenograft models are also needed in the future. This is particularly true for assessing
the amount of monovalent Abs and the frequency of injection that would block intercellular
communication mediated by cancer cell-derived EVs. In vivo, CD9* EVs released by other
cell types, albeit to a lesser extent, can technically neutralize CD9 Fab.

Caution should be taken when targeting CD9 as it may also play a tumor suppressor role
in certain cancers and blocking its activity may stimulate cancer progression [88-91] (reviewed
in Ref. [33]). For instance, the examination of surgical tumor samples from patients with colon
carcinoma indicated that CD9 was strongly expressed at the primary cells compared to those
at metastatic sites in colon carcinoma [60]. This differential expression of CD9 correlated with
their invasive properties, in which the divalent CD9 Ab interfered. In our cell system and
assays, the situation was more complex when divalent CD9 Ab was used because it either
stimulated (although not significantly) or reduced migration as observed for EV-primed
SW480 and SW620 cells, respectively, and did not block EV uptake by SW480 cells, but
rather enhanced it. This last observation reinforces the principle of not using divalent
CD9 Ab for therapeutic purposes (see Section 1). By interacting with various partners,
the negative or positive effects of CD9 on cancer cells could depend not only on its own
expression level, but also on its binding proteins. In addition, we must consider that CD9
may be involved simultaneously or sequentially in various cellular events (e.g., EV uptake,
membrane organization, migration). Thus, interfering with or stimulating its sequestration
may favor one function over another. Additional studies are needed to dissect the complete
CD?9 interactome and determine how the threshold of CD9 (or other tetraspanins and
interacting partner proteins) influences cellular transformation and migration processes.
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Collectively, we demonstrated that CD9 associated with EVs derived from donor colon
cancer cells and present in recipient cells is involved in EV uptake leading to morphological
transformation of recipient cells, including the acquisition of aggressive migratory behavior,
and that a monovalent Ab directed against this tetraspanin protein can impede its function.
Intercepting EV-mediated intercellular communication in the tumor niches (i.e., primary
and secondary sites) with an anti-CD9 Fab, combined with direct targeting of cancer cells,
could lead to the development of new anti-cancer therapeutic strategies.
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IL-26 is a Th17 cytokine, with its gene being absent in rodents. To characterize the
in vivo immunological effects of IL-26 in chronic systemic inflammation, we used
human IL26 transgenic (hIL-26Tg) mice and human umbilical cord blood mononuclear
cells (hCBMC) in mouse allogeneic-graft-versus-host disease (GVHD) and chronic
xenogeneic-GVHD model, respectively. Transfer of bone marrow and spleen T cells
from hlL-26Tg mice into B10.BR mice resulted in GVHD progression, with clinical signs
of tissue damage in multiple organs. IL-26 markedly increased neutrophil levels both in
the GVHD-target tissues and peripheral blood. Expression levels of Th17 cytokines in
hlL-26Tg mice-derived donor CD4 T cells were significantly increased, whereas IL-26
did not affect cytotoxic function of donor CD8 T cells. In addition, granulocyte-colony
stimulating factor, IL-1f, and IL-6 levels were particularly enhanced in hlL-26Tg mice.
We also developed a humanized neutralizing anti-1L-26 monoclonal antibody (mAb)
for therapeutic use, and its administration after onset of chronic xenogeneic-GVHD
mitigated weight loss and prolonged survival, with preservation of graft-versus-

leukemia effect. Taken together, our data elucidate the in vivo immunological effects

Abbreviations: A20-luc, firefly luciferase-transfected A20; allo-GVHD, allogeneic-GVHD; allo-HSCT, allogeneic hematopoietic stem cell transplantation; BAC, bacterial artificial
chromosome; BM, bone marrow; CNS, conserved noncoding sequence; G-CSF, granulocyte-colony stimulating factor; GVHD, graft-versus-host disease; GVL, graft-versus-leukemia;

hCBMC, human umbilical cord blood mononuclear cells; hIL-26Tg, human IL26 transgenic; mAb, monoclonal antibody; NETs, neutrophil extracellular traps; NOG, NOD/Shi-scidIL2ry

TCD-BM, T-cell-depleted bone marrow; xeno-GVHD, xenogeneic GVHD.
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of IL-26 in chronic GVHD models and suggest that a humanized anti-IL-26 mAb may
be a potential therapeutic agent for the treatment of chronic GVHD.
KEYWORDS
graft-versus-host disease, humanized monoclonal antibody, interleukin-26, neutrophils,
T helper 17 cells
1 | INTRODUCTION hIL-26Tg mice, human IL-26 is not expressed constitutively but is in-

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is
a well-established procedure for hematological malignancies or
bone marrow (BM) failure syndromes,i‘3 with acute and chronic
graft-versus-host disease (GVHD) due to an immunological attack
on target recipient organs by donor allogeneic T cells being signif-
icant complications. While suppression of donor allogeneic T cells
is highly effective for preventing GVHD, complications such as
loss of graft-versus-leukemia (GVL) effect or increased opportu-
nistic infections can occur.* In-depth understanding of the molec-
ular mechanisms involved in human GVHD will improve allo-HSCT
clinical outcome.

IL-26 belonging to the IL-10 cytokine family,>® is conserved in
several vertebrate species but not found in mice and rats.” I1L.-26
is known as a Th17 cytokine, while NK cells, macrophages, bron-
chial epithelial cells, and synoviocytes have capacity to produce
IL-26.8711 [L-20RA/IL-10RB heterodimer is an IL-26 receptor, and
IL-26 binding to IL-20RA/IL-10RB results in functional activation
via STAT3 phosphorylation.'? However, IL-26 can activate human
monocytes and NK cells,®*® despite the lack of IL-20RA expres-
sion on these cell types.'* IL-26 also acts on vascular endothelial
cells to stimulate angiogenesis and activates EGFR-tyrosine kinase
inhibitor-associated bypass pathway to promote drug resistance in
triple-negative breast cancer cells despite a lack of IL-20RA expres-
sion.’15 These findings strongly suggest the existence of an un-
identified 1L-26 receptor besides IL-20RA/IL-10RB. Furthermore,
IL-26 is a cationic and amphipathic cytokine with characteristics of
an antimicrobial peptide,'®!” capable of binding to DNA/RNA re-
leased from bacteria or dying cells or neutrophil extracellular traps
(NETs), triggering inflammatory cytokine production from plasma-
cytoid dendritic cells, monocytes, and neutrophils in a TLRY or

STING- and inflammasome-dependent manner,'¢18

indicating the
diverse mechanism of action of IL-26.

Without accessible animal models due partly to the absence of
the IL26 gene in mice, IL-26 role in inflammatory disorders is not
clearly characterized. Utilizing human [L26 bacterial artificial chro-

19.20 \ve recently investi-

mosome (BAC) transgenic (hIL-26Tg) mice,
gated the in vivo effects of IL-26 in acute local inflammation models
and showed that vascularization and immune cell infiltration were
enhanced in the skin of imiquimod-applied hIL-26Tg mice.!>?! These
findings strongly suggest that IL-26 may represent a novel therapeu-
tic target for inflammatory disorders, although IL-26 role in chronic

inflammation still needs clarification. In the murine models utilizing
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duced only when the cells capable of expressing IL-26 are activated,
which resembles the human condition. However, a potential draw-
back of the hiL-26 BAC Tg mouse model is that the expression level
of human IL-26 in murine CD4 T cells is quite low as compared with
the activated human CD4 T cells,?® resulting in suboptimal biologi-
cal effects of human IL-26 in the inflammation models involving hliL-
26Tg mice. For these reasons, inflammation models utilizing human
T cells are essential to investigate the inherent functions of human
IL-26.

Due to the reasons above, in the present study, we examined
mouse allogeneic (allo)-GVHD model utilizing hlL-26Tg mice and
chronic xenogeneic (xeno)-GVHD model utilizing human umbilical
cord blood mononuclear cells (hCBMC) to evaluate the in vivo im-
munological effects of IL-26 in the pathology of chronic systemic
inflammation, and created a humanized neutralizing anti-IL-26
monoclonal antibody (mAb) based on our recently developed murine

mAb?? as a potential treatment for chronic GVHD.

2 | METHODS

2.1 | Humansamples

Serum samples were obtained from nine mild acute skin GVHD
patients (6 males and 3 females, 2 grade | and 7 grade Il, age
47.56 +9.62) and six moderate/severe chronic lung GVHD pa-
tients (4 males and 2 females, 2 severe, and 4 moderate, age
48.33+15.04). Serum was collected from patients following
GVHD diagnosis at Sapporo Medical University. Serum was col-
lected from 12 healthy volunteers (8 males and 4 females, age
46.83+11.47) at Juntendo University. All serum samples were
stored at -80°C. Mononuclear cells isolated from human cord
blood with Ficoll density gradation method were purchased from
RIKEN BioResource Center.

2.2 | Mice

Female B10.BR (H-2) and NOD/Shi-scidIL2ry™" (NOG) (H-2%) mice
were purchased from Sankyo Labo-Service and In-Vivo Science, re-
spectively. C57BL/6 (H-2") mice carrying a 190-kb BAC transgene
with human IFNG and IL26 gene (hIL-26Tg) and a BAC Tg-deleting
conserved noncoding sequence (CNS) positioned at 77 kb upstream
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FIGURE 1 Severe manifestations of allo-GVHD in B10.BR recipients receiving TCD-BM and splenic T cells from hIL-26Tg donors. (A)
Kaplan-Meier survival curves for B10.BR recipients receiving T cell-depleted bone marrow (TCD-BM) alone from ACNS-77Tg donors (light
orange line, n = 6), TCD-BM with splenic T cells from ACNS-77Tg donors (orange line, n = 12), TCD-BM alone from human IL26 transgenic
(hIL-26Tg) donors (light blue line, n = 6), or TCD-BM with splenic T cells from hIL-26Tg donors (blue line, n = 12) (p = .0215 vs. TCD-BM
with splenic T cells from ACNS-77Tg group). (B) Average body weight (mean percentage +S.D. of initial) for mice surviving on a given day
for different groups of mice as shown in (A). (C) Time-course changes of average percentage (+5.D.) of donor cells (H-2D**H-2DX) in total
leukocytes, percentage of granulocytes fraction (SSCM), CD4 T cells (CD4*CD8a"), or CD8 T cells (CD4"CD8a") in donor cells (gated for
H-2DP*H-2D%") in peripheral blood of B10.BR recipients were analyzed by flow cytometry. (D) Pathological GVHD scores for lung (range O
to 9), liver (range O to 8), colon (range O to 8), or skin (range O to 10) from normal B10.BR mice (n = 3) or B10.BR recipients 4-5weeks post-
transplantation (TCD-BM alone from ACNS-77Tg or hlL-26Tg group n = 3 each, TCD-BM with splenic T cells from ACNS-77Tg or hlL-26Tg
group n = 5 each). (E) H&E staining of lung, liver, colon, or skin from each group as shown in (D). Original magnification lung x100, liver,
colon, skin x200. (F) Azan-Mallory staining of liver from each group as shown in (D). Original magnification x400. (E, F) Representative
images are shown with similar results. Lower magnification images are shown in Figure S3. (A-F) Data represent the combined results of
three (A-C) or two (D-F) independent experiments. (C, D) Data are shown as mean+S.D. of each group, comparing values in TCD-BM with
splenic T cells from hlL-26Tg group to TCD-BM with splenic T cells from ACNS-77Tg group (*p <.05).

of the IFNG transcription start site (ACNS-77Tg) were developed in
Dr. Aune's laboratory.?”?° Human IL-26 expression was completely
abrogated in ACNS-77Tg mice.?° Although both hIL-26Tg mice and
ACNS-77Tg mice-derived CD4 T cells were capable of produc-
ing human IFN-y, it has been reported that human IFN-y does not
transduce intracellular signals through murine IFNGR nor exhibit
biological a\ctivity.23 All mice used in this study were housed in a
specific pathogen-free facility in micro-isolator cages, and used at
10-12 weeks of age.
All other information is detailed in Supplementary methods.

3 | RESULTS
3.1 | Exacerbation of systemic manifestations of
allo-GVHD by IL-26

We first used hIL-26Tg mice for a complete MHC-mismatched
allo-GVHD model, having previously demonstrated that human
IL-26 can act on both murine and human cells.*1>2* ACNS-77Tg
mice lacking human IL-26 transcription were used as controls. The
basic characteristics of spleen T cells in hlL-26Tg mice were gener-
ally similar as those in control mice (Figure S1). Transplantation of T
cell-depleted bone marrow (TCD-BM) alone hardly affected survival
and weight of B10.BR recipients (Figure 1A,B). In contrast, acute
weight loss occurred until one-week post-transplant of donor BM
plus splenic T cells, followed by a slight body weight recovery and
then a gradual decrease due to allo-GVHD. B10.BR mice receiv-
ing hIL-26Tg mice-derived BM and splenic T cells (hIL-26Tg-B10.BR
mice) exhibited significantly decreased overall survival (p = .0215)
and body weight, compared to recipients transplanted with ACNS-
77Tg mice-derived BM and splenic T cells (ACNS-77Tg-B10.BR mice)
(Figure 1A,B). Blood leukocytes of recipient mice were mostly from
donor-derived H-2DP*H-2DX" cells (Figure 1C). Although there was
no difference in donor CD4 and CD8 T cell expansion between allo-
GVHD groups, donor granulocyte levels were apparently increased
in hlL-26Tg-B10.BR mice compared to ACNS-77Tg-B10.BR mice
(Figures 1C, Figure S2).
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GVHD manifestations were hardly observed in B10.BR mice
receiving TCD-BM alone (Figure 1D,E). In contrast, histiocytes in
pulmonary alveoli, portal inflammatory cell infiltration around por-
tal vein, and severe colitis with ulceration were observed in hlL-
26Tg-B10.BR mice, with significantly higher pathological scores
of these organs compared to those of control mice, whereas skin
GVHD manifestations were moderate in this model (Figures 1D,E,
Figure S3). Moreover, collagen deposition was clearly observed in
the portal area of the liver of hIL-26Tg-B10.BR mice (Figure 1F).
Considering the survival period of recipient mice after transplanta-
tion, the manifestation of colon and liver GVHD and lung inflamma-
tion, and the fibroproliferation in the liver, this allo-GVHD model
appears to display the characteristics of both acute and chronic
GVHD. Taken together, our data indicate that IL-26 further exacer-
bates systemic GVHD progression and severity.

3.2 | IL-26-mediated enhancement of neutrophil
levels and augmentation of Th17 response

Our next studies examined the mechanisms involved in IL-26-
mediated allo-GVHD. CD45™" leukocytes were localized in the lung of
normal B10.BR or B10.BR recipients receiving TCD-BM alone while
being at low levels in the liver. Both allo-GVHD groups demonstrated
increased levels of donor leukocytes in the lung and particularly in the
liver (Figure 2A). There was a higher percentage of CD4 T cells than
CD8 T cells in donor leukocytes in B10.BR mice receiving TCD-BM
alone, with the ratio reversed in the allo-GVHD mice (Figure 2B). The
percentage of donor CD4 and CD8 T cells in hlL-26Tg-B10.BR and
ACNS-77Tg-B10.BR mice were similar, whereas neutrophil levels were
markedly increased in lung, liver, spleen, and colon of hiL-26Tg-B10.
BR mice, as well as a trend toward an enhanced level of donor mono-
cytes and macrophages (Figure 2B, Figures S4 and S5). Meanwhile,
B cell percentage was prominently decreased in the allo-GVHD mice
as compared with recipients receiving TCD-BM alone (Figure 2B,
Figure S6). We next evaluated the effect of anti-mouse Ly6G mAb
to determine whether the increased neutrophil levels in the GVHD-
target organs from hlL-26Tg-B10.BR mice were associated with GVHD
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FIGURE 2 Enhanced neutrophil cell number and Th17 cytokine expression in donor CD4 T cells in B10.BR recipients receiving TCD-BM and
splenic T cells from hIL-26Tg donors. (A-F, 1) Spleen, lung, liver, or colon was harvested from normal B10.BR mice (n = 3) or B10.BR recipients
4-5weeks post-transplantation (T cell-depleted bone marrow [TCD-BM] alone from ACNS-77Tg or human IL26 transgenic

[hIL-26Tg] group n = 3 each, TCD-BM with splenic T cells from ACNS-77Tg or hIL-26Tg group n = 5 each). (A) The number of donor leukocytes
(mean=+S.D.) in the lung or liver of B10.BR mice were determined by cell counting and the percentage of donor (H-2D*H-2D*") CD45* cells
were analyzed by flow cytometry. NS denotes “not significant.” (B) Average percentage (+S.D.) of CD4 T cells (TCRp*CD4+CD8a"), CD8 T cells
(TCRB*CD4 CD8a"), B cells (CD19"), neutrophils (CD11b*Ly-6G™), or monocytes/macrophages (CD11b*CD14* plus CD11b*F4/80%) in donor
leukocytes (gated for H-2D"*H-2D* CD45%) in spleen, lung, or liver of B10.BR recipients were analyzed by flow cytometry. (C, E) Average
percentage (+5.D.) of PD-1" in donor CD4 T cells (C) (gated for H-2D**H-2D* CD45*TCRB*CD4*CD8a") or CD8 T cells (E) (gated for H-2D"*H-
2D CD45*TCRB*CD4"CD8™) in spleen, lung, or liver of B10.BR recipients were analyzed by flow cytometry. (D, F) Donor CD4 T cells (D) or
CD8 T cells (F) in the liver of recipient mice were purified by cell sorting (gated for H-2D"*H-2D¥ CD45*TCRg+*CD4*CD8a™ or CD4 CD8a*,
respectively). mMRNA expression levels of indicated genes in these cells were quantified by real-time RT-PCR. ND denotes undetectable. (G, H)
Plasma was collected from B10.BR recipients at the indicated time points (for each, n = 3 in TCD-BM alone from ACNS-77Tg or hlL-26Tg group,
n==8at4w,n=8at éwandn=4at 8w in TCD-BM with splenic T cells from ACNS-77Tg group,n=8 at4w,n=6at 6wandn =3 at 8win
TCD-BM with splenic T cells from hIL-26Tg group). (G) Plasma levels of human IL-26 and mouse IL-17A were quantified by ELISA. The dashed
line indicates the detection limit. ND denotes undetectable. (H) Plasma levels of 23 mouse cytokines were quantified utilizing multiplex assay
kit, as described in Supplemental Materials and Methods. Representative results among 23 cytokines were shown. (I) mRNA expression levels
of indicated mouse genes in the homogenates of lung, liver, or colon tissue of B10.BR recipients were quantified by real-time RT-PCR. (A-1) Data
represent the combined results of two (A-F, 1) or three (G, H) independent experiments. Data are shown as mean+S.D. of each group, comparing
values in TCD-BM with splenic T cells from hIL-26Tg group to TCD-BM with splenic T cells from ACNS-77Tg group (*p<.05). (D, F, I) Each
expression was normalized to mouse hypoxanthine phosphoribosyltransferase (Hprt). [Color figure can be viewed at wileyonlinelibrary.com]

exacerbation. Although anti-Ly6G mAb administration did not result peripheral blood, and augments Th17 response associated with
in complete neutrophil depletion, levels of neutrophil infiltration in enhanced levels of G-CSF, IL-1, and IL-6.

the lung and liver of hiL-26Tg-B10.BR mice were decreased, concur-

rent with a trend toward reduced allo-GVHD-associated lethality

(p = .1546) and weight loss (Figure S7). These results suggest that the 3.3 | IL-26-mediated augmentation of Th17

increased neutrophil levels in the GVHD-target organs are at least par- response and G-CSF production

tially responsible for GVHD exacerbation.

