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CT5ER S D7 < < BUES BB T 2 FIEIEICREN KD Z L b FHET
b5 6D, —J5, BRIRMIEILERL RS2 FE MR N T AR T B T AV RS PP R R 3 e /)
T 5 T OMERA R BMER R OB OFENIER L 72D Z ENZ N Lo T,

[ 5 W

TR A2 T TR T ANHEE S ALT2 782 31l oD ik s HR B JEE oD [ 5 B2 1 C U BRtR i B
DBER RS ENoT, L L, HISHIIRIEREL T e MK O B D SER] 64 % 10% R EH 5
7280 | iR R ELME AT R I K OB Y ME R R A 25 & DB RIS W A T FEITAT 5 BN D D, T 72,
AR T, Wi R — SRR D) bR R C I 7K 0 P08 FE i A S LR A D2
WiZNATRE T o 73, WIS TIIMRD To7Ze < RIS REECTH v | BRIREIEE %
FEPERE D I CTHRARO— R & e o Tue,

Fro, FABNTHET LTz & 2 A, 2009 4ELARE A 11157 SORBE-<0 1l A= g o & — Tl
g RS A B S AWK D B d D VNI B T H 8 B DR EE AR o X
I IR R A CTHEEZW SN DIEFBEML TWD Z Enb, fik~—0—& 2\ Tl
DREZED K LT T, M EN DL G A I THRZ 21T - TRl & e
SHLZENPMETHD LB, F7o. MK B0 AR & 2 U R i 5
FEIERIEFNEIS & 720 92 Z &b, AFHIMOER PSR CE 720 ED AT
TIED & ZFN KNS L7ZBICiE, 2O X D Rl 7 — 2 2R JHERIN D72 b
FIET D L HAMT HUEND D,
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B fE T 2 RE DO Z W I 1T B /K F D Secretory leukocyte protease
inhibitor (SLPI) ®& iz T

A f—, A ®HE

XU I

MM R E (LU RE) 1320 < BAafiE BICERT 2 TH%A R e B E g
ThY, REETEHAHDBEROEMA TEIN TS, FxlZINETIZ, DREICE
WTHHEEOK 8 FINAMRIT FICER L TRETHZ EAHRELLD, ‘:Pﬁﬂi@%
BHBFTRICEEDS S b D TH 2032 < DL A Ml RYEA MK e £ & OERIZ W IEH
WCHWEETH Y 2 E £ TICRWIRHZZET 5 2 N ENTIE R, —KERTHWS
NDEBET RIS I H 2 WIFMK R D55~ — T —78 & &I Z 7 1B Tk e 2 1
FEDHESLINBHE CTh D, AR TIX, EFEZOFEETORIN N H®E SN2, W< D0
DoyF~—H—IZHFB L, £ T FE TITERIES VRITE STV D KRR 2 CHlE
BRI Iole (BREMINIE) . £ O THRIZ Secretory leukocyte protease inhibitor

(SLPI) IZOWCHLERFANMG N2, TOFREEZH LT D200
validation study % 4] LJii{T L 7=,

I. PEZRMOMFZE (Exploratory Research)

x5 - ik
FTEREAIMIIE S LT, [ L57 SIRPEic iV T EIZ 2 W, 16 S v hEiE 52 i,
ok e ed 2 1 5 Bifies 69 B, BAEARRIZK 50 Bl D kiR z2 vy, 2eEo G HlikF ot
T R R U7z, £72 ELISA % v R HWTHAEME A Y7 U EEER
(SMRP) . Galectin-3, chemokine chemokine (C-C motif) ligand 2 (CCL2) . Vascular
endothelial growth factor (VEGF) 15X OV SLPI OEE % HIE L,

(eSS
1. v 7L a g

W E, . BAMEARRIAKIZIR T DKo e 7L e R O JuiE (R )
X, TNEFh 86950 (553386.7) ng/ml. 20700 (22785.8) ng/ml. 31500 (30068.9)
ng/ml ThH-o7= (B1) ., FEEIZEITD 700 U EIIME BRI _GEICEMET
» o7~ (Kruskal Wallis #7€. P=0.000) .



ng/ml

10000007]