In contrast with mice receiving TCD-BM alone, most of the donor Since IL-26 and DNA have synergistic effect on IL-1p and IL-6
CD4 and CD8 T cells in the allo-GVHD mice expressed PD-1, suggest- production,*® we next analyzed I11b and I16 expression in mouse
ing a TCR-stimulated phenotype (Figure 2C,E). Human IL26 mRNA myeloid cells. Human IL-26 plus mouse genomic DNA stimulated
expression was observed only in donor CD4 T cells transplanted from both II1b and Il6 mRNA expression and IL-1p and IL-6 produc-

hIL-26Tg but not ACNS-77Tg mice (Figure 2D). Expression levels of tion from primary mouse splenic CD11b* cells (Figure 3A,B), but

all the genes examined in donor CD4 and CD8 T cells purified from not I112b and 1123a expression (data not shown). Similar results
allo-GVHD mice were higher than from mice receiving TCD-BM were observed for the mouse macrophage cell line RAW264.7
alone. Mouse Il17a and 1121 levels in donor CD4 T cells in the liver (Figure S9).

of hIL-26Tg-B10.BR mice were significantly higher than those from Other cytokines besides TGF-p and IL-6 are involved in the
ACNS-77Tg-B10.BR mice, with similar levels of effector molecules in functional maturation and maintenance of Th17 cells.?*"%8 Since
donor CD8 T cells from hIL-26Tg-B10.BR mice and control recipients we demonstrated that IL-26 exposure was associated with en-

(Figure 2D,F). Higher expression level of mouse IL-17A in donor CD4 hanced IL-1p and IL-6 expression, we next examined IL-1p and IL-6

T cells in the liver of hlL-26Tg-B10.BR mice was also confirmed by effect on Th17 polarization and activation. Exogenous mouse IL-
flow cytometry (Figure S8). Similar results were observed for lung and 1B and IL-6 augmented mouse Il17a and human IL26 expression,
spleen donor T cells (data not shown). Plasma levels of human IL-26 respectively, in hlL-26Tg mice-derived splenic CD4" T cells co-
and mouse IL-17A were similar to those shown in Figure 2D,G. stimulated via CD3 and CD28 in the presence of mouse TGF-f1,

Inflammatory factors highly associated with human IL-26 ex- IL-1p, and IL-6 (Figure 3C). In contrast, stimulation with TGF-p1
pression were identified by multiplex assays. Among 23 cytokines and IL-6 but not IL-1p was essential to induce CD4* T cell Rorc ex-
and chemokines evaluated, plasma levels of mouse RANTES, IL-1a, pression, the master transcription factor driving Th17 cell differ-

IL-1B, IL-6, and granulocyte-colony stimulating factor (G-CSF) in hlL- entiation (Figure 3C), while 1121 expression was regulated by IL-6
26Tg-B10.BR mice were significantly higher than those in ACNS- alone (Figure 3C). TGF-B1 and IL-6 stimulation suppressed Ifng
77Tg-B10.BR mice (Figure 2H). Furthermore, quantitative RT-PCR expression while slightly enhanced [l4 expression (Figure 3C).
analyses confirmed the enhanced mRNA expression of these genes, Mouse cytokine and Rorc levels were similar in ACNS-77Tg
particularly Il1b, 116, and Csf3, in the GVHD-target organs of hlL- mice-derived and hlL-26Tg mice-derived splenic CD4" T cells,
26Tg-B10.BR mice (Figure 2lI). Our data hence indicate that IL-26 while human IL26 expression was never observed in ACNS-77Tg
markedly increases neutrophil levels in GVHD-target tissues and mice-derived CD4" T cells in all stimulatory conditions (data not
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FIGURE 3

IL-1B and IL-6 enhanced by IL-26 and nucleic acid stimulation augments Th17 response, resulting in increased G-CSF

production. (A, B) Freshly purified splenic CD11b* myeloid cells obtained from C57BL/6 mice were stimulated with recombinant human
IL-26 (50 ng/mL) and/or mouse genomic DNA (1, 5 pg/mL), or lipopolysaccharide (LPS) (100ng/mL) for 4 h (A) or 24 h (B). (A) mRNA
expression of mouse IL-1p (I11b) and IL-6 (ll6) was quantified by real-time RT-PCR. (B) Concentrations of mouse IL-1p and IL-6 in culture
supernatants were examined by ELISA. (C) Freshly purified splenic CD4* T cells obtained from hlL-26Tg mice were stimulated with anti-
CD3e (10 pg/mL) plus anti-CD28 (2 pg/mL) mAbs in the presence of mouse cytokines at the indicated concentrations for 24h. mRNA
expression of mouse IL-4 (I14), IL-17A (ll17a), IL-21 (1121), IFN-y (Ifng), RORC (Rorc), and human IL-26 (IL26) was quantified by real-time RT-PCR.
(D, E) RAW264.7 cells (D) or NIH3T3 cells (E) were stimulated with recombinant mouse IL-1p (20 ng/mL), IL-6 (20ng/mL), IL-17A (20ng/

mL), human IL-26 (50ng/mL), and/or mouse genomic DNA (5 pg/mL) for 24 h. Concentrations of mouse G-CSF in culture supernatants were
examined by ELISA. (A-E) Representative data of three independent experiments are shown as mean+S.D. of triplicate samples, comparing
values in each stimulatory condition (*p <.01), and similar results were obtained in each experiment. (A, C) Each expression was normalized
to mouse hypoxanthine phosphoribosyltransferase (Hprt). [Color figure can be viewed at wileyonlinelibrary.com]

shown). These results indicate that both IL-1p and IL-6 are es-
sential for the marked increase in mouse IL-17A and human IL-26
expression in CD4™" T cells of hIL-26Tg mice.

We also examined the association between IL-26-mediated
positive-feedback and G-CSF expression, a critical factor for gran-
ulopoiesis.?? Stimulation with mouse IL-1p dramatically induced
G-CSF production from RAW264.7 cells, with additional enhance-
ment by mouse IL-17A, genomic DNA, and human IL-26 (Figure 3D).
Meanwhile, mouse IL-1p and IL-17A synergistically enhanced G-CSF
production from NIH3T3 cells, with minimal effect by mouse IL-6,
genomic DNA, and human IL-26 (Figure 3E).

3.4 | Development of novel humanized
anti-IL-26 mAb

To develop a novel IL-26-targeted therapy, we have succeeded in
developing humanized mAb h69-10 with strong binding affinity and
neutralizing activity against IL-26 as compared with the original mu-
rine mAb m69-10 (Figure S10).

3.5 | Suppression of xeno-GVHD progression by
anti-IL-26 mAb treatment

Acute GVHD is caused by T cells within the original stem cell trans-
plant, whereas chronic GVHD is theoretically caused by allo- (auto-)
reactive T cells that have matured through the host thymus. We
previously established a chronic xeno-GVHD model,?* which has
two inherent advantages that allow us to investigate the therapeu-
tic effect of anti-IL-26 mAb. One is human IL-26 expression level
in human CD4 T cells is much higher than hIL-26Tg mice-derived
CD4 T cells, and the other is disease progression is moderate as
compared with the hIL-26Tg-B10.BR allo-GVHD model. m69-10 or
h69-10 treatment following the appearance of GVHD clinical symp-
toms on day +28 markedly increased overall survival of hCBMC-
NOG mice (Figure 4A), with stable body weight for up to 7weeks
post-transplantation (Figure 4B). In this model, recipient-derived
hematopoietic stem cells were not destroyed completely by sub-
lethal irradiation, resulting in the development of chimeric mice.
Human leukocytes were mainly composed of T cells, whereas mouse
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leukocytes were mostly granulocytes and monocytes/macrophages.
Although anti-IL-26 mAb administration did not affect donor CD4
and CD8T cell expansion, there was a trend toward a decrease in the
percentage of mouse granulocytes in hCBMC-NOG mice receiving
mé9-10 or h69-10 (Figure 4C).

Although consolidation in lung, regenerative change in bile duct
epithelium, cholestasis in hepatocytes, and acanthosis, follicular
dropout, sclerosis of reticular dermis, and fat loss in skin were often
observed in hCBMC-NOG mice receiving control IgG, progression
of these systemic GVHD symptoms were prominently suppressed
in m69-10 or h69-10-administered hCBMC-NOG mice, with hardly
any GVHD manifestation observed in colon tissues of all mice
(Figure 4D,E, Figure S11). Furthermore, significant decrease in re-
sistance and elastance, and increase in compliance were observed
in pulmonary functions of hCBMC-NOG mice receiving anti-IL-26
mAb (Figure 4F). Serum alanine transaminase activity was also ele-
vated in mice treated with control IgG compared to anti-IL-26 mAb
(Figure 4G). These data indicate that both h69-10 and mé9-10 treat-

ment significantly impeded chronic GVHD development.

3.6 | Anti-IL.-26 mAb-mediated suppression of
T cell and neutrophil infiltration, Th17 response, and
fibroproliferation

Administration of h69-10 or m69-10 markedly reduced the total
number of donor leukocytes in both lung and liver of hCBMC-NOG
mice, while the percentage of CD4 and CD8 T cells in donor leuko-
cytes of mice receiving anti-1L.-26 mAb was nearly identical to that of
mice receiving control IgG, indicating that anti-IL-26 mAb treatment
decreased the absolute number of donor CD4 and CD8 T cells in the
GVHD-target organs (Figure 5A-C). Anti-IL-26 mAb administration
also significantly reduced the total number of recipient leukocytes in
lung and the percentage of neutrophils in recipient leukocytes in the
spleen, lung, or liver of hCBMC-NOG mice, indicating that anti-IL-26
mADb treatment reduced neutrophils systemically, but particularly in
lung of hCBMC-NOG mice (Figure 5A-C, Figure S12).

Most of donor CD4 and CD8 T cells in hCBMC-NOG recip-
ients expressed PD-1, suggesting a TCR-stimulated phenotype
(Figure 5D). In addition, anti-IL-26 mAb treatment markedly de-
creased human IL26, IL17A, and IL21 but not IFNG and IL4 expression
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FIGURE 4 Reduced xeno-GVHD-associated lethality and weight loss in hCBMC-NOG mice by anti-IL-26 mAb treatment. Human
umbilical cord blood mononuclear cells (hCBMC)-NOG mice were injected intraperitoneally with control mouse IgG (isotype), mouse
anti-human IL-26 mAb (mé69-10), or humanized anti-IL-26 mAb (h69-10) at 100 ug per dose twice weekly from day +28 until the end of
experiments. (A) Kaplan-Meier survival curves for NOG mice receiving hCBMC plus control IgG (blue line, n = 10), m69-10 (orange line,

n = 10) (p <.0001 vs. control IgG group), or h69-10 (red line, n = 5) (p = .0028 vs. control IgG group). (B) Average body weight (mean
percentage +S.D. of initial) for mice surviving on a given day for different groups of mice as shown in (A). (C) Time-course changes of average
percentage (+S.D.) of donor cells (hCD45%H-2K%) or mouse granulocytes fraction (hCD45 H-2K%SSC") in total leukocytes, percentage

of human CD4 T cells (hCD4"hCD8a") or CD8 T cells (hCD4 hCD8a™) in donor cells (gated for hCD45+H-2Kd’) in peripheral blood of NOG
recipients were analyzed by flow cytometry. (D) Pathological GVHD scores for lung (range O to 9), liver (range O to 8), colon (range O to 8), or
skin (range 0 to 10) from normal NOG mice (n = 3) or NOG recipients 8 weeks post-transplantation of hCBMC (control IgG group n = 6, m69-
10 group n = 6, h69-10 group n = 5). NS denotes “not significant.” (E) H&E staining of lung, liver, colon, or skin from each group as shown

in (D). Representative images are shown with similar results. Original magnification lung x100, liver, colon, skin x200. Lower magnification
images are shown in Figure S11. (F) Pulmonary function of normal NOG mice (n = 3) or NOG recipients 8 weeks post-transplantation of
hCBMC (control IgG, m69-10, or h69-10 group h = 5 each) was analyzed by the flexiVent system. (G) Serum alanine transaminase (ALT)
activity of normal NOG mice (n = 3) or NOG recipients 8 weeks post-transplantation of hCBMC (control IgG group n = 8, mé9-10 group

n = 8, h69-10 group n = 5). (A-G) Data represent the combined results of three (A-C, G) or two (D-F) independent experiments. (C, D, F, G)
Data are shown as mean+S.D. of each group, comparing values in control IgG group to mé69-10 group or h69-10 group (*p <.05).

levels in human CD4 T cells (Figure 5E, Figure S13), plasma levels
of human IL-26 and IL-17A (Figure 5F), and mRNA expression levels
of mouse Ccl3, Ccl5, Cxcl1, Cxcl2, ll1b, 116, and Csf3 in lung or liver of
hCBMC-NOG recipients (Figure 5G).

While the lung of hCBMC-NOG mice receiving control IgG man-
ifested significant peribronchiolar and perivascular collagen depo-
sition and enhanced a-smooth muscle actin-positive myofibroblast
level as compared with normal NOG mice (Figure, 5H,1, Figure S14),
levels of collagen deposition, myofibroblasts as well as IL-26" cells
were prominently decreased in the lung of anti-IL-26 mAb-treated
hCBMC-NOG mice (Figure 5H,l). Taken together, our data indicate
that anti-IL-26 mAb treatment significantly suppresses T cell and
neutrophil infiltration into GVHD-target organs, Th17 response, and

fibroproliferation.

3.7 | Maintenance of GVL effect in hCBMC-NOG
mice receiving anti-IL-26 mAb treatment

Since GVHD and GVL are highly linked immune reactions,® our next
studies evaluated the potential influence of anti-IL-26 mAb on GVL
effect. To stably develop tumor-disseminated recipient mice, firefly
luciferase-transfected A20 (A20-luc) cells were inoculated on day +28
after hCBMC transplantation, followed by anti-IL-26 mAb treatment
(Figure 6A). NOG mice inoculated with A20-luc alone displayed promi-
nent tumor proliferation (Figure 6B,C), succumbing to high tumor burden
within 3weeks post-tumor inoculation. hCBMC-NOG recipients receiv-
ing control IgG exhibited clinical symptoms of GVHD such as weight loss
and alopecia, although tumor progression was clearly suppressed, pos-
sibly by human T cells. In contrast, anti-I1L-26 mAb treatment suppressed
both tumor progression and GVHD manifestations (Figure 6B,C).
Meanwhile, mRNA expression levels of IFNG, TNF, FASLG, and
protein expression levels of perforin and granzyme B as effec-
tor molecules in human CD8 T cells isolated from the spleen of
hCBMC-NOG recipients following 3weeks of anti-IL-26 mAb were
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comparable to mice treated with control IgG (Figure 6D,E). Taken
together, our data indicate that effective GVL function is preserved
in IL-26 mAb-treated recipients, possibly due to the maintenance of

donor CD8 T cell cytotoxic functions.