P=0.000

BOD000]

e o hmElE  86950.0 553386.7
. m@ 207000 22785.8

4000007] -]

iié

I finA  RiEEREK
N=52 N=69 N=50

E1. 70V

RERMMAK 31500.0 30068.9

2. SMRP

HRRE, I, BYEARRAKIZIS T 2Kk SMRP OREOHRJE FEHERZE) 14,
ZNZE 15.38 (46.55) ng/ml, 5.70 (6.79) ng/ml, 7.31 (3.69) ng/ml Th-7= (B2) .
R HEIZ 30T D Mgk o> SMRP 2 EE 13t B b~ B EE T H - 72 (Kruskal Wallis
ME. P=0.000) .

nmol/l

2001
P=0.000
1504
s e
o h i fE 15.38 46.55
g i 5.70 6.79
° BHR#ERAK  7.31 3.69
o L]

hEE fiAtA  RUEEREK
N=52 N=69 N=50
2. SMRP



3. Galectin-3

WA a7k H D Galectin-3 fEZIE L7z, RN, i, BYEAMREAKICIT 2 [AKH D
Galectin-3 O H 9Ll (EEHE(RZ2) 13, £ 424 13.99 (102.1) ng/ml, 16.82 (31.6) ng/ml,
8.17 (11.6) ng/ml Th-o7= (B 3I) . MiEIZI T DMK D Galectin-3 I T MR B b
NEE AR LT (Kruskal Wallis #2#€. P=0.000) .

Galectin-3
nghnl
200+
;;=0,004
l |
’ . pote2 I
TR 13.99 102.1
100 fiiyE 16.82 316

mitEifmAK 817  11.6

8
Ll | HiftA  RERRBIK

N=52 N=69 N=50
3. Galectin-3

4. CCL2

WA O CCL2 BIEZJE Lz, HENE, Wi, BEAHIAKICIEIT DM KR
CCL2 JEE O R (GEHER ) 1. £ 2 2592.0 (5478.3) ng/ml, 1723.5 (2400.2)
ng/ml, 4520.9 (6247.8) ng/ml Th-7= (B4) ., MAKH D CCL2 &I BIEAMMAK
B W TEEZ 2 L7z (Kruskal Wallis $i7. P=0.000) .



CCL2(MCP-1)

“gpnd

20002
. P=0.018
| I

s £

REE 2592.0 5478.3

r .
. FhE 17235 2400.2
. aiEmMEA 45209  6247.8
Ll |

WA RiCE#MK
N=52 N=69 N=50

B 4. CCL2 (MGP-1)

20003

6. VEGF

WICHIAK O VEGF IREZRIE L7z, HENE, Mk, BYEAMMaKICIT 5 HKHh o
VEGF O i fE(IEHER )X, 221 328.3 (690.2) ng/ml, 367.2 (489.6) ng/ml,
328.6 (535.3) ng/ml Th-o7= (B6) , Mk VEGF RE T EBRICBWVWTHER
ZEBOE o7 (Kruskal Wallis #7E., P=0.414)

VEGF
ngenl
::a--. P=0414
[ | vam [memz ]
o EIE 328.3 690.2
e 367.2 4896
RitEMRlx 328.6 535.3
o

Pz B4 RIERHNK
N=5* N=68 N=43

5. VEGF



5. SLPI

WAk o SLPI fE A JIE Uiz, W IR, e, BIrEaiiaKizisis 57Kk o SLPI
ORIl (E¥ERZE) X, 2F0 108.1 (146.7) ng/ml, 87.6 (84.4) ng/ml, 48.6
(22.1) ng/ml TH-7= (B6) , FRIEIZIT D HAF O SLPT 2 IR B~ E
I TdH 72 (Kruskal Wallis ¥, P=0.000) .

ng/ml

500 - "‘ P=0.000
P=0.089
400
e T
300 - > R fE 108.1 146.7
fififz 87.6 84.4

200 - RERfRMEAK  48.6 22.1

100

-

hRE A RUEGRIRIEK

N=52 N=69 N=50
6. SLPI
6. T B RE DRI W B0 K SLPT DA APEIZ SN T

7K 22 RN T2 BB O BRI W DWW TR Lz, Bils, BYEARMKICR LARISE
xS L7 SLPI, e 7 vm B, SMRP #HW\WC, 3 &EE ZnA (s L O
BAEARRIA) OERNC I 1T DA M2 Bat+ 5720 ROC it & /Ek L7 (B 7), SLPI,
7 vm g, SMRPIZHEIT S AUC fEIZZEH£4 0.688, 0.812, 0.752 Th -7z,