3.8 | Elevated serum IL-26 level in GVHD patients
Extending our findings to the clinical setting, we found that two of nine
patients with mild acute skin GVHD (829.1 and 723.1 pg/mL) and three
of six chronic lung GVHD patients (1913.8, 1683.4, and 851.9 pg/mL)
exhibited markedly high IL-26 levels, and the mean value of chronic lung
GVHD patients (919.7 +739.5 pg/mL, n = 6) was significantly higher as
compared with acute skin GVHD patients (219.9+320.9 pg/mL, n = 9)
and healthy controls (85.6+80.8 pg/mL, n = 12; Figure 7A). Time-course
analysis was conducted for one patient with severe chronic lung GVHD
manifested by pneumothorax and pneumomediastinum at 137days
post-transplantation. Along with increased levels of neutrophils and sev-
eral inflammatory cytokines, IL-26 serum level was markedly increased
by day +143 with the onset of chronic GVHD, with a significant de-
crease by day +160 following 3weeks of prednisolone treatment (from
1913.8 to 198.6 pg/mL), associated with improved clinical symptoms
(Figure 7B). In contrast, serum IL-26 level in another patient with moder-
ate chronic lung GVHD was hardly affected by 3weeks of prednisolone
treatment (from 624.1 to 578.3 pg/mL; Figure 7C). Our data indicate that
serum IL-26 level is elevated at least in some chronic GVHD patients.
Based on our findings, Figure 8 depicts a schematic of the immu-
nological effects of IL-26 in the pathophysiology of chronic systemic

inflammation.

4 | DISCUSSION

Although IL-26 is known as a Th17 cytokine, its precise role in in-

flammatory disorders is not fully understood due to the deficiency
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FIGURE 5 Anti-IL-26 mAb-mediated reduction of inflammatory cell infiltration into GVHD-target tissues and suppression of
proinflammatory cytokine/chemokine expression and collagen deposition in lung of hCBMC-NOG mice. Transplantation and mAb
treatment were performed as described in Figure 4. (A-E, G-1) Spleen, lung, or liver was harvested from normal NOG mice (n = 3) or
NOG recipients 8 weeks post-transplantation of human umbilical cord blood mononuclear cells (hCBMC) (control mouse IgG [isotype]
group n = 6, mouse anti-human IL-26 mAb [m69-10] group n = 6, humanized anti-1L-26 mAb [h69-10] group n = 5). (A, B) The number of
donor and recipient leukocytes (mean+S.D.) in the lung (A) or liver (B) of NOG mice was determined by cell counting and the percentage
of donor cells (hCD45*mCD45") and recipient cells (hCD45 mCD45") was analyzed by flow cytometry. NS denotes “not significant.” (C)
Average percentage (+5.D.) of human CD4 T cells (hCD3*hCD4"hCD8a") or CD8 T cells (\CD3T*hCD4 hCD8a*) in donor leukocytes
(gated for hCD45"mCD457), or mouse neutrophils (nCD11b™mLy-6G") in recipient leukocytes (gated for hCD45 mCD45%) in spleen,
lung, or liver of NOG recipients were analyzed by flow cytometry. (D) Average percentage (+S.D.) of PD-1" in donor CD4 T cells (gated for
hCD45"mCD45 hCD3*hCD4*hCD8a") or CD8 T cells (gated for hCD45*mCD45 hCD3"hCD4 hCD8a") in spleen, lung, or liver of NOG
recipients were analyzed by flow cytometry. (E) Donor CD4 T cells in the spleen, lung, or liver of hCBMC-NOG mice were purified by cell
sorting (gated for hCD45*H-2K"hCD3*hCD4+*hCD8a"). mRNA expression levels of indicated human genes in those cells were quantified
by real-time RT-PCR. (F) Plasma was collected from hCBMC-NOG mice at the indicated time points (for each, n = 8 in control mouse IgG
or mé69-10 group). Plasma levels of human IL-26 and human IL-17A were quantified by ELISA. The dashed line indicates the detection limit.
(G) mRNA expression levels of indicated mouse genes in the homogenates of lung or liver tissue of hCBMC-NOG mice were quantified

by real-time RT-PCR. (H) Representative images of Azan-Mallory staining or immunohistochemical staining with a-smooth muscle actin
(a-SMA) and human IL-26 of lung from each group are shown with similar results. Original magnification x80 (Azan-Mallory staining,
a-SMA), x200 (human IL-26). Insets, higher magnification images of the boxed regions. Red arrows indicate IL-26-positive lymphocytes.
Lower magnification images are shown in Figure S14. (I) Staining intensity was analyzed using Image-J software. For quantification, five
images were taken per mouse, and each dot indicates the mean %positive area. The dashed line indicates the percentage of non-specific
staining (background intensity). (A-1) Data represent the combined results of two (A-E, G-1) or five (F) independent experiments. (A-G, 1)
Data are shown as mean+S.D. of each group, comparing values in control IgG group to mé69-10 group or h69-10 group (*p <.05). (E, G) Each

expression was normalized to human hypoxanthine phosphoribosyltransferase 1 (HPRT1) (E) or mouse Hprt (G).

of IL26 in mice. Our group has previously shown that CD26 is a key
costimulatory molecule for inducing IL-26 production from human
CD4 T cells, and IL-26 is strongly associated with lung fibrosis in a
chronic xeno-GVHD model.?* In this present paper, we evaluate
the in vivo immunological effects of IL-26 on the level and com-
position of immune cells, T cell phenotypes, and inflammatory cy-
tokine/chemokine expression utilizing hlL-26Tg mice and hCBMC.
Furthermore, we demonstrate that humanized neutralizing anti-
IL-26 mAb significantly impedes the development of chronic xeno-
GVHD with preservation of GVL effect.

The xeno-GVHD model has several artificial characteristics. For
example, almost all the human leukocytes engrafted in the recipi-
ent NOG mice are T cells and B cells, while neither human NK cells,
antigen-presenting cells nor granulocytes have normal maturation
and differentiation in this model. In addition, as human IFN-y has
been reported not to transduce signals through murine IFN-y re-
ceptor,? it is possible that several human effector molecules may
not regulate murine cell functions as compared with human cells.
In human, IL-26 can be produced not only from CD4 T cells but also

8-11 while the cellular mechanisms involved

from other cell types,
in regulating IL-26 transcription have not been fully elucidated, in-
cluding detailed characterization of IL-26-associated transcription
factors or promoter regions. For these reasons, we utilized BAC Tg
mice carrying a 190-kb that includes sequences upstream and down-
stream of the human IL-26 transcription region. In this murine model,
human IL-26 is induced only when the cells capable of expressing
IL-26 are activated, although the expression level of human IL-26 in
murine cells is quite low as compared with activated human CD4 T
cells. For these reasons, inflammation models utilizing human T cells
are essential to investigate the inherent functions of human IL-26.
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Cross-species models have imperfections that need to be addressed,
but we also believe that they can be used to improve our knowl-
edge of human immunology, particularly for detailed analysis of
genes that are deficient in mice or have different functions between
human and mice. Of note, in the present study, we investigated the
in vivo immunological effects of IL-26 utilizing both allo- and xeno-
GVHD models and found that IL-26 markedly increases neutrophil
levels and augments Th17 response associated with enhanced levels
of G-CSF, IL-16, and IL-6 in both models.

In fact, several differences were found between the allo- and
xeno-GVHD models. The number of donor T cells infiltrated in
GVHD-target organs were not affected by IL-26 in the allo-GVHD
model (Figure 2A), whereas administration of anti-IL-26 mAb sig-
nificantly reduced donor T cell infiltration in the xeno-GVHD model
(Figure 5A,B). In addition, IL-26-induced enhancement of mouse
Ccl3, Cxcl1, and Cxcl2 expression and lung fibroproliferation was
prominently observed only in the xeno-GVHD model but not the
allo-GVHD model (Figure 5G,H). These observed differences may be
partially due to the higher expression levels of IL-26 in donor human
CD4 T cells as compared with hlL-26Tg mouse-derived donor CD4
T cells (Figures 2D,G and 5E,F), and may be reflected in the survival
curves shown for these two models (Figures 1A and 4A).

Our in vivo models indicate that IL-26 has the capacity to aug-
ment Th17 response (Figures 2D and 5E). Involvement of Thi17
cells in the pathology of various autoimmune diseases has been re-
ported.®! Regarding GVHD, transfer of in vitro polarized Th17 cells
resulted in extensive pathologic cutaneous and pulmonary lesions
in murine GVHD models.? Our in vitro data suggest that the po-
tential synergistic effect of IL-26 and nucleic acids (Figure 3A,B), or
other inflammatory cytokines may lead to enhanced IL-1p and IL-6
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FIGURE 6 Retention of GVL effect following anti-IL-26 mAb treatment. (A) Schematic showing a schedule of GVL experiments. Firefly
luciferase-transfected A20 (A20-luc) cells (1 x 10°) were inoculated intravenously on day +28 post-transplantation of human umbilical cord
blood mononuclear cells (hCBMC). hCBMC/A20-luc-NOG mice were injected intraperitoneally with control mouse IgG (isotype n = 6),
mouse anti-human IL-26 mAb (mé9-10 n = 6), or humanized anti-IL-26 mAb (h69-10 n = 5) at 100 g per dose twice weekly from day +28 until
the end of experiments. (B) Tumor dissemination was monitored twice weekly using in vivo bioluminescence imaging. NOG mice inoculated
with A20-luc without transplantation of hCBMC were used as a control (Tumor alone n = 5). Data are shown as mean=+S.D. of each group.
(C) Representative in vivo bioluminescence images from each group 1.5 week or 2.5 week after A20-luc inoculation are shown with similar
results. (D) Donor CD8 T cells in the spleen of hCBMC/A20-luc-NOG mice 7 weeks post-transplantation of hCBMC were purified by cell
sorting (gated for hCD45*H-2K*"hCD3*hCD4 hCD8a*). mRNA expression levels of indicated human genes in those cells were quantified
by real-time RT-PCR. Each expression was normalized to human hypoxanthine phosphoribosyltransferase 1 (HPRT1). Data are shown as
mean+S.D. of each group. (E) Data are shown as histogram of human perforin and granzyme B in donor CD8 T cells as described in (D)
(gated for hCD45*H-2K"hCD3*hCD4 hCD8a™). The gray areas in each histogram show the data of isotype controls. Representative results
from each group are shown with similar results. (B, D) Data represent the combined results of three independent experiments.

expression in the GVHD-target organs (Figures 2| and 5G), resulting neutrophil levels (Figures 1C and 2B). While neutrophils have a

in a positive-feedback loop which further augmented Th17-cytokine well-known role in host defense against pathogens, recent stud-
production including IL-26, IL-17A, and IL-21 (Figure 8). ies have described various effector functions of neutrophils.33

In the current study, we analyzed donor immune cell num- Although the role of neutrophils in the pathology of GVHD is not
bers and composition. In addition to the immune cells shown in fully understood, production of reactive oxygen species and anti-
Figure 2B, we also analyzed the percentage of NK cells, NKT cells, gen presentation by neutrophils affected the severity of intestinal
v8 T cells, plasma cells, basophils, eosinophils, mast cells, conven- acute GVHD.?*® Moreover, release of NETs caused epitheliopathy
tional, and plasmacytoid dendritic cells (data not shown). Among and delayed epithelial wound healing in ocular chronic GVHD.%¢
them, IL-26 appeared to be involved in the marked increase in In @ human CD4 T cell-induced cutaneous xeno-GVHD model,
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FIGURE 7 IL-26 concentrations in the serum of acute skin GVHD and chronic lung GVHD patients. (A) IL-26 concentrations in the

serum of 12 healthy controls, nine mild acute skin GVHD patients (two grade | and seven grade Il), or six moderate/severe chronic lung
GVHD patients (two severe and four moderate) were quantified by ELISA. Serum was collected after the onset of GVHD. Two blue squares
in the chronic lung GVHD group indicate the values of severe GVHD patients. Data are shown as mean +S.D. of each group, comparing
values in each group, respectively. (B) Time-course analysis of the serum of one severe chronic lung GVHD patient is shown in (A). Serum
was collected on day -8 (before transplantation), day +119 (before onset of chronic GVHD), day +143, +160, and +181 (after receiving
prednisolone [PSL] treatment [1 mg/kg/day]). Transplantation was performed on day 0. The patient was diagnosed with severe chronic lung
GVHD on day +137 and started receiving PSL treatment on day +137. Serum levels of IL-26 were quantified by ELISA, and serum levels of 17
human cytokines were quantified utilizing multiplex assay kit, as described in Supplementary Materials and Methods. Representative results
among 17 cytokines are shown, along with the number of neutrophils in the peripheral blood. Serum levels of each cytokine in 12 healthy
controls (HC) were measured as control. Each dot indicates individual value, and blue horizontal bars indicate mean value. (C) Time-course
analysis in the serum of one moderate chronic lung GVHD patient is shown in (A). Serum was collected on day -9 (before transplantation),
day +124 (immediately after diagnosis of chronic GVHD), day +150, +164, and +314 (after receiving PSL treatment [0.5 mg/kg/day]).
Transplantation was performed on day 0. The patient was diagnosed with moderate chronic lung GVHD on day +122 and started receiving
PSL treatment on day +144. Serum levels of IL-26 were quantified by ELISA. [Color figure can be viewed at wileyonlinelibrary.com]

murine neutrophils appeared to be involved in the onset of alope-
cia.¥” Neutrophils are able to acquire different functions depend-
ing on the microenvironment and their differentiation/activation
status.%® Our current work shows that IL-26 exposure was associ-
ated with elevated IL-6 and G-CSF expression (Figures 2| and 5G).
Stimulation of human neutrophils with G-CSF enhanced antibody-
dependent cellular cytotoxicity and cytokine production.®’ Others
reported that costimulation of mouse neutrophils with IL-6 and
G-CSF increased matrix metalloproteinase—‘).40 Therefore, in-
depth analyses of the effector functions of neutrophils that ac-

cumulated in the GVHD-target organs in the presence of IL-26, as
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well as their involvement in the pathology of GVHD in our models,
are needed in future studies.

G-CSF can be produced from diverse cell types such as mono-
cytes/macrophages, epithelial cells, endothelial cells, and fibro-
blasts in response to various stimuli including IL-1f, IL-6, TNF-a,

41-44 suggesting that the overall

IL-17A, and lipopolysaccharide,
IL-26-mediated positive-feedback loop is possibly associated with
enhanced G-CSF expression. Likewise, although TGF-p1 plays a
central role in fibrosis, diverse factors such as IL-17A, IL-11, IL-13,
IL-18, TNF-a, PDGF-a, CTGF also participate in the complex cel-

lular mechanisms involved in fibrosis.***’ Our group previously
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FIGURE 8 Hypothetical schema of immunological effects of IL-26 in the pathology of chronic systemic inflammation. IL-26 solely or the
combination of IL-26 and nucleic acids cooperatively activates antigen-presenting cells (myeloid cells) to enhance the production of IL-1f

and IL-6, resulting in the differentiation and activation of Th17 cells to augment Th17-cytokine production such as IL-26, IL-17A, and 1L-21.
Granulocyte-colony stimulating factor (G-CSF), a key factor for the differentiation and proliferation of neutrophils, can be produced by
various cell types such as monocytes/macrophages, fibroblasts, epithelial cells, and endothelial cells. Since IL-1p and IL-17A have the capacity
to markedly enhance G-CSF production from these cells, IL-26-mediated positive-feedback loop described above greatly augments G-CSF
production, resulting in increased neutrophil cell number not only at the inflammatory sites but also in the whole body (both in the blood

and spleen). In addition, high levels of IL-26 may enhance production of CXCL1 and CXCL2 as neutrophil chemo-attractants, and recruitment
of both CD4 T cells and CD8 T cells at the inflammatory sites. Furthermore, IL-26 enhances myofibroblast level and collagen deposition,

particularly in the lung and skin.

showed that IL-26 directly acted on fibroblasts to enhance collagen
production,?* while alteration in the immune cell infiltration process
and cytokine milieu by IL-26 is likely associated with the IL-26-
mediated fibrosis. The mechanisms involved in IL-26 regulation of
myofibroblast biology and collagen production will be evaluated in
future studies.

In summary, our current work indicates that anti-IL-26 mAb
treatment significantly suppressed the progression of GVHD via
multiple mechanisms of action. We plan to analyze the serum con-
centration of IL-26 in GVHD patients and investigate the relation-
ship between serum IL-26 levels and clinical outcomes for patients
such as the severity or disease types of GVHD, types of hematologi-
cal malignancies, and effects of steroid or other immunosuppressive
agents. These basic findings will provide the necessary founda-
tion for the use of humanized anti-IL-26 mAb for the treatment of
chronic GVHD.
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Peripheral endomorphins drive mechanical

") Check for updates

alloknesis under the enzymatic control of CD26/

DPPIV

Eriko Komiya, PhD,? Mitsutoshi Tominaga, PhD,** Ryo Hatano, PhD,® Yuji Kamikubo, PhD,? Sumika Toyama, PhD,?
Hakushun Sakairi, MD, PhD,® Kotaro Honda, PhD,? Takumi Itoh, PhD,*® Yayoi Kamata, PhD,*?
Munehiro Tsurumachi, MD,*f Ryoma Kishi, MD,*f Kei Ohnuma, MD, PhD,® Takashi Sakurai, MD, PhD,?

Chikao Morimoto, MD, PhD,° and Kenji Takamori, MD, PhD??f

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. Inmunohistochemical 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
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administration of recombinant DPPIV or naloxone methiodide,
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
2022;149:1085-96.)