" SLPI E7ILOVEE SMRP
E - — !
. | ! o -J__l J_ -
- _,-'_'_ . .r_r - r r
TR
AUC 0.688 0.812 0.752
95% 1S X 0.594-0.782 0.738-0.886 0.664-0.840
hvktolE 147.5 ng/ml 58500 ng/ml 14.3 nmol/l
R (%) 423 59.6 53.8
HEE (%) 93.3 90.8 91.6

1. mRELME - RIETHREKOES



IR 2 DN T, H B & BRI AR O8I ’7‘5ﬁﬂi$?§:$ﬁ?ﬁ¢5f:&> [7l
FEIZ ROC itz Ep L7z (B8) . SLPI, b7 /vmf, SMRPIZHF 2% AUC fil
NZH0.823, 0.760, 0.743 Th -7z,

s SLPI E7/LOVEE SMRP
Jg " ot B CJ .
. A7 . —_
.- II
! r '
! 1-HEE
AUC 0.823 0.760 0.743
95% 15 8 X fH 0.739-0.907 0.668-0.852 0.664-0.843
hybAIE 74.8 ng/ml 86950 ng/ml 15.0 nmol/l
R (%) 71.2 50.0 51.9
YEEE (%) 88.0 94.0 96.0
8. RIE L BtERRKDES
H R ED RIIZINZ 31T % SLPI OF APEIC DWW T S HICHFTT 2720, AF¥EIZBW

Tﬁnﬁi‘%ﬁrﬁﬁﬂ?ﬁ“‘* LT 2 s rp SR O Wi T R O3 B S & 0 gk o
SLPI Z i L7z (B9) . T O TS, B REICRFAEAY 7 B o0 N0 R AR T2 Ak 2 40
vy TAKDZ ) OIEBNCER Lic & 25, MIRILECHRITER &t 5 iEF] & e LT
AEAEDZ SLPL ER S b,

ng/ml
800 P=0.298 P=0.011
/—A—V

P=(3.557 P=q.082
1 \

600 -
400 -

200 -

@
j . -

=
0
@/ @/ @' ‘J,é}'
@@@% @@@% %\E&@% &Gﬁﬁ @@%
% ’Q"& %g@g;l ‘2§‘>\ 9;%)‘\3’
N=11 N=5 N=9 N=14 N=8

9. hEEOEKRER &K SLPI



62O TAkOAR ) OREZIEEFIZE R L, Hko> SLPIEZ BYEA#R KR &
P L7z & 2 A THKD I ) o BERECIERYEAMIKICEE~FREICSHEEZ 2 L. (B
10) .

ng/ml

800 P=0.000
600 -+
400 4
200
: o
K D& D fE BHERRK
N=14 N=50

10. hEEOEKRRR &Mk SLPI

II. AHMEEHERS H20F%8 (Validation study)

FEDTRRHIBIZEIZ BN T, ke oo SLPI A EEIC W CREfEZ R L, RRC B AR
K & DERNTIB N THMTH D ATREMEN R S LTz, ZOMRERGET D720, AKHF5E
AR I ERRE LG 2 x5 & LT, sk o> SLPT fE 2 FEseRas L7z,

K5 - itk

] 1157 SIRBEIT I THRR 24 4 12 A 70 625K 28 4 12 H ORIk D2 W B AYIC T3
7 LT BE D GBI S NI KRR DF% © % ), Quantikine ELISA  Human SLPI (R
&D Systems) ¥ v FEHWTHAF O SLPI ORIEZB 72 o7-, FI-RENINIE &R
BRI, &bk oe T ve URRRE AR L, $£72 ELISA %> & HWTHE
PEA YT BEER (SMRP) OREZHIE LT,

il A

OB, R iE 16 B (LR 13 B, PIRERY 1B, MRRARE TE oo
D 261) . BRI 28 61, s 28 B (i 21 61, /iR 3 41, RV RO 16,
PRIRIN P WAESS 2 B, AEAR MR E CE o7 b O 1) | fulsiss s 8 1 (FEls 4



B, FLEs 1B IPIRRRS 10, REIERE 1B, A 161 | MalRsk 23 Flodt 103 #i23
LRI,
gk SLPT bl L7z & 2 A, FRECITREARIKIZEEFRICEM TH -T2
(P=0.000) , E¥7-AEECITELRVEOO, MFEE (E-Cllkki &) ZH~TH
AR LT (B11)

pg/ml
[ P05t |
MRS o 7 B FiA A M RRR 4
N6 BiEEARRIKk NP R N=8
N=28 N=14

11. faxkea SLPI

FrokF o 7rm U KON SMRP ORI OWT & bl L7223, BESRAOHFSE & [F)
FEIC P 2 IR Rl EICE A~ L7 (B12, B 13) .

ng/ml
300000 — P=0.000
‘ P=0.000
250000 —
200000 —
150000 —
100000 — =
50000 — I T{ ;—l_; r_[_l I
o — 1 b —— ’ 1 ! i
Fha R b g7 B A A FEPERGRE %
N=16 RirAMsMk NP RMRRE % N8
N=28 N=14

X 12. ke 70 E



nmol/l

) P=0.001 |
P=0.004
F9RE o 7 P A A PRI %
N=16 BRIk N2 mipkmeREs N=8
N=28 N=14

13. faka SMRP

PRERIOBIZE & [RIBRIC . MK 2 7o BE O8RSV TR L 7=, SLPI, B 7 v
2 g, SMRP Z HWT, 3 HE & 2 LIS o R L ORI 54 A2 Gt
T 572, ROC iz Ek L7= (B 14) , SLPI, b7/ f, SMRPIZEIT5 AUC
fEIZZ £ 0.739, 0.891, 0.800 TH -7z,

= SLPI E7ILOVEE SMRP
E - ' . —
| ” i
A r
- . |
y
I
" - T - . PR = o A 5 A B - EERE
| s | E7AEVE
AUC 0.739 0.891 0.800
95%S %X fiF 0.602-0.877 0.801-0.982 0.658-0.942
hybAofE 88.6 ng/ml 60700 13.78
REE (%) 81.3 68.8 68.8
HEE (%) 62.1 95.4 88.5

14, thRME & R B D&

WIZHfE 2 DFWT, FREIEE B afifKkoERz kT 28 A2 matd 5729, [F
2 ROC sz 1Epk L7 (B 15) , SLPI, &7 /vm . SMRP (2B % AUC %%
NZF40.911, 0.819. 0.797 Th -7,



gz

SLPI E7)ILOEE SMRP
J . | |

N v |

— e
| s E7AnvB | swRe |

AUC 0.911 0.819 0.797
95%1= %8 X ffl 0.805-1.000 0.688-0.951 0.635-0.959
hybA7ME 59.8 ng/ml 60700 13.54
R (%) 93.8 68.8 68.8
HEE (%) 82.1 85.7 92.9

15, HRfE & RIER#RMKO &R

S DITERFEAIMIZE LRI, THRAKD A OFEEFICER Lic, HZHE 16 B4 5
BIAEE - (KD LHMErENTZ, ZhbDREF DK D SLPI Al % B A7 MK

BELHE L& 2 A, THAKDAR ] O EER CIZRMEARRAKICE~SAREICEEZ S L
7= (E16) .

SLPI E7)LOVEE SMRP
Al
sl MU b I s i S L

- 1L =] T | = = =

Ko B Ko B Ko O

K : 87K 0> % 0 o K1 n=5
D BEOREE =11
B RMAMEK  n=28

16. MKkDH D EE



52

AWFFETIEL, MK DG~ — T —DREEZITW R EIEOE RN I 2 A FAHEIC DN T
FREt Lo IeWNCERFRAIAIZE & LT, RIS SORBEIZ W T AV E TIZ2lWr, RS
W Rz 52 1, MK TR 2 £ O i 69 B, BAEARRIEK 50 5] MKk {A % Fv T ELISA
¥ v M2 X Y SMRP, SLPI, Galectin-3, CCL2 OHIEEZ I Z 720, 722N 5 ok
Hoe TV CRRERE A Lz, FEEICB O CIEAKT O e 7v e CEREE & SMRP
BENEBICHETH 10, PREIEICKIT 2 MkF o SLPI JEE & hEBICHENEE
WZEfECH -T2, BT, SMRP M., fAk o SLPT JEEORIE N FEZEOZ
Wr~—D— L LTHHTODAREERD D7D ORI T, RS RIE & BRIEA A
& DERNCBIT % ROC #ifRiz X 2 f#FTicB VT, AUC=0.911 & & 7L u g, SMRP
DENE EES>TEY, HRMEE BHEA K OENIZI T 2 SLPI OF AENRIE S
77

INDHDORRE S BITHRFET 272, WFFEHIRINICIES 2 HFE L. Sl S Ve
Bz AWK O SLPI OJIEEIT- 72 & 2 A, RRIOIFZE L IRIEFREBEOR R0 S0
7. Bk o> SLPI ZHIET 5 Z ik, R R & BAEARRBKOERNCBWTHAT
bHEEZD,