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.'” "> At the
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,'"'*'” whereas inhib-
itory INs expressing the transcription factor BHLHBS5 negatively
regulate these signals.lg’zo 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 (Y1)-expressing neurons and

1085


mailto:ktakamor@juntendo.ac.jp
mailto:ktakamor@juntendo.ac.jp
https://doi.org/10.1016/j.jaci.2021.08.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaci.2021.08.003&domain=pdf

1086 KOMIYA ET AL

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
NKI1R: Neurokinin 1 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
Ucn3: Urocortin 3
WT: Wild-type
Y1: NPY 1 receptor

urocortin 3-expressing (Ucn3™) neurons were identified as excit-
atory neurons gated by NPY ™ INs.”2 Although evidence ob-
tained 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.25

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 al-
loknesis 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™"7) 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—3-III 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, I11). 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-pL 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-wm-thick cryosections were made by
cutting the blocks using a CM1850 cryostat (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—3-III tubulin antibody. A BZ-X800 all-in-one fluores-
cence microscope was used to scan 10-pum-thick sections at a thickness of 1.0
wm 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 areas (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 #-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 (Fig 1, 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 (Fig 1, 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 (Fig 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 (Fig 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 (Fig 2, E) than in nerve fi-
bers (see Fig El 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
Fig E2 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 (Fig 2, F). Moreover, mechanical alloknesis in
CD26KO mice was almost completely abrogated by the intrader-
mal injection of 30 g naloxone methiodide (Fig 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 (Fig 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 (Fig 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
Fig E3, 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 A-fibers and
weakly expressed in Ad-fibers (see Fig E4, 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 (Fig 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
(Fig 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 (Fig 4, B and C); however, the fre-
quency of scratching bouts under these conditions peaked approx-
imately O to 20 minutes after administration and then converged
to the level of the vehicle within 30 to 40 minutes (see Fig E5,
A and B in this article’s Online Repository at www.jacionline.
org). 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 (Fig 4, 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) (Fig 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 (Fig 5, A).
Pharmacologically, naloxone methiodide inhibited EM-evoked
mechanical alloknesis to a level similar to that observed with
the vehicle (Fig 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, [Fig 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 Figs E6 and E7 in this article’s Online Repository at
www.jacionline.org]). 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 (Fig 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 wm. D, The fluorescence intensity per unit area of the B-Ill 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 .m. 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 CD26KO mice. **P < .01. n.s., Not significant.
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FIG 3. Distribution pattern of EMs in mouse skin. Double immunofluorescence 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-B-Ill 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 wm.

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 Fig E5, C and D) nor the mixture of
each truncated EM peptide (see Fig ES, 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 Fig ES5, G and H).

DISCUSSION
The present results suggest that a peripheral EM (EM-1 or EM-
2)-MOR system mediates mechanical-induced itch (mechanical
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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 (Fig 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 (Fig 4) 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 (Fig 2, E). Me-
chanical alloknesis in CD26KO mice was almost completely
abrogated by the intradermal injection of sDPPIV but not by
the enzymatic mutant (Fig 2, F). Thus, although we cannot
exclude the possibility of other degradation systems for EM,
such as aminopeptidase M'’ or dipeptidyl peptidase IIL,"' 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 (Fig 4, B and C). This may explain
why CD26KO mice exhibited only mechanical alloknesis (Fig 1,
B and O).

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.42 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



1092 KOMIYA ET AL

J ALLERGY CLIN IMMUNOL
MARCH 2022

EM (EM-1 or EM-2) =naloxone methiodide

%—:

Mechanical alloknesis assay

(Mechanical itch, 30 min after administration)

A
_—
WT mice
B
20+
o
o %
8 *% . *3%
% 154 L 1]
Q
g
=2
& 104
[
2
& u A
5 5
0 * T Ak
EM-1 ) (100) (100)
Naloxone
methiodide 0 )

Cc
20

% x%

154

10

Mechanical alloknesis score

0 T T
-) (100) (100)

¢

EM-2

Naloxone
methiodide ) )

FIG 5. Effects of a peripheral MOR antagonist on EM-induced mechanical alloknesis. A, Schematic proced-
ure for the mechanical alloknesis assay under a peripheral MOR antagonist (naloxone methiodide). WT
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nutes the measurement of mechanical alloknesis scores in each mouse was started. B and C, Effects of
naloxone methiodide on mechanical alloknesis induced by EM-1 (B) or EM-2 (C).

attenuated by the highest dose of QWF (see Fig E8 in this article’s
Online Repository at www.jacionline.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
Fig 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-NKI1R 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.35 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 (Fig
5, B and C). Our histologic analyses revealed that EM-1 and
EM-2 were expressed in some sensory nerve fibers (Fig 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 (Fig 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“g’47 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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mechanical alloknesis was strongly affected by DPPIV in the
dermal layer, which closely surrounds nerve fibers (Fig 2, E and
F and see Fig E1).

In addition to mechanical alloknesis, chemical itch began to
appear in normal mice at high concentrations of EMs (>100 nmol)
(Fig 4, B and C and see also Fig E5, A and B). Our pharmacologic
analyses showed that chemical itch was also mediated via MORs
and controlled by DPPIV (see Fig ES, 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, Ap-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 Fig E4); however, their expression pro-
files in other subpopulations remain unknown. Therefore, we per-
formed a functional silencing experiment on Af- and

83

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 AR-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,s‘}’ss'57 whereas EM-evoked alloknesis
is due to the suppression of AB-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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components, such as sensory nerve fibers.

mice (see Fig E9, A-D in this article’s Online Repository at www.
jacionline.org). Furthermore, our (3-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 Fig E10, B and C in this article’s Online Repository at
www.jacionline.org). 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 Figs E11, A and B and E12
in this article’s Online Repository at www.jacionline.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."%4! In
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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
E13 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 (Fig
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 Fig 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 Fig E11, 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.

Key messages

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

o Topically applied MOR antagonists and CD26/DPPIV are
promising treatments for mechanical alloknesis.

REFERENCES

1. Mack MR, Kim BS. The itch-scratch cycle: a neuroimmune perspective. Trends
Immunol 2018;39:980-91.

2. Matsumoto A, Murota H, Terao M, Katayama I. Attenuated activation of homeo-
static glucocorticoid in keratinocytes induces alloknesis via aberrant artemin pro-
duction. J Invest Dermatol 2018;138:1491-500.

3. Moniaga CS, Tominaga M, Takamori K. Mechanisms and management of itch in
dry skin. Acta Derm Venereol 2020;100:adv00024.

4. Tominaga M, Takamori K. An update on peripheral mechanisms and treatments of
itch. Biol Pharm Bull 2013;36:1241-7.

5. Tominaga M, Takamori K. Itch and nerve fibers with special reference to atopic
dermatitis: therapeutic implications. J Dermatol 2014;41:205-12.

6. Sakai K, Sanders KM, Youssef MR, Yanushefski KM, Jensen L, Yosipovitch G,
et al. Mouse model of imiquimod-induced psoriatic itch. Pain 2016;157:2536-43.

7. Tkoma A, Fartasch M, Heyer G, Miyachi Y, Handwerker H, Schmelz M. Painful
stimuli evoke itch in patients with chronic pruritus: central sensitization for itch.
Neurology 2004;62:212-7.

8. Andersen HH, Elberling J, Sglvsten H, Yosipovitch G, Arendt-Nielsen L. Nonhis-
taminergic and mechanical itch sensitization in atopic dermatitis. Pain 2017;158:
1780-91.

9. Akiyama T, Carstens MI, Tkoma A, Cevikbas F, Steinhoff M, Carstens E. Mouse
model of touch-evoked itch (alloknesis). J Invest Dermatol 2012;132:1886-91.
Akiyama T, Nguyen T, Curtis E, Nishida K, Devireddy J, Delahanty J, et al. A cen-
tral role for spinal dorsal horn neurons that express neurokinin-1 receptors in
chronic itch. Pain 2015;156:1240-6.

. Fukuoka M, Miyachi Y, Ikoma A. Mechanically evoked itch in humans. Pain 2013;
154:897-904.

Bourane S, Duan B, Koch SC, Dalet A, Britz O, Garcia-Campmany L, et al. NPY
Cre Science 2015 Gate control of mechanical itch by a subpopulation of spinal
cord interneurons. Science 2015;350:550-4.

Han L, Ma C, Liu Q, Weng HJ, Cui Y, Tang Z, et al. A subpopulation of nocicep-
tors specifically linked to itch. Nat Neurosci 2013;16:174-82.

Mishra SK, Hoon MA. The cells and circuitry for itch responses in mice. Science
2013;340:968-71.

10.

12.

13.

14.

85

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

34

35.

36.

37.

38.

39.

40.

41.

KOMIYA ET AL 1095

Barry DM, Liu XT, Liu B, Liu XY, Gao F, Zeng X, et al. Exploration of sensory
and spinal neurons expressing gastrin-releasing peptide in itch and pain related be-
haviors. Nat Commun 2020;11:1397.

Sun YG, Chen ZF. A gastrin-releasing peptide receptor mediates the itch sensation
in the spinal cord. Nature 2007;448:700-3.

Sun YG, Zhao ZQ, Meng XL, Yin J, Liu XY, Chen ZF. Cellular basis of itch sensa-
tion. Science 2009;325:1531-4.

Ross SE, Mardinly AR, McCord AE, Zurawski J, Cohen S, Jung C, et al. Loss of
inhibitory interneurons in the dorsal spinal cord and elevated itch in Bhlhb5 mutant
mice. Neuron 2010;65:886-98.

. Kardon AP, Polgar E, Hachisuka J, Snyder LM, Cameron D, Savage S, et al. Dy-

norphin acts as a neuromodulator to inhibit itch in the dorsal horn of the spinal
cord. Neuron 2014;82:573-86.

Huang J, Polgér E, Solinski HJ, Mishra SK, Tseng PY, Iwagaki N, et al. Circuit
dissection of the role of somatostatin in itch and pain. Nat Neurosci 2018;21:
707-16.

Acton D, Ren X, Di Costanzo S, Dalet A, Bourane S, Bertocchi I, et al. Spinal neu-
ropeptide Y1 receptor-expressing neurons form an essential excitatory pathway for
mechanical itch. Cell Rep 2019;28:625-39.¢6.

Pan H, Fatima M, Li A, Lee H, Cai W, Horwitz L, et al. Identification of a spinal
circuit for mechanical and persistent spontaneous itch. Neuron 2019;103:
1135-49.e6.

Tkoma A, Handwerker H, Miyachi Y, Schmelz M. Electrically evoked itch in hu-
mans. Pain 2005;113:148-54.

Andersen HH, Akiyama T, Nattkemper LA, van Laarhoven A, Elberling J, Yosipo-
vitch G, et al. Alloknesis and hyperknesis-mechanisms, assessment methodology,
and clinical implications of itch sensitization. Pain 2018;159:1185-97.

Feng J, Luo J, Yang P, Du J, Kim BS, Hu H. Piezo2 channel-Merkel cell signaling
modulates the conversion of touch to itch. Science 2018;360:530-3.

Morimoto C, Schlossman SF. The structure and function of CD26 in the T-cell im-
mune response. Immunol Rev 1998;161:55-70.

Ohnuma K, Dang NH, Morimoto C. Revisiting an old acquaintance: CD26 and its
molecular mechanisms in T cell function. Trends Immunol 2008;29:295-301.
Ohnuma K, Hatano R, Komiya E, Otsuka H, Itoh T, Iwao N, et al. A novel role for
CD26/dipeptidyl peptidase IV as a therapeutic target. Front Biosci (Landmark Ed)
2018;23:1754-79.

Ohnuma K, Hosono O, Dang NH, Morimoto C. Dipeptidyl peptidase in autoim-
mune pathophysiology. Adv Clin Chem 2011;53:51-84.

Komiya E, Hatano R, Otsuka H, Itoh T, Yamazaki H, Yamada T, et al. A possible
role for CD26/DPPIV enzyme activity in the regulation of psoriatic pruritus.
J Dermatol Sci 2017;86:212-21.

Marguet D, Baggio L, Kobayashi T, Bernard AM, Pierres M, Nielsen PF, et al.
Enhanced insulin secretion and improved glucose tolerance in mice lacking
CD26. Proc Natl Acad Sci U S A 2000;97:6874-9.

Tanaka T, Kameoka J, Yaron A, Schlossman SF, Morimoto C. The costimulatory
activity of the CD26 antigen requires dipeptidyl peptidase IV enzymatic activity.
Proc Natl Acad Sci U S A 1993;90:4586-90.

. Shane R, Wilk S, Bodnar RJ. Modulation of endomorphin-2-induced analgesia by

dipeptidyl peptidase IV. Brain Res 1999;815:278-86.

Sakurada C, Sakurada S, Hayashi T, Katsuyama S, Tan-No K, Sakurada T.
Degradation of endomorphin-2 at the supraspinal level in mice is initiated by
dipeptidyl peptidase IV: an in vitro and in vivo study. Biochem Pharmacol
2003;66:653-61.

Yamaguchi T, Kitagawa K, Kuraishi Y. Itch-associated response and antinocicep-
tion induced by intracisternal endomorphins in mice. Jpn J Pharmacol 1998;78:
337-43.

Martin-Schild S, Gerall AA, Kastin AJ, Zadina JE. Differential distribution of en-
domorphin 1- and endomorphin 2-like immunoreactivities in the CNS of the ro-
dent. J Comp Neurol 1999;405:450-71.

Schreff M, Schulz S, Wiborny D, Hollt V. Immunofluorescent identification of en-
domorphin-2-containing nerve fibers and terminals in the rat brain and spinal cord.
Neuroreport 1998;9:1031-4.

Bardoni R, Tawfik VL, Wang D, Francois A, Solorzano C, Shuster SA, et al. Delta
opioid receptors presynaptically regulate cutaneous mechanosensory neuron input
to the spinal cord dorsal horn. Neuron 2014;81:1312-27.

Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, et al. Unbiased clas-
sification of sensory neuron types by large-scale single-cell RNA sequencing. Nat
Neurosci 2015;18:145-53.

Tomboly C, Peter A, Toth G. In vitro quantitative study of the degradation of en-
domorphins. Peptides 2002;23:1573-80.

Barsun M, Jajcanin N, Vukeli¢ B, Spoljari¢ J, Abrami¢ M. Human dipeptidyl pepti-
dase III acts as a post-proline-cleaving enzyme on endomorphins. Biol Chem 2007;
388:343-8.


http://refhub.elsevier.com/S0091-6749(21)01211-2/sref1
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref1
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref2
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref2
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref2
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref3
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref3
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref4
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref4
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref5
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref5
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref6
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref6
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref7
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref7
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref7
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref8
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref8
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref8
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref8
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref9
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref9
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref10
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref10
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref10
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref11
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref11
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref12
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref12
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref12
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref13
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref13
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref14
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref14
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref15
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref15
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref15
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref16
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref16
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref17
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref17
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref18
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref18
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref18
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref19
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref19
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref19
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref19
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref20
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref20
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref20
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref20
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref21
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref21
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref21
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref22
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref22
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref22
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref23
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref23
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref24
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref24
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref24
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref25
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref25
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref26
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref26
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref27
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref27
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref28
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref28
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref28
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref29
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref29
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref30
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref30
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref30
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref31
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref31
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref31
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref32
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref32
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref32
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref33
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref33
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref34
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref34
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref34
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref34
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref35
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref35
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref35
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref36
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref36
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref36
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref37
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref37
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref37
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref37
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref38
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref38
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref38
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref39
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref39
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref39
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref39
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref40
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref40
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref41
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref41
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref41
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref41
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref41
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref41

1096 KOMIYA ET AL

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Guieu R, Fenouillet E, Devaux C, Fajloun Z, Carrega L, Sabatier JM, et al. CD26
modulates nociception in mice via its dipeptidyl-peptidase IV activity. Behav Brain
Res 2006;166:230-5.

Azimi E, Reddy VB, Shade KC, Anthony RM, Talbot S, Pereira PJS, et al. Dual
action of neurokinin-1 antagonists on Mas-related GPCRs. JCI Insight 2016;1:
€89362.

Carstens E, Follansbee T, Iodi Carstens M. The challenge of basic itch research.
Acta Derm Venereol 2020;100:adv00023.

Zadina JE, Hackler L, Ge LJ, Kastin AJ. A potent and selective endogenous agonist
for the mu-opiate receptor. Nature 1997;386:499-502.

Barr GA, Zadina JE. Maturation of endomorphin-2 in the dorsal horn of the me-
dulla and spinal cord of the rat. Neuroreport 1999;10:3857-60.

Stinder S, Gunzer M, Metze D, Luger T, Steinhoff M. Localization of mu-opioid
receptor 1A on sensory nerve fibers in human skin. Regul Pept 2002;110:75-83.
Bigliardi PL, Bigliardi-Qi M, Buechner S, Rufli T. Expression of mu-opiate recep-
tor in human epidermis and keratinocytes. J Invest Dermatol 1998;111:297-301.
Takahashi N, Tominaga M, Kosaka R, Kamata Y, Umehara Y, Matsuda H, et al.
Involvement of p-opioid Receptors and k-opioid receptors in itch-related scratch-
ing behaviour of imiquimod-induced psoriasis-like dermatitis in mice. Acta Derm
Venereol 2017;97:928-33.

Zhang L, Zhang JT, Hang L, Liu T. Mu opioid receptor heterodimers emerge as
novel therapeutic targets: recent progress and future perspective. Front Pharmacol
2020;11:1078.

Wu SY, Ohtubo Y, Brailoiu GC, Dun NIJ. Effects of endomorphin on substantia ge-
latinosa neurons in rat spinal cord slices. Br J Pharmacol 2003;140:1088-96.
Wang Z, Jiang C, Yao H, Chen O, Rahman S, Gu Y, et al. Central opioid receptors
mediate morphine-induced itch and chronic itch via disinhibition. Brain 2021;144:
665-81.

86

53.

54.

55.

56.

57.

58.

59.

60.

61.

J ALLERGY CLIN IMMUNOL
MARCH 2022

Liu XY, Liu ZC, Sun YG, Ross M, Kim S, Tsai FF, et al. Unidirectional cross-
activation of GRPR by MORI1D uncouples itch and analgesia induced by opioids.
Cell 2011;147:447-58.

Binshtok AM, Bean BP, Woolf CJ. Inhibition of nociceptors by TRPV1-mediated
entry of impermeant sodium channel blockers. Nature 2007;449:607-10.
Borroto-Escuela DO, Romero-Fernandez W, Rivera A, Van Craenenbroeck K, Tar-
akanov AO, Agnati LF, et al. On the g-protein-coupled receptor heteromers and
their allosteric receptor-receptor interactions in the central nervous system: focus
on their role in pain modulation. Evid Based Complement Alternat Med 2013;
2013:563716.

Akgiin E, Javed MI, Lunzer MM, Powers MD, Sham Y'Y, Watanabe Y, et al. Inhi-
bition of inflammatory and neuropathic pain by targeting a mu opioid receptor/che-
mokine receptor5 heteromer (MOR-CCRS). J Med Chem 2015;58:8647-57.
Smeester BA, Lunzer MM, Akgiin E, Beitz AJ, Portoghese PS. Targeting puta-
tive mu opioid/metabotropic glutamate receptor-5 heteromers produces potent
antinociception in a chronic murine bone cancer model. Eur J Pharmacol
2014;743:48-52.

Tachibana T, Nawa T. Immunohistochemical reactions of receptors to met-
enkephalin, VIP, substance P, and CGRP located on Merkel cells in the rat sinus
hair follicle. Arch Histol Cytol 2005;68:383-91.

Lansu K, Karpiak J, Liu J, Huang XP, McCorvy JD, Kroeze WK, et al. In silico
design of novel probes for the atypical opioid receptor MRGPRX2. Nat Chem
Biol 2017;13:529-36.

Cahn A, Cernea S, Raz I. An update on DPP-4 inhibitors in the management of
type 2 diabetes. Expert Opin Emerg Drugs 2016;21:409-19.

Béné J, Moulis G, Bennani I, Auffret M, Coupe P, Babai S, et al. Bullous pemphi-
goid and dipeptidyl peptidase IV inhibitors: a case-noncase study in the French
Pharmacovigilance Database. Br J Dermatol 2016;175:296-301.


http://refhub.elsevier.com/S0091-6749(21)01211-2/sref42
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref42
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref42
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref43
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref43
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref43
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref44
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref44
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref45
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref45
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref46
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref46
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref47
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref47
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref47
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref48
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref48
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref49
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref49
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref49
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref49
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref49
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref49
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref50
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref50
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref50
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref51
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref51
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref52
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref52
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref52
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref53
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref53
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref53
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref54
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref54
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref55
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref55
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref55
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref55
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref55
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref56
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref56
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref56
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref56
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref57
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref57
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref57
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref57
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref57
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref58
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref58
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref58
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref59
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref59
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref59
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref60
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref60
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref61
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref61
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref61
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref61
http://refhub.elsevier.com/S0091-6749(21)01211-2/sref61

The Oncologist, 2022, 27, e703-e722
https://doi.org/10.1093/oncolo/oyac099
Advance access publication 7 June 2022
Clinical Trial Results OXFORD

Phase | Study of Tremelimumab Monotherapy or in
Combination With Durvalumab in Japanese Patients With
Advanced Solid Tumors or Malignant Mesothelioma

Yutaka Fujiwara'"*, Yasuo Takahashi?, Morihito Okada? Takumi Kishimoto* Shunsuke Kondo?®,
Koshi Fujikawa?, Manabu Hayama®, Masatoshi Sugeno®, Shinya Ueda®, Keiko Komuro®,
Mark Lanasa’, Takashi Nakano?®

'National Cancer Center Hospital, Tokyo, Japan and Aichi Cancer Center, Nagoya, Japan
INational Hospital Organization Hokkaido Cancer Centre, Sapporo, Japan

®Hiroshima University Hospital, Hiroshima, Japan

*Okayama Rosai Hospital, Okayama, Japan

SNational Cancer Center Hospital, Tokyo, Japan

SAstraZeneca, Osaka, Japan

'AstraZeneca, Gaithersburg, MD, USA

®Hyogo College of Medicine Hospital, Hyogo, Japan and Otemae Hospital, Osaka, Japan
*Corresponding author: Yutaka Fujiwara, MD, Department of Thoracic Oncology, Aichi Cancer Center, 1-1 Kanokoden, Chikusa-ku, Nagoya 464-0021, Japan.
Tel: +81 52 762 6111; Email: fu_ji_@yahoo.co.jp

*Principal investigator: Yutaka Fujiwara

Abstract

Background: The primary objective of this phase |, open-label trial was to assess safety and tolerability of tremelimumab monotherapy and
combination therapy with durvalumab in Japanese patients with advanced cancer. Tremelimumab is a fully human monoclonal antibody against
CTLA-4 in clinical trials; durvalumab is a monoclonal antibody against PD-L1 for the treatment of bladder and lung cancer.

Methods: In part 1, tremelimumab 3 or 10 mg/kg was given every 4 weeks (Q4W) for 6 doses, and thereafter every 12 weeks until discontinua-
tion (n = 8); subsequently tremelimumab 10 mg/kg Q4W for 6 doses/Q12W and thereafter until discontinuation was administered in 41 patients
with malignant pleural or peritoneal mesothelioma (MPM). In part 2, tremelimumab 10 mg/kg (Q4W for 6 doses followed by Q12W for 3 doses)
was given in combination with durvalumab 15 mg/kg (Q4W for 13 doses) in cohort 1 (n = 4). In cohort 2 (n = 6), tremelimumab 1 mg/kg (Q4W
for 4 doses) was given in combination with durvalumab 20 mg/kg (Q4W for 4 doses followed by 10 mg/kg Q2W for 22 doses), while in cohort 3
(n = 6), fixed-dose tremelimumab 75 mg Q4W for 4 doses plus durvalumab 1500 mg Q4\W for 13 doses was given.

Results: In part 1, no dose-limiting toxicities (DLTs) for tremelimumab 3 or 10 mg/kg (Q4W for 6 doses/Q12W thereafter until discontinuation)
were observed. Six (75%) patients reported treatment-related adverse events (trAEs). In the MPM dose-expansion cohort, 38 (92.7%) patients
reported trAEs. In part 2, one DLT (Grade 4 myasthenia gravis) was reported for tremelimumab 10 mg/kg (Q4W for 6 doses/Q12W for 3 doses)
plus durvalumab 15 mg/kg (Q4W for 13 doses). One DLT (Grade 4 hyperglycemia) was reported for tremelimumab 75 mg (Q4W for 4 doses)
plus durvalumab 1500 mg (Q4W for 13 doses). Fourteen (87.5%) patients reported trAEs. Tremelimumab demonstrated low immunogenicity; 1
(16.7%) patient developed antidrug antibodies.

Conclusion: Tremelimumab 10 mg/kg (Q4W/Q12W), tremelimumab 1 mg/kg (Q4W) plus durvalumab 20 mg/kg (Q4W/10 mg/kg Q2W), and
fixed-dose tremelimumab 75 mg (Q4W) plus durvalumab 1500 mg (Q4W) were safe and tolerable.

ClinicalTrials.gov Identifier: NCT02141347 (https://clinicaltrials.gov/ct2/show/NCT02141347)
Key words: durvalumab; immunotherapy; Japanese; malignant mesothelioma; tremelimumab.

Lessons Learned

e This phase | trial was the first evaluation of tremelimumab as monotherapy and in combination with durvalumab in Japanese patients
with advanced solid malignancies.

e Tremelimumab 10 mg/kg monotherapy (Q4W for 6 doses/Q12W thereafter until discontinuation), tremelimumab 1 mg/kg (Q4W for
4 doses) plus durvalumab 20 mg/kg (Q4W for 4 doses followed by10 mg/kg Q2W for up to 22 doses), and fixed-dose tremelimumab
75 mg (Q4W for 4 doses) plus durvalumab 1500 mg (Q4W for 13 doses) were generally safe and tolerable.

Received: 21 January 2022; Accepted: 7 April 2022.
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The data published online to support this summary are the property of the authors. Please contact the authors about reuse rights of the original data.
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Discussion

In 2014 when the current study was initiated, an interna-
tional phase IIb trial (DETERMINE) evaluated tremeli-
mumab use in relapsed malignant pleural/peritoneal
mesothelioma (MPM).! DETERMINE was not conducted
in Japan. It was necessary to provide tremelimumab safety
and efficacy data in the Japanese population, ahead of
planned phase III programs. The primary and second-
ary objectives of this open-label, multicenter, phase I trial
(NCT02141347) were to assess the safety and tolerabil-
ity, and antitumor activity, of tremelimumab monotherapy
and in combination therapy with durvalumab in Japanese
patients with advanced cancer. The trial comprised tremeli-
mumab monotherapy dose escalation and MPM dose
expansion, and tremelimumab plus durvalumab combina-
tion dosing (including a fixed-dose cohort [tremelimumab
75 mg Q4W/durvalumab 1500 mg Q4W], which had not
been previously studied) (Fig. 1).

During part 1 dose escalation, no dose-limiting toxicities
(DLTs) were reported. Six (75.0%) patients reported treat-
ment-related adverse events (trAEs); 2 (25.0%) reported
grade >3 trAEs, and 5 (62.5%) reported treatment-re-
lated AEs of special interest (AESIs). For dose expansion,
38 (92.7%) patients reported any-grade AE and trAEs; 16
(39.0%) reported grade >3 trAEs, and 35 (85.4%) reported
treatment-related AESIs. Adverse event rates were similar to
previous investigations.'® One (2.4%) patient had a partial
response. Similar to DETERMINE results,! tremelimumab
10 mg/kg showed limited clinical activity in previously treated
MPM patients. The recommended tremelimumab dose was
10 mg/kg.

During part 2 combination dosing, 1 patient receiving
tremelimumab 10 mg/kg (Q4W for 6 doses/Q12W for 3
doses) plus durvalumab 15 mg/kg (Q4W for 13 doses)
experienced a DLT (grade 4 myasthenia gravis); recruit-
ment to this cohort was subsequently stopped. One DLT
(grade 3 hyperglycemia) was reported by a patient receiving
tremelimumab 75 mg (Q4W for 4 doses) plus durvalumab
1500 mg (Q4W for 13 doses). The severity grade was
increased to grade 4 on day 19 and subsequently down-
graded to grade 1 on day 37; the patient was permanently
discontinued from the study treatment. Fourteen (87.5%)
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Part 1 - Tremelimumab monotherapy

Dose escalation MPM dose expansion

Cohort 1 Cohort 2

Tremelimumab
10 mg/kg
Q4w:/Q12wW*

N=4

Tremelimumab
3 mg/kg
Q4W:/Q12wW*

N=4

Tremelimumab
10 mg/kg
Q4aw?/Q12w*
N=41

a Dose 1to Dose 6
b Dose 7 to discontinuation

a Cycle 1 to Cycle 6
b Cycle 7 to discontinuation

Part 2 - Tremelimumab + durvalumab combination multiple dosing

Cohort 1 Cohort 2 Cohort 3
Tremelimumab
Tremelimumab 1mg/kg + Tremelimumab
10 mg/kg Durvalumab 75 mes +
QAW?/Q12WP + 20 mg/kg :
Durvalumab
Durvalumab Q4W-followed by
1500 mg
15 mg/kg Durvalumab Qaw
Qaw 10 mg/kg N=G
N=4 Q2w -
N=6

aDose 1to Dose 6
b Dose 7 to Dose 9
cDose 1to Dose 4
d Dose 5 to Dose 22

Figure 1. Study design.

patients reported any-grade AEs related to tremelimumab
and durvalumab, respectively; 7 (43.8%) each reported
grade 23 tremelimumab- and durvalumab-related AEs,
and 9 (56.3%) reported treatment-related AESIs. No unex-
pected AEs were observed.*¢ The rate of any-grade trAEs
(87.5%) aligned with the 88% incidence rate from a sys-
tematic review and meta-analysis.” Antitumor activity with
combination therapy was reported previously*®%13; how-
ever, it was limited in the current study.

Tremelimumab 10 mg/kg (Q4W/Q12W), tremelim-
umab 1 mg/kg (Q4W)/durvalumab 20 mg/kg (Q4W/10 mg/
kg Q2W), and fixed-dose tremelimumab 75 mg (Q4W)/
durvalumab 1500 mg (Q4W) were safe and tolerable in this
phase I trial of Japanese patients with advanced cancer.
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TRIAL INFORMATION

Disease Advanced cancer/solid tumor only, mesothelioma

Stage of disease/treatment Metastatic/advanced

Prior therapy More than 2 prior regimens

Type of study Phase |

Primary endpoints Tolerability, safety, maximum tolerated dose

Secondary endpoints Pharmacokinetics, immunogenicity, anti-tumor activity, efficacy
Investigator's analysis Active and should be pursued further.

Additional details of endpoints of study design

Study design: Fig. 1

Primary endpoints:
Part 1: Dose escalation phase: To investigate the safety and tolerability of tremelimumab when given to Japanese patients with advanced
solid malignancies and define the dose(s) for further clinical evaluation.
Part 1: MPM dose expansion: to investigate the safety and tolerability of tremelimumab when given to Japanese patients with unresectable
pleural or peritoneal malignant mesothelioma.
Part 2: Tremelimumab plus durvalumab combination multiple dosing: to investigate the safety and tolerability of tremelimumab in com-
bination with durvalumab when given to Japanese patients with advanced solid malignancies and to define the dose(s) for further clinical
evaluation.

Secondary endpoints:
Part 1: Dose escalation phase: (1) to describe the PK of tremelimumab in Japanese patients with advanced solid tumors. (2) To determine
the immunogenicity of tremelimumab in Japanese patients with advanced solid tumors. (3) To evaluate the anti-tumor activity of tremeli-
mumab in Japanese patients with advanced solid tumors.
Part 1: MPM dose expansion: (1) To describe the PK of tremelimumab in Japanese patients with pleural or peritoneal malignant mesothe-
lioma. (2) To evaluate the immunogenicity of tremelimumab in Japanese patients with pleural or peritoneal malignant mesothelioma. (3)
To evaluate the efficacy of tremelimumab in Japanese patients with pleural or peritoneal malignant mesothelioma.
Part 2: Tremelimumab plus durvalumab combination multiple dosing: (1) To describe the PK of tremelimumab in combination with
durvalumab in Japanese patients with advanced solid tumors. (2) To determine the immunogenicity of tremelimumab in combination with
durvalumab in Japanese patients with advanced solid tumors. (3) To describe the PK of durvalumab in combination with tremelimumab in
Japanese patients with advanced solid tumors. (4) To determine the immunogenicity of durvalumab in combination with tremelimumab in
Japanese patients with advanced solid tumors. (5) To evaluate the anti-tumor activity of tremelimumab in combination with durvalumab
in Japanese patients with advanced solid tumors.

DRruG INFORMATION: PART 1

Generic Tremelimumab

Company name AstraZeneca

Drug type Antibody

Drug class Immune therapy

Dose See dose escalation table (part 1)
Route L.

Schedule of administration See dose escalation table (part 1)
Generic Tremelimumab Durvalumab
Company name AstraZeneca AstraZeneca
Drug type Antibody Antibody

Drug class Immune therapy Immune therapy
Dose See dose escalation table (part 2) See dose escalation table (part 2)
Route L. L.

Schedule of administration See dose escalation table (part 2)

Dose EscaLaTiON TABLE

Part 1 cohort 1 3 mg/kg Q4W for 6 doses/Q12W n/a 4 4
thereafter until discontinuation
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Part 1 cohort 2 10 mg/kg Q4W for 6 doses/Q12W n/a 4 4
thereafter until discontinuation
Part 1 MPM 10 mg/kg Q4W for 6 doses/Q12W n/a 41 41
dose expansion thereafter until discontinuation
Part 2 cohort 1 10 mg/kg Q4W for 6 doses/Q12W 15 mg/kg Q4W for 13 doses 4 4
for 3 doses
Part 2 cohort 2 1 mg/kg Q4W for 4 doses 20 mg/kg Q4W for 4 doses fol- 6 6
lowed by 10 mg/kg Q2W for up to
22 doses
Part 2 cohort 3 75 mg Q4W for 4 doses 1500 mg Q4W for 13 doses 6 6

PaTiENT CHARACTERISTICS: PART 1 DoOSE EscALATION

Number of patients, male 5
Number of patients, female 3
Stage Stage III (7 = 1), stage IV (n = 7)
Age, years, median (range) 58.5 (40-72)
Number of prior systemic therapies 3(n=2);>3(n=6)
Performance status: ECOG 0,7=6(75%)

1,7=2(25%)

PaTiENT CHARACTERISTICS: PART 1 MPM Dose Expansion

Number of patients, male 36

Number of patients, female N

Stage Stage II (7 = 7), stage Il (n = 12), stage IV (7 = 21), unknown (7 = 1)
Age, years, median (range) 67.0 (40-79)

Number of prior systemic therapies 1(n=13);2 (n=16); 3 (n=6); >3 (n=6)

Performance Status: ECOG 0,7=21(51.2%)

1,7 =20 (48.8%)

PATIENT CHARACTERISTICS: PART 2

Number of patients, male 8
Number of patients, female 8
Stage Stage III (1 = 1), stage IV (7 = 13), unknown (7 = 2)
Age, years, median(range) 61.0 (34-74)
Number of prior systemic therapies 1(n=1);2(n=1);3(n=2);>3(n=12)
Performance Status: ECOG 0,72=13(81.3%)

1,7=3(18.8%)

Table 2 shows detailed baseline patient demographic and clinical characteristics.

PRrRiMARY AsseSSMENT METHOD: PART 1 Dose EscALATION

Number of patients assigned 8

Number of patients evaluable for toxicity 8

Number of patients evaluated for efficacy 8

Evaluation method RECIST 1.1

Response assessment, SD n=1;25.0% (1/4) in the tremelimumab 10 mg/kg (Q4W for 6 doses/Q12W
thereafter until discontinuation) group

Response assessment, PD n=7;100% (4/4) in the tremelimumab 3 mg/kg (Q4W for 6 doses/Q12W

thereafter until discontinuation) group and 75.0% (3/4) in the tremelim-
umab 10 mg/kg (Q4W for 6 doses/Q12W thereafter until discontinuation)
group

Duration of treatment 71.5 days
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PriMARY AssesSMENT METHoD: PART 1 MPM Dose Expansion

Number of patients assigned

Number of patients evaluable for toxicity
Number of patients evaluated for efficacy
Evaluation method

Response assessment, PR

Response assessment, SD

Response assessment, PD

Response assessment, other

PFS

(0N}

Duration of treatment

Outcome notes

RECIST 1.1

1(2.4%)

17 (41.5%)

18 (43.9%)

5 (12.2%)

2.9 months (95% CI: 2.8-5.5)

14.6 months (14.6-not calculable)

55.0 days

RECIST v1.1 for peritoneal mesothelioma, modified RECIST v1.0 for pleural mesothelioma.

PriMARY AsSeSSMENT METHOD: PART 2

Number of patients assigned

Number of patients evaluable for toxicity
Number of patients evaluated for efficacy
Evaluation method

Response assessment, CR
Response assessment, PR
Response assessment, SD

Response assessment, PD

RCSPOHSC assessment, other

Duration of treatment

RECIST 1.1

n=1;16.7% (1/6) in tremelimumab 1 mg/kg (Q4W for 4 doses) plus durvalumab 20 mg/
kg (Q4W for 4 doses followed by 10 mg/kg Q2W for up to 22 doses) group

n=1;16.7% (1/6) in tremelimumab 1 mg/kg (Q4W for 4 doses) plus durvalumab 20 mg/
kg (Q4W for 4 doses followed by 10 mg/kg Q2W for up to 22 doses) group

n =2;33.3% (2/6) in tremelimumab 75 mg (Q4W for 4 doses) plus durvalumab 1500 mg
(Q4W for 13 doses) group

n=10;75% (3/4) in tremelimumab 10 mg/kg (Q4W for 6 doses/Q12W for 3 doses) plus
durvalumab 15 mg/kg group (Q4W for 13 doses); 66.7% (4/6) in tremelimumab 1 mg/
kg (Q4W for 4 doses) plus durvalumab 20 mg/kg (Q4W for 4 doses followed by 10 mg/
kg Q2W for up to 22 doses) group; 50% (3/6) in tremelimumab 75 mg (Q4W for 4 doses)
plus durvalumab 1500 mg (Q4W for 13 doses) group

7 =2;25% (1/4) in tremelimumab 10 mg/kg (Q4W for 6 doses/Q12W for 3 doses) plus
durvalumab 15 mg/kg (Q4W for 13 doses) group; 16.7% (1/6) in tremelimumab 75 mg
(Q4W for 4 doses) plus durvalumab 1500 mg (Q4W for 13 doses) group

44.0 days

DLT was not assessed for part 1 MPM dose expansion. See Figs. 2 and 3 (Waterfall plots of best percentage change from baseline in tumor size), Fig. 4
(Kaplan-Meier plots of progression-free survival and overall survival), and Table 3 (Summary of antitumor activity).

Dose-LimiminG ToxiciTies TABLE

Part 1 cohort 1 3 mg/kg Q4W for 6
doses/Q12W thereafter
until discontinuation
10 mg/kg Q4W for 6
doses/Q12W thereafter

until discontinuation
10 mg/kg Q4W for
6 doses/Q12W for 3
doses

1 mg/kg Q4W for 4
doses

Part 1 cohort 2

Part 2 cohort 1

Part 2 cohort 2

Part 2 cohort 3 75 mg Q4W for 4

doses

n/a 4 4 0 None

n/a 4 4 0 None

15 mg/kg Q4W 4 4 1 Grade

for 13 doses 4myasthenia
gravis

20 mg/kg 6 6 0 None

Q4W for 4

doses followed

by 10 mg/kg

Q2W for up to

22 doses

1500 mg Q4W 6 6 1 Grade 4

for 13 doses hyperglycemia
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Pharmacokinetics and Pharmacodynamics

See Fig. 5 (Geometric mean serum concentration vs time) and
Table 5 (Summary of PK characteristics).

The Oncologist, 2022, Vol. 27, No. 9

Adverse Events

See Table 1 (Summary of AEs) and Table 4 (AEs of CTCAE
grade >3 by system organ class and preferred term).

ASSESSMENT, ANALYSIS, AND Discussion

Completion:

Investigator’s assessment:

The burden of cancer in Japan, including an estimated
1,017,200 incident cases in 2019,'* underscores the need for
expanded and robust cancer treatment options for patients.
Clinical trials have established the efficacy of monoclo-
nal antibodies (mAbs), which block immune regulatory
checkpoint receptors or their ligands (ie, programmed cell
death-1 [PD-1]/programmed cell death ligand-1 [PD-L1]
or cytotoxic T-lymphocyte-associated antigen-4 [CTLA-
4]) in several tumor types.*®!>18 Durvalumab is a selec-
tive, high-affinity, engineered human immunoglobulin (Ig)
G1 mAb that blocks PD-L1 binding to PD-1 and cluster
of differentiation (CD) 80." Durvalumab, which demon-
strates clinical activity and safety across multiple solid
tumor types,*®2*22 is approved in Japan for consolidation
therapy following definitive chemoradiation in patients
with unresectable, locally advanced, non-small cell lung
cancer.? In addition, it is also approved in Japan for treat-
ment of patients with extensive-stage small cell lung cancer
(ES-SCLC), in combination with etoposide plus a choice of
platinum chemotherapy (either carboplatin or cisplatin).?
Tremelimumab is a selective IgG2 mADb that promotes T-cell
activity through CTLA-4 inhibition*** and has been investi-
gated in a wide range of cancers.!?%525:2¢

The current study—an open-label, multicenter, phase I
trial (NCT02141347)—assessed the safety and tolerability
of tremelimumab monotherapy and combination therapy
with durvalumab (including a fixed-dose cohort [tremelim-
umab 75 mg Q4W/durvalumab 1500 mg Q4W] (Fig. 1 and
Table 1), which had not been previously studied) in Japanese
patients with advanced cancer; secondary objectives included
assessments of immunogenicity, antitumor activity, and phar-
macokinetics (PK) after the first dose and at steady state.
Previously, an international, double-blind, randomized, phase
IIb trial (DETERMINE; NCT01843374) evaluated tremeli-
mumab for second- and third-line treatment of patients with
relapsed MPM.! The DETERMINE trial was not conducted
in Japan, where MPM incidence is among the highest glob-
ally.?”?8 The current study was conducted to address the need
for safety and efficacy data for tremelimumab in the Japanese
population prior to international phase III programs of
tremelimumab monotherapy and combination therapy. The
number of patients for the current study was informed by
the need for adequate tolerability, safety, and PK data, while
exposing as few patients as possible to the investigational
product. Consequently, it was determined that 3-6 evaluable
patients were needed for a dose group. For the MPM dose
expansion, a sample size of 40 patients was considered suffi-
cient for safety evaluations.

Previous studies have established the safety and tolerability
of tremelimumab monotherapy in doses up to 15 mg/kg.>>?*
The safety results from the dose-escalation period indicated
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that 10 mg/kg was the recommended dose of tremelim-
umab for Japanese patients. Rates of adverse events (AEs)
were similar to previous investigations of tremelimumab
monotherapy in solid tumors and MPM.!* No AE-related
deaths, DLTs, or other safety concerns from the clinical
laboratory assessments, electrocardiogram (ECG), vital
signs, and physical findings were observed (see dose-limit-
ing toxicities table). The immunogenicity of tremelimumab
was low during both dose escalation and dose expansion.
For dose escalation, the time to reach maximum serum con-
centration (¢_ ) was similar after single- and multiple-dose
tremelimumab 10 mg/kg (Q4W for 6 doses/Q12W thereaf-
ter until discontinuation; Table 5). No objective responses
were observed with tremelimumab 3 or 10 mg/kg (Q4W for
6 doses/Q12W thereafter until discontinuation). Similar to
the results of the DETERMINE trial,' tremelimumab 10 mg/
kg (Q4W for 6 doses/Q12W thereafter until discontinuation)
showed limited clinical activity in patients with previously
treated MPM. The median overall survival in patients with
previously treated MPM was longer than that reported in the
DETERMINE trial (14.6 months vs. 7.7 months).! However,
the current study was not primarily designed to evaluate the
efficacy of tremelimumab monotherapy; conclusions can
only be drawn with regard to study-specific dosing regimens
and patients. In light of the results from Checkmate 743, as
well as the DREAM?! and PrE0505 trials,?> immune-oncol-
ogy (IO) combinations or 10 plus chemotherapy combina-
tions demonstrate a greater degree of efficacy than cytotoxic
T-lymphocyte—associated antigen 4 (CTLA-4) inhibitor
monotherapy.

Tremelimumab 1 mg/kg (Q4W for 4 doses) plus
durvalumab 20 mg/kg (Q4W for 4 doses followed by 10 mg/
kg Q2W for up to 22 doses) and fixed-dose tremelimumab
75 mg (Q4W for 4 doses) plus durvalumab 1500 mg (Q4W
for 13 doses) were found to be safe and tolerable (Tables 1
and 3), with no unexpected AEs based on the previous inves-
tigations of this combination.*¢ Across all study cohorts,
the rate of any-grade treatment-related AEs (trAEs; 87.5%)
was in accordance with the 88% incidence rate reported
in a systematic review and meta-analysis of the safety and
tolerability of anti-CTLA-4 plus anti-PD-1/PD-L1 combi-
nation therapy.” Levels of antidrug antibodies were low
(Table 6), and similar to previous investigations of tremeli-
mumab and durvalumab combination therapy.*¢ The ¢
of tremelimumab plus durvalumab was similar across dose
groups and when compared with the ¢ of cycle 1 (Table
5). Notably, PK linearity was observed in the area under
the serum concentration-time curve within a dosing interval
(AUC_,), minimum serum concentration (C_ ), and max-
imum serum concentration (C_ ) for tremelimumab and
durvalumab in single and multiple doses. No PK interaction
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was observed between tremelimumab and durvalumab.
While promising antitumor activity with the tremelimumab
plus durvalumab combination has been reported elsewhere
for a variety of advanced cancers,**%13 evidence in the cur-
rent study was limited. A notable exception was observed in
2 patients in the tremelimumab 1 mg/kg (Q4W for 4 doses)
plus durvalumab 20 mg/kg cohort (Q4W for 4 doses fol-
lowed by 10 mg/kg Q2W for up to 22 doses); 1 patient
with lower bile duct cancer had a complete response and
1 patient with ampullary cancer had a partial response.
Although these findings from a relatively small number of
patients do not support conclusive statements, it suggests
that biliary tract cancers may be sensitive to the tremelim-
umab 1 mg/kg (Q4W for 4 doses) plus durvalumab 20 mg/
kg (Q4W for 4 doses followed by 10 mg/kg Q2W for up to
22 doses) combination regimen. Future studies are needed
to evaluate how best to combine immune checkpoint inhib-
itors in Japanese patients with advanced solid tumors,
along with the continued identification of biomarkers (eg
estimated CD8+ T-cell abundance) that predict response to
immunotherapy.33-3¢

In conclusion, tremelimumab 10 mg/kg monotherapy
(Q4W for 6 doses/Q12W thereafter until discontinuations),
tremelimumab 1 mg/kg (Q4W for 4 doses) plus durvalumab
20 mg/kg (Q4W for 4 doses followed by 10 mg/kg Q2W for
up to 22 doses), and fixed-dose tremelimumab 75 mg (Q4W
for 4 doses) plus durvalumab 1500 mg (Q4W for 13 doses)
were found to be generally safe and tolerable in this Phase 1
trial of Japanese patients with advanced cancer and with a
similar safety profile to that seen in other patient populations.
Tremelimumab plus durvalumab combination doses were
appropriate for future evaluation. Tremelimumab immunoge-
nicity was observed to be low. Evidence of preliminary anti-
tumor activity in this heavily pre-treated patient population
was limited.
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Figure 2. Waterfall plot of best percentage change from baseline in tumor size for (A) tremelimumab 3 mg/kg and (B) tremelimumab 10 mg/kg in dose

escalation.
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Figure 3. Waterfall plot of best percentage change from baseline in tumor size in (A) combination multiple dosing and (B) MPM dose expansion.
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Abstract: The requirement for compensation for diffuse pleural thickening in benign asbestos
pleural effusion include five computed tomography findings of organized pleural effusion: [1]
heterogeneity in the pleural effusion, [2] declined chest capacity, [3] “crow’s feet” sign at the pleura,
[4] immobilization of effusion volume, and [5] air in the effusion. Pleural effusion is diagnosed
as organized, immobilized, and in the state of diffuse pleural thickening if at least three of these
items are fulfilled, ([1] and [3] compulsory + one of the remaining items). This retrospective study
investigated whether the requirement to confirm no organized pleural effusion changes after a
follow-up of >3 months were available for cases fulfilling three of the five items; i.e., the confirmation
of only [2] with [1] and [3]. Of 302 cases recognized by the Japanese laws, 105 cases with diffuse
pleural thickening with organized effusion were enrolled. The number of subjects who fulfilled
the diagnostic requirement for organized pleural effusion was confirmed. Eight subjects had a full
score of 5 points, 82 subjects scored 4 points, and only 15 subjects scored 3 points. Furthermore, no
changes were observed in the organized pleural effusion volume after a follow-up of >3 months.

Key words: Benign asbestos pleural effusion, Diffuse pleural thickening, Organized pleural
effusion, Heterogeneity in the pleural effusion, Crow’s feet sign, Diagnostic criteria

of the visceral pleura, resulting in adhesion to the parietal

Introduction pleura) over a wide area involving at least one lung lobe.
Unlike mesothelioma or pleural plaque, diffuse pleural

Diffuse pleural thickening is the pleural fibrosis (lesion  thickening occurs secondarily to diseases other than asbes-

¥To whom correspondence should be addressed. tos exposure, such as rheumatism and tuberculous pleurisy.

E-mail address: nakisimt@okayamah.johas.go.jp Thus, it is important to differentiate whether it is caused by
©2022 National Institute of Occupational Safety and Health asbestos exposure or other diseases".

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives (by-nc-nd) License.
(CC-BY-NC-ND 4.0: https://creativecommons.org/licenses/by-nc-nd/4.O/)107
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In Japan, it is a target disease of the Worker’s Accident
Compensation Law and the Act on Asbestos Health Dam-
age Relief. The requirement for compensation and Asbes-
tos Health Damage Relief are as follows:

(1)  Unilateral lesion with area >1/2 of the whole chest
and bilateral lesion with area >1/4 of the whole chest

(2) An occupational asbestos exposure history of >3
years

(3) Complicated with a marked respiratory functional
disorder

Benign asbestos pleural effusion (BAPE) is known as a
factor of diffuse pleural thickening® ¥, but in many diffuse
pleural thickening cases, BAPE has been reported to con-
tinue and organization remains®. The Act on Asbestos
Health Damage Relief of the Ministry of the Environment
do not approve BAPE.

In 2017, the Act on Asbestos Health Damage Relief of
the Ministry of the Environment set the requirement as
chest computed tomography (CT) images for the develop-
ment of diffuse pleural thickening in BAPE to determine
diffuse pleural thickening. In other words, the five CT find-
ings of organized pleural effusion, preventing lung re-ex-
pansion in diffuse pleural thickening, are as follows: [1]
heterogeneity in the pleural effusion (high absorption of the
pleural effusion), [2] declined chest capacity, [3] presence
of the “crow’s feet” sign in the pleural effusion site?, [4]
immobilization of the pleural effusion volume, and [5]
presence of air in the pleural effusion. If at least three of the
above items are fulfilled, with [1] and [3] being compulsory
along with one of the remaining items, the pleural effusion
can be diagnosed to be organized, immobilized, and in the
state of diffuse pleural thickening. For approximately 3
months, we followed-up cases that fulfilled three of the five
items, i.e., confirmation of [2] in addition to [1] and [3], and
confirmed no changes in the state of organized pleural effu-
sion.

In this study, of the previously approved cases, those
whose clinical course could be examined using chest CT
images were selected, and the availability of the require-
ment of three items of five chest CT finding was retrospec-
tively evaluated.

Subjects and Methods

A total of 302 cases were recognized by the Worker’s
Accident Compensation Law and the Act on Asbestos
Health Damage Relief (January 2020) in Japan with a his-
tory of occupational asbestos exposure of >3 years, pleural
thickening of unilateral lesions that covered >1/2 of one
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Fig. 1. A cross-sectional chest computed tomography (CT) image
showing heterogeneity in the pleural effusion. The right pleural
effusion has a high absorption value with heterogeneity. A small
quantity of pleural effusion with heterogeneity was also observed
in the left side.

side in the chest and bilateral lesions that covered >1/4 of
two sides of the chest, and a marked respiratory functional
disorder. Of these, 105 cases with organized pleural effu-
sion who could be followed-up using chest CT images were
included. Moreover, 57 cases without pleural effusion and
140 cases who could not be followed-up using chest CT
images were excluded. Written informed consent was ob-
tained from all patients in the study. This study was ap-
proved by the relevant center of our institute (Approval
number #2) on May 14, 2020.

The chest X-ray and CT images that demonstrated the
clinical course of these 105 patients were obtained. These
images were interpreted by six specialists, including four
chest radiologists and two pulmonologists.

The findings for organized pleural effusion in chest CT
are as follows: [1] heterogeneity in the pleural effusion
(high absorption of the pleural effusion) (Fig. 1), [2] de-
clined chest capacity (Fig. 2), [3] presence of the “crow’s
feet” sign in the pleural effusion site? (Fig. 3), [4] immobi-
lization of the pleural effusion volume, and [5] presence of
air in the pleural effusion (Fig. 4). The availability of these
findings for organized pleural effusion was evaluated with
organization having a score of >3 points.

Furthermore, we examined the fluctuation in the pleural
effusion of the subjects by evaluating their chest CT images
at the onset of pleural effusion, organization of pleural effu-
sion, immobilization with changes in the organized pleural
effusion, and identifying their eligibility as per the diagnos-
tic requirement following immobilization, diagnosis, and
application.

Industrial Health 2022, 60, 429—-435



EFFUSION IMMOBILIZATION IN DIFFUSE THICKENING 431

Fig. 2. A cross-sectional chest computed tomography (CT) image
showing a decline in chest capacity. A slightly heterogenous
pleural effusion with the tendency to be encapsulated was
observed in both sides, and the left chest is smaller than the right
chest.

Results

In this study, 105 male subjects presented with diffuse
pleural thickening and organized pleural effusion, aged
53-93 years at diagnosis with a mean age of 72.8 £ 6.2
years and median age of 73 years.

Based on the chest CT images, approximately the same
number of subjects presented with unilateral diffuse pleural
thickening and bilateral diffuse pleural thickening (51.6%
and 48.4%, respectively). Among the subjects, 92.9% had
pleural plaque and calcification was observed in 90.9% of
them. Moreover, 32.6% of the subjects had pulmonary fi-
brosis as a complication; however, no typical asbestosis
was observed (>type I) as stipulated by the pneumoconiosis
law. On the other hand, round atelectasis showing fibrosis
of the visceral pleura was observed in 69.5% of the sub-
jects.

We calculated the number of subjects who met the five
findings for organized pleural effusion. Eight subjects
(7.6%) had a full score of 5 points, 82 subjects (78.1%)
scored 4 points, and only 15 subjects (14.3%) scored 3
points (Table 1). The two findings of [1] heterogeneity in
the pleural effusion and [3] the presence of the “crow’s
feet” sign in the pleural effusion site were observed in all
105 subjects. [2] Declined chest capacity was observed in
93 subjects (88.6%). In addition, [4] immobilization of the
pleural effusion volume was observed in 101 subjects
(96.2%). The three subjects who did not show immobiliza-
tion of the pleural effusion volume scored >3 points with
[5] the presence of air in the pleural effusion.

Fig. 3. A cross-sectional chest computed tomography (CT) image
showing the presence of the “crow’s feet” sign in the pleural
effusion site.

Fig. 4. A cross-sectional chest computed tomography (CT) image
showing the presence of air in the pleural effusion. The right
pleural effusion tends to be encapsulated, the interior is slightly
heterogenous, and the pleural effusion contains the air trapped
by the septation due to the fibrin nets formed inside.

The confirmation period for pleural effusion organiza-
tion was <3 months in 9.5% of the subjects. Despite having
3 points, most of the 15 subjects who took a period of >3
months to develop organization showed no changes in the
pleural effusion volume in the follow-up period of 7-12
months. In certain subjects, organization took up to 108.4
months to be confirmed. For such subjects, although they
were diagnosed with BAPE, pleural mesothelioma was not
confirmed and they were not followed-up. Therefore, it
took a long time for them to be recognized. The median
observation period of the course of pleural effusion organi-
zation was 11.3 months (17.6 + 19.3 months) (Fig. 5). Once
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Table 1. Evaluation of the five diagnostic criteria for organized
pleural effusion
Points Number of cases (%)

1 point 0 cases (0.0%)

2 points 0 cases (0.0%)

3 points 15 cases (14.3%)

4 points 82 cases (78.1%)

5 points 8 cases (7.6%)

Person
0 5 10 15 20 25
1~2.99
3~6.99
7~12.99
=
=
o 13~24.99
25~36.99
37~48.99
19~ @90 sub{ects
@15 subjects

Fig. 5. Observation period following the confirmation of pleural effusion organization on chest computed tomography (CT) images.
The confirmation period of organization in all 105 subjects and 15 subjects recognized by 3 points is shown. The observation period

varies greatly depending on the subject.

organization was confirmed, the lung capacity did not be-
come greater than that at the confirmation period in any
case of relapsed BAPE. However, after an approximate
3-month follow-up on the organization, because the chest
shrank although the organized pleural effusion volume de-
creased, the % vital capacity (VC) that had once dropped to
<60% did not exceed 60% again any subject.

Although %VC is an indicator of restrictive ventilatory
defect showing a significant respiratory functional disorder,
it was 17.3%—70.3% with a mean of 43.8% + 11.9% (medi-
an = 43.2%). Of 102 subjects whose %VC was measured,
95 subjects (93.1%) had a %VC of <60% and seven sub-
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jects (6.7%) had >60%. Thirty subjects (29.4%) had a rec-
ognized %VC of 50%—59.9%, whereas 29 subjects (28.4%)
had a recognized %VC of 30%-39.9%, demonstrating bi-
modality (Fig. 6). The seven subjects that were not recog-
nized by %VC were recognized by the Worker’s Accident
Compensation Law. Five subjects had a forced expiratory
volume in one second/forced VC ratio of <70% and a
forced expiratory volume in one second of <50%; one sub-
ject exceeded the alveolar-arterial oxygen difference
(AaDO,) threshold value, and one subject had a partial
pressure of oxygen in the arterial blood (PaO,) of <60 Torr.

Industrial Health 2022, 60, 429—-435
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Fig. 6. The number of cases by the degree of %yvital capacity (VC) in significant respiratory dysfunction in the respiratory function

test.

Discussion

Benign asbestos pleural effusion that occurs due to as-
bestos exposure is an inflammatory disease of the visceral
pleura caused by asbestos fibers, and because diffuse pleu-
ral thickening develops after BAPE, many studies have re-
ported diffuse pleural thickening caused by BAPE??.

This is a retrospective study on 105 subjects (34.8%)
who were diagnosed with at least BAPE and had clinical
course with the onset of pleural effusion organization. They
were selected out of 302 patients with diffuse pleural thick-
ening in Japan. Yates ef al.” have reported that the transi-
tion rate from BAPE to diffuse pleural thickening was 30%
in 64 cases, which is consistent with the results of our study
(34.7%). However, our study was a mega study including
302 patients in Japan.

Of the five chest CT findings indicating that pleural effu-
sion is organized without disappearing and lung re-expan-
sion is hindered and irreversible according to the Act on
Asbestos Health Damage Relief 2017, [1] heterogeneity in
the pleural effusion (high absorption of the pleural effu-
sion) and [3] presence of the “crow’s feet” sign in the pleu-
ral effusion site are the two findings showing pleural effu-
sion organization and fibrosis of the visceral pleura; these
are crucial image findings of the development of diffuse
pleural thickening in BAPE. Furthermore, these findings
were observed in all 105 subjects.

On the other hand, [2] declined chest capacity was ob-
served in 93 subjects (88.8%); however, in the case of bilat-
eral lesions, it is difficult to capture the declined chest ca-
pacity as laterality, and the findings are inconsistent for all
cases. Thus, although declined chest capacity is observed,
[4] the immobilization of the pleural effusion should be
confirmed. However, it is difficult to determine immobili-
zation by investigating at one time point, so pleural effu-
sion immobilization can be determined by observing its
course through CT images. Organized pleural effusion is
said to be immobilized if it remains unchanged for approx-
imately 3 months; although many cases required approxi-
mately 18 months (mean, 17.6 + 19.3 months; median, 11.3
months), the dispersion was large. In particular, 9.5% of the
subjects were diagnosed with organized pleural effusion in
approximately 3 months, in accordance with the require-
ment of the Act on Asbestos Health Damage Relief of the
Ministry of the Environment. Although [5] the presence of
air in the pleural effusion was not observed in eight cases,
it is an important finding that indicates immobilization.

In certain subjects, pleural effusion decreased and lung
capacity increased after organization; however, when the
long-term course was observed using chest CT images, no
lung re-expansion due to pleural adhesion and almost no
recovery in lung capacity were observed in most subjects.
Therefore, the 3-month follow-up after the confirmation of
pleural effusion organization was considered available.
Subjects in whom the confirmation of pleural effusion im-
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mobilization took some time were followed-up while still
being diagnosed with BAPE despite the complication of
significant respiratory functional disorder, left uncared for
despite the diagnosis of BAPE, not recognized after the de-
velopment of diffuse pleural thickening, and not provided
long-term treatment despite exertional dyspnea.

In an ideal scenario, the appropriate pleural effusion ob-
servation period must be determined in a prospective study,
but the temporal examination from BAPE to diffuse pleural
thickening could be done in only a limited number of cases.
In particular, because BAPE is not a target disease accord-
ing to the Act on Asbestos Health Damage Relief of the
Ministry of the Environment, its confirmation is difficult,
but we need to confirm whether 3 months follow up of or-
ganized pleural effusion is suitable or not, using cases fol-
lowed-up of BAPE approved by the Worker’s Accident
Compensation Law. Therefore, in the actual prospective
evaluation, it is necessary to recommend and request a
chest CT examination simultaneously with chest X-ray im-
ages, and it may also be necessary to supplement the peri-
ods if the chest CT images are not captured with chest
X-ray images in a retrospective study.

In certain cases, as BAPE often relapses, and although
pleural mesothelioma was ruled out using thoracoscopic
pleural biopsy, follow-ups revealed the development of dif-
fuse pleural thickening and significant respiratory dysfunc-
tion; thus, it is necessary to perform thorough follow-ups
instead of leaving the patients uncared for without reexam-
ination because it is not a malignant tumor.

In addition, approximately half the subjects presented
with unilateral lesions and the other half with bilateral le-
sions. In the study by Jeebun ez al.?, 80% of the subjects
presented with unilateral lesions initially, but a 2-year fol-
low-up revealed that in 24% of their subjects, pleural effu-
sion accumulated in the opposite side and bilateral diffuse
pleural thickening developed. In the current study, certain
subjects initially presented with unilateral lesions but no
significant respiratory dysfunction. They were inevitably
followed-up due to the accumulation of pleural effusion in
the opposite side, and eventually a respiratory dysfunction
developed due to the bilateral diffuse pleural thickening,
and it took a long time for some subjects to be diagnosed,
although the number was small. The results of our previous
study showed more cases of diffuse pleural thickening with
organized pleural effusion than without pleural effusion. To
that end, it is necessary to determine the requirement for
organized pleural effusion and to identify diffuse pleural
thickening for optimal outcomes.

On the other hand, based on the results of the respiratory
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function test performed to evaluate respiratory dysfunction,
95.2% of the marked respiratory dysfunctions were recog-
nized as restrictive defects with a %VC of <60%. In terms
of the degree of %VC, a similar number of subjects with
severe dysfunction and a %VC of <40% and subjects with
relatively mild dysfunction with a %VC slightly <60% was
observed. It was suggested that this difference in degree
greatly affected the prognosis. However, based on the diag-
nostic criteria of the Worker’s Accident Compensation
Law, cases with a forced expiratory volume in one second/
forced VC ratio of <70% and a forced expiratory volume in
one second of <50% were also identified, and two cases
were recognized based on this criterion, whereas 3 cases
were recognized based on the criteria of the arterial blood
gas analyses results exceeding the AaDO, threshold value
or PaO, <60 Torr.

The criteria for compensation and Asbestos Health Dam-
age Relief in Japan do not consider the dullness of costo-
phrenic angles, which is a British criterion, but according to
Fonseka et al.”, even without the dullness of costophrenic
angels, %VC reduced to 79.5% in unilateral diffuse pleural
thickening and 66.7% in bilateral cases, leading to a respi-
ratory compromise within the range of diffuse pleural
thickening, which is the Japanese criterion. In addition,
Singh et al.® reported that the movements of the diaphragm
and lower pleura greatly affected the respiratory function of
diffuse pleural thickening patients. Therefore, we believed
that it was not necessarily crucial to assess the dullness of
costophrenic angles. The mechanism of diffuse pleural
thickening, a fibrosis of the visceral pleura, is believed to
involve proliferation of subpleural fibroblasts induced by
BAPE, and this fibrosis presumably consists of an interac-
tion between inflammatory and epipleural mesothelial
cells?.

BAPE is the important factor to approve asbestos-in-
duced diffuse pleural thickening, therefore it is essential to
diagnose organized pleural effusion to prevent re-expan-
sion of lung for many cases. We want to assess this require-
ment of the diffuse pleural thickening with BAPE by the
Act on Asbestos Health Damage Relief of the Ministry of
the Environment and grope the better Japanese criteria in-
cluding the dullness of costophrenic angles for the diffuse
pleural thickening with BAPE.

We hope that many patients will be diagnosed based on
this requirement for compensation and Asbestos Health
Damage Relief for organized pleural effusion stipulated in
the 2017 Revision of Points to Note regarding Materials
Pertaining to Medical Judgment under the Act on Asbestos
Health Damage Relief of the Ministry of the Environment.

Industrial Health 2022, 60, 429—-435
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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 109 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 |13 cases (18%).
On the other hand, the CT score was lower than that on CR in 19 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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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 I. 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 /1 110 I/ /<1
0/1 4 14 Il 0/l (n=27) 21 5 0 |
1/0 | 7 28 1/0 (n=27) 13 9 4 |
1/1 0 3 14 I/l (n=15) 3 2 8 2
>1/1 0 2 4 I/<1 (n=3) 0 I 0 2
Total > (46%) 26 (24%) >7 (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).
profusmg 1S 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 Mild (n=21) 7 13 '

Severe (n=8) 7 I 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 3-8 mm 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=15) 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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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).

(@)

. (b)r . ‘(
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Fig. 3. (a) An 8l-year-old man with an exposure duration of 34 years. CR was judged as profusion |/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

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.
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Abstract. The development of pancreatic cancer (PC) is associated with worsening of glucose tolerance. However, there is
limited information about the effects of PC on islet morphology. The aim of this study was to elucidate changes in alpha and
beta cell mass in patients with PC. We enrolled 30 autopsy cases with death due to PC (9 with diabetes; DM) and 31 age- and
BMI-matched autopsy cases without PC (controls, 12 with DM). Tumor-free pancreatic sections were stained for insulin and
glucagon, and fractional beta cell (BCA) and alpha cell area (ACA) were quantified. In addition, expression of de-
differentiation markers, i.e., ALDHIA3 and UCN3, was qualitatively evaluated. The pancreas of subjects with PC showed
atrophic and fibrotic changes. There was no significant difference in BCA in subjects with PC compared to controls (1.53 &
1.26% vs. 0.95 £ 0.42%, p = 0.07). However, ACA and ACA to BCA ratio were significantly higher in subjects with PC
compared to controls (2.48 + 2.39% ww. 0.53 £ 0.26% and 1.94 £ 1.93 vs. 0.59 = 0.26, respectively, both p < 0.001). Tnereased
ACA to BCA ratio was observed in subjects with PC irrespective of the presence of DM, Qualitative evaluation of ALDHIA3
and UCN3 expression showed no significant difference between the groups. In conclusion, in subjects with PC. alpha to beta
cell mass ratio is increased, which may contribute to the increased risk of worsening glucose metabolism. Further studies are
warranted to elucidate the mechanisms of increased alpha to beta cell mass in patients with PC.

Key words: Beta cell mass, Alpha cell mass, Pancreatic cancer

IN GENERAL, pancreatic cancer (PC) is a malignant
disease with a poor prognosis, with a 5-year survival rate
of 3-10% [1-6]. Development of PC is often associated
with worsening glucose metabolism and onset of diabe-
tes, so-called pancreatic cancer associated diabetes [7-9],
while in subjects with type 2 diabetes, the risk of PC has
also been shown to be 1.5 to 2 times higher than in those
without diabetes [7, 8, 10, 11].

It has been reported that patients with PC exhibit insu-
lin resistance and beta cell dysfunction [12-14], and it is
speculated that a complex combination of islet blood
flow dysfunction, microthrombosis and perivascular fi-
brosis suppresses insulin secretion dynamics and leads
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to the development of diabetes [8. 15].

Previous histological studies have shown decreased
beta cells and increased alpha cells in patients with
PC [16, 17], while others have reported no change in
beta and alpha cells in PC patients [18], and there is no
certainty about the changes in endocrine cells in PC
patients.

Moreover, a recent histological study has shown
that the percentage of dedifferentiated beta cells was
increased in non-diabetic PC patients, suggesting that
parancoplastic beta cell dysfunction precedes hyper-
glycemia [19]. However, there are limited data available
on histological changes in the pancreatic islets in sub-
jects with PC, and it remains unclear how PC affects
beta cell mass (BCM) and alpha cell mass (ACM).

Therefore, in the present study, we aimed to elucidate
the effects of PC on ACM and BCM and its effects on
dedifferentiation markers in subjects with and without
diabetes, using autopsy specimens.
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Materials and Methods

Subjects

The characteristics of the subjects are shown in Table
1 and Supplementary Table 1. Autopsy specimens of
pancreas were obtained with the permission of the
bereaved family. This study was approved by the Review
Committee of the Faculty of Medicine, Keio University
(approval number 20120475). Potential cases that died of
PC and age- and BMI-matched cases without pancreatic
disease (controls) were identified by retrospective analy-
sis of the autopsy database of Keio University. To assess
the effects of diabetes, both cases with and without dia-
betes were included.

Eligible cases 1) underwent a complete autopsy within
24 hours of death, 2) had available medical information
prior to death, 3) were not receiving obvious glucocorti-
coid therapy, and 4) had sufficient size and quality of
preserved tumor-free pancreatic tissue. Cases in which
the pancreatic tissue was autolytic were excluded.

After reviewing about 2,000 autopsy cases from 1992
to 2017, 39 cases of PC were identified. Among them, 5
cases were excluded because of lack of pancreatic speci-
mens and 4 cases were excluded because of insufficient
quality of the specimen, resulting in inclusion of a total of
30 cases with PC (9 with diabetes; DM) in this study. One
subject in the PC group was diagnosed with DM at the
time of PC diagnosis; the rest had been diagnosed with
type 2 DM at least 2 years prior to their PC diagnosis.

The histological type of PC in all cases was pancreatic
ductal adenccarcinoma (PDAC). Among them, 4 cases
were mucinous carcinoma and the rest were tubular
adenocarcinoma. The location of the tumor was the pan-
creatic body or tail in 12 cases and the pancreatic head
in 18 cases.

As controls, 31 age- and BMI-matched cases without
pancreatic disease (with and without type 2 DM) were
selected from the database. Of those, 14 cases died of
malignancy other than PC (Supplementary Table 1). The
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presence of DM was confirmed by review of medical
records and autopsy reports. In 41 cases (20 PC, 21
controls), specimens were collected from the body or tail
of the pancreas, and in the remaining cases, specimens
were collected from the head of the pancreas.

Glycated hemoglobin (HbAlc) level within 1 year
prior to death was obtained from the medical records
in 36 cases (Table 1) [20]. HbAlc values were expressed
as National Glycohemoglobin Standardization Program
(NGSP) values [21].

Tissue processing of pancreas

The pancreas was fixed with formaldehyde at autopsy
and embedded in paraffin for subsequent analysis. In
cases of PC, we selected sections of tumor-free pancre-
atic tissue for histological analysis. Subsequently, 5-um
sections were stained as follows: 1) hematoxylin and
eosin, 2) insulin (peroxidase staining) with hematoxylin,
and 3) glucagon with hematoxylin, and viewed under an
optical microscope. For immunohistochemical staining,
guinea pig polyclonal antibody against porcine insulin
and rabbit polyclonal antibody against human glucagon
were used (DAKO Japan).

As dedifferentiation markers, chromogenic immuno-
histochemical staining for aldehyde dehydrogenase 1
family member A3 (ALDH1A3) and urocortin 3 (UCN3)
expression was evaluated using an automated staining
system (Bond Max, Leica Biosystems) with a Bond
Polymer Refine Detection Kit (Leica Biosystems). For
primary antibodies, an anti-ALDH1A3 rabbit polyclonal
antibody (dilution, 1:1000; Novus, NBP2-15339) and an
anti-UCN3 rabbit monoclonal antibody (dilution, 1:200;
Sigma, HPA-038281) were used.

Morphometric analysis

For quantification of beta cell area (BCA), a single
cross-sectional pancreatic section of each subject was
used; it was photographed using a NanoZoomer-XR
slide scanner at 200x (20x objective), displayed with

Table 1 Patients’ characteristics
PC group Controls
Total
Total DM (-) DM (+) Total DM (-) DM (+)
N (male/female) 30 (19/11) 21 (12/9) 9(7/2) 31 21/10) 19(12/7) 12(9/3) 61 (40/21)
Age, years 68.8+9.7 684+103 69.7=84 656+70 63.7+64 688+7.0 67.1+85
BMI, kg/m? 214%£42 211433 222+6.0 222+4.1 223+4.0 22.0+43 21.8x4.1
HbA,,, %" 6711 52£02 7.1 £0.85% 6310 5607 73+£05" 65+1.0

Data are mean + SD or 2 (%). PC; pancreatic cancer, DM; diabetes.

1) HbA Ic was obtaincd in 36 subjccts.
* p <0.05 vs. PC group without DM.
t p <0.05 vs. controls without DM.
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NDP.view2 software (Hamamatsu Photonics, Shizuoka,
Japan) and then the percentage of BCA to the total
pancreas area was digitally measured using Image Pro
Plus software (Media Cybernetics, Silver Spring, MD,
USA). Similarly, the ratio of alpha cell area (ACA) to
total pancreas area was also digitally measured, and the
ratio of ACA to BCA was determined in each case.
These measurements were performed by one researcher
(T.T.), and the inter-observer and intra-observer coeffi-
cients of variation were approximately 6% and 5%,
respectively. All measurements were performed twice,
and the mean of the two measurements was used. At the
time of measurement, the researcher was blinded to the
PC and glucose metabolism status of each sample.

In addition, mean islet size was quantified using
NDP.view2 in a randomly selected region of the pancreas
containing approximately 100 islets in each case (101 =
17 islets, 6,191 islets in total) [20, 22]. For evaluation of
dedifferentiation markers, we selected 20 cases in the PC
group (12 with high ACA to BCA ratio and 8 with low
ACA to BCA ratio) and 10 cases in the controls (with
low ACA to BCA ratio) and compared them qualitatively
(Supplementary Table 2). Two researchers (T.T. and
Y.M.) evaluated each slice using the same criteria under
double-blind conditions. The expression of these markers
within the islets was qualitatively evaluated as four lev-
els. [none (=) to very high (+++)], depending on the
degree of positive staining.

Statistical analysis
Data showing a non-normal distribution were
expressed as median (interquartile range) and those
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showing a normal distribution were expressed as mean =
SD. Mann-Whitney U test was used to analyze differ-
ences between the two groups, and Kruskal-Wallis test
was used to analyze differences between the four groups.
Statistical analysis was performed using SPSS 26 soft-
ware (IBM, Chicago, IL, USA). For all analyses, a value
of p < 0.05 was regarded as significant.

Results

Subjects’ characteristics

Characteristics of patients in the PC group (n = 30, 9
with DM) and controls (7 = 31, 12 with DM) are shown
in Table | and Supplementary Table 1. HbAlc levels in
the DM group with and without PC were significantly
higher compared to those in subjects without DM with
and without PC, respectively.

Pancreatic morphology in subjects with PC

Representative microphotographs of the pancreas of
subjects with and without PC are shown in Fig. | Atro-
phic and fibrotic changes of the pancreatic parenchyma
were more prominent in the tumor-free pancreas of those
with PC compared with the pancreas of those without
PC. In contrast, islet morphology was relatively intact in
those with PC compared with those without PC.

Effects of PC on alpha and beta cell mass

While there was no significant difference in BCA
between subjects with and without PC (1.53 = 1.26% vs.
0.95 £ 0.42%, p = 0.07) (Figs. 2 and 3a, Supplementary
Table 2), ACA was significantly greater in subjects with

Fig. 1

Representative microphotographs of pancreas of subjects with (b) and without (a) pancreatic cancer. Tumor-free pancreatic

sections were immunostained for insulin (brown) and with hematoxylin. Scale bar = 500 pm.

123



1410

Fig. 2 Representative

photomicrographs of
immunostained for glucagon (brown) (a, ¢, e, g, 1. k) or
insulin (brown) (b. d. f, h, j, 1) and with hematoxylin. a—d:
A case without pancreatic cancer (¢ and d: higher power
images). e-l: Cases with pancreatic cancer (g, h, k and I:
higher power images). Scale bars, 500 pm for lower
power images and 100 pm for higher power images.

pancreas

PC compared with those without PC (2.48 + 2.39% vs.
0.53 + 0.26%, p < 0.001) (Fig. 3b). ACA to BCA ratio
was also significantly higher in those with PC compared
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Fig.3 Beta cell area (BCA, a). alpha cell area (ACA, b) and

ACA to BCA ratio (c) in subjects with and without
pancreatic cancer. Bars indicate mean,

with those without PC (1.94 + 1.93 vs. 0.59 + 0.26, p <
0.001) (Fig. 3c). Increases in ACA and ACA/BCA ratio
were observed in PC patients with and without DM,
while BCA did not differ significantly between patients
with and without DM or PC (Supplementary Fig. 1).
Increases in ACA and ACA to BCA ratio were observed
in samples from both the pancreatic head and body/
tail (Supplementary Fig. 2). There was no significant
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Fig. 4

Representative microphotographs of islets immunostained for ALDHIA3 (brown, a and ¢) or UCN3 (brown, b and d) and with

hematoxylin. Subjects with (¢ and d) and without (a and b) pancreatic cancer. Scale bar = 250 pm.

difference in mean islet size between the groups with and
without PC (6,973 £ 3,508 vs. 5,819 & 2,180 um?, p =
0.25).

Expression of dedifferentiation markers

To assess the role of dedifferentiation as a mechanism
of increased ACA to BCA ratio in subjects with PC,
sections of pancreas from controls and PC were stained
for ALDHIA3 (Fig. 4a and 4c) and UCN3 (Fig. 4b and
4d) and the expression patterns of these markers within
the islets were qualitatively evaluated (Supplementary
Table 2). However., we could not find any certain rela-
tionship between the ACA to BCA ratio and the degree
of staining. We also did not find any qualitatively signifi-
cant difference in expression of dedifferentiation markers
between subjects with and without PC.

Discussion

In this study, we report that 1) ACA and ACA to BCA
ratio were increased in subjects with PC compared with
those without PC, 2) an increase in ACA to BCA ratio
was observed in subjects with PC irrespective of the
presence or absence of DM, and 3) there was no signifi-
cant change in expression of dedifferentiation markers in
subjects with PC.

Type | and type 2 DM are both characterized by a
deficit of BCM [23-26]; however, the effects of PC on
BCM remain unclear. Similarly, ACA/BCA ratio has
been reported to be significantly correlated with glucose
metabolism indices such as fasting blood glucose level,
blood glucose level 2 hours after a load, and HbAlc, but
there are few reports on ACA/BCA ratio in PC [27]. In
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our prior study, we reported that BCA but not ACA was
reduced in subjects with PC compared with those with-
out PC [25], while in this study, we observed no reduc-
tion in BCA but increases in ACA and ACA to BCA
ratio in subjects with PC. Several reasons for this incon-
sistency including differences in patient characteristics
between the studies can be postulated. Especially, sub-
jects who had undergone surgical resection of PC were
included in our prior study, while autopsy cases that died
of PC, ie., with advanced clinical stage of PC, were
included in this study. That is, the subjects in the previ-
ous study had operable early-stage cancer, whereas the
patients in the present study had so-called end-stage can-
cer in which the cause of death was PC in all of them.
Indeed, the pancreases of subjects with PC in this study
were markedly atrophic and fibrotic, which are major
histological changes often observed in subjects with
advanced PC [19, 28]. Due to the atrophic and fibrotic
changes in the exocrine pancreas, BCA and ACA
expressed as fractional area to the exocrine area may be
overestimated in subjects with advanced PC. In this
study, thus, the increase in ACA to BCA ratio in subjects
with PC suggests two possibilities; reduced BCM and/or
increased ACM, although it was not possible for us to
calculate the actual BCM or ACM due to the lack of
information on pancreas weight in each individuals. Two
of the subjects with PC in the present study had a history
of surgery for PC, but when we excluded these subjects
and performed the analysis, the results remained the
same.

DM secondary to pancreatic cancer is associated with
a reduced response of beta cells to an oral glucose load,
hyperglycemic clamp, and glucagon stimulation [29-32].
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Basso er al. conducted a glucagon-stimulation study in
PC, type 1 DM, type 2 DM patients, and healthy controls
to evaluate beta cell function in PC patients. They found
no significant increase in C-peptide level in type 1 DM
and PC patients after glucagon stimulation, but a signifi-
cant increase in controls and type 2 DM patients [31].

Previous studies showed that plasma islet amyloid
polypeptide level was elevated in PC patients with DM,
and it was speculated that this might contribute to the
pathogenesis of the disease. However. this hypothesis
has not been explored further, and the mechanism of
altered beta cell function remains unknown [33-35]. On
the other hand, Permert ef al. found, in a series of stu-
dies, insulin resistance in subjects with PC, which was
more pronounced in subjects with DM, but was also
present in normoglycemic subjects with PC [36, 37].

These results suggest that insulin resistance and
altered beta cell function seen in PC patients may lead to
hyperglycemia [31]. However, previous studies on the
amount of beta cells in PC have not yielded consistent
results. Meier et al. reported no significant difference in
BCA between subjects with and without primary pancre-
atic disease, including PC, and Yoon ef al. reported no
significant difference in the relative volume of alpha- or
beta-cells between patients with and without PC [18, 38].
On the other hand, Katsumichi et al. reported a decrease
in islet size and beta cell count in subjects with PC, but
the number of samples was small and as the PC group
did not include subjects without DM, the influence of
DM on islet morphology could not be excluded [39].

There have been previous reports showing increased
plasma glucagon level in patients with PC [30, 40, 41].
Jin et al. reported higher plasma glucagon level, lower
insulin level, and higher glucagon/insulin ratio during
75 g OGTT in patients with PC [41]. Also, Kolb et
al. reported that there was no difference in insulin-
expressing area or islet size between subjects with and
without PC, but glucagon-expressing area and glucagon/
insulin expression ratio were higher in PC patients [40],
consistent with our findings. Schmied et al. reported that
PC specimens also showed a significant decrease in beta
cells and a significant increase in alpha cells within and
around the tumor [16, 17].

Recently, Wang ef al. reported that ALDHIA3, a
marker of dedifferentiation, is highly expressed and
UCN3 expression is low in PC patients [19]. ALDH1A3
is highly expressed in progenitor cells and functions as a
marker of beta cell dedifferentiation. In contrast, UCN3
is a beta cell-enriched gene product and its loss is an
early event in beta cell dedifferentiation in DM. There-
fore, UCN3 is considered a functional maturation marker
[42]. However, in this study, we did not find any signifi-
cant change in expression of dedifferentiation markers in
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subjects with PC, although there was no significant dif-
ference in mean islet size between the groups. Further
studies are needed to clarify the role of beta cell dediffer-
entiation in subjects with PC.

There are limitations of this study. First, we cannot
rule out the possibility that other factors such as duration
and treatment of PC, cause of death and family history of
DM might have influenced the results of this study. Sec-
ondly, different portions of the pancreas were sampled,
although the proportion of endocrine cells has been
shown to be relatively consistent regardless of the pan-
creatic site, except for the ventral portion of the pancre-
atic head [26). Third, with respect to subjects with PC,
pathological changes in pancreatic exocrine tissue may
have affected endocrine tissue changes, but it is difficult
to determine whether the changes in fibrosis and atrophy
of the pancreatic parenchyma observed in pancreatic
cancer specimens are a direct effect of PC or an effect
associated with complicated pancreatitis. Finally, all the
subjects in this study were Japanese, so our results may
not be as relevant for other ethnic groups.

In conclusion, ACA to BCA ratio was increased in
subjects with PC compared to those without PC. Since an
increase in ACA to BCA ratio was observed in subjects
with PC irrespective of the presence or absence of DM, a
relative increase in ACM to BCM may be one of the
mechanisms of worsening glucose metabolism associ-
ated with PC. Further research is needed to clarify the
mechanisms of the relative increase in ACM in subjects
with PC.
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