PERPIEDHE R~ — T —& LT, hidofike 7vm g2 SMRPYDIENA AT A
R F | Fiblin-8 72 EOfF AR HE S TE ABKICHIZITE > TRy, Fan
WEIATSTEHFI T, IO OFMAMEIIME TE R ole, TOTVOHZETIE, ITHF
HLWH A~ — 0 — O & L TliE &7z CCL2, Galectin-3, X O'SLPIIZ#AH L
V) IO ——DORIEEIT-T-, CCL2, Galectin-3 (Z >\ CITAHAMZRIET 5
X ORI LN, FEECERNCH T 27 A W TIEENTH S, SLPTIX
SLPI Bz FIZa— FESNHHETHY, AR T 272 —8, MU 7o B
~—EhR L ZHET S, SLPI BaFIFHEEMICIBNTEREE L TWD Z &hHES
NTHEY, MEPREOKIKIZENTEHEEZ 2T 22 EARESNTNDS D, RO~
®ﬁ%’£w1 %’¢&Ekﬁ@€ﬁ%m&®ﬁ CHBEPREO LN Z EI3EBICE
T 5, WEORKIZBWTHKEZ 2T DMEF O, £ MK CME 2 SEHICE < 23,
TS ITER RSO mmﬁﬁﬁki9%5&P®%%ﬂﬂ ECTHD, LoLErCH
XS BRBERH D ORMKICERE T 2546, UL UIETENE L B AR K O8R5 S
T2, %m$®SMHi%%%kaT$&E BrEARRAKOENCEHATHY . £
TID DFRBD A L—X7257 JEGREN SN D ATREMEDN B 5

i R

PO~ — 7 — ORISR Y M2, Mikdio 74 m ik, SMRPICHZ., Hif
= SLPI WA T 5 = L AW BC LT,
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iy AE. Amatya V.Jeet, RE 3EH

1. &

WEDOKEDT AXZ MGA - FHICEY, BARTIIHEETHMO —igE2lz L5 TE
0. RIS Z OEAMERNIZA % 10~15 13k & SN TNnD Y,

HREIZ 132 < OMREHEE RS FET D700, W FRIERNZM ORISR 5B
LG Z T2 D, ZOERINLT LRSS TRWINRS S, Bxld, ED KO EE
SEB & AR LToAE SR, K9 16% OB TR Y] Tz Ll LTV 5 2,

R EOEERNZKT O DI, BRERE &I, ~~ hFv Vv - =4V (H&E)
Y EARIZ X AR BTN 2. SR Z W 7o B MM L 20 7 it b 5 )i
FISH k% - pl6 Bl T REDHFEDOBRBENPMEL SN TWDHR, BEDELEZ A
100% D K5 T H R E & R B Z R TE D~ —H—H D WIE~— T — SRV S
TUNRUN 3.0,

AWFFECIE. BERI DSR2 Wr~ — 21 — OF AMEO RN 2, MRS TR BT
K DHRER W~ —h — DR EITH Z LI X 0 R A2 X % b il
E MR B OER WA e~ — I —DREEF BN E Lz,

il

2. MEEFHE
1) BRI E (EM) & BOGSHET EARE R (RMH) O#%)
a) PRZEMIAOER 6 Bk, FRREEMERINSRELK O BRE AR 4 175> 5 mRNA ZHhH L.
Tagman® Array Human Apoptosis Panel card (Applied Biosystems) (B 1)
ZfEH L T real time RT-PCR %47V, 7 A b— 3 ZABEE(S T OIEBL & bz L
= (A2 .



BIRC2 BAK1 BCL3 CASP1 CASP2 CASPS CASP7 CASPs
BCL2L13 TNFRSF21 HTRA2 TBK1 ESRRBL1 LRDD CARD15 CARD9
BCL2L1 BCL2L2 BIK BNIP3L BOK CASP3 CASP6 CASP10
BCL2L10 BCL2L11 BBC3 PYCARD DIABLO BIRC6 GAPDH ACTB
CASP9 IKBKB 188 LTB MCL1 NFKB1 NFKB2 NFKBIB
NFKBIZ BCL2L14 BIRC? CARD6 BIRC8 DEDD2 APAF1 BIRC3
DAPK1 HIP1 BIRC1 NFKBIA RELA TNF IKBKG PEALS
CHUK REL TNFRSF1A RIPK2 IKBKE BCAP31 ICEBERG | TA-NFKBH
NFKBIE PMAIP1 RELB TNFRSF1B | TNFRSF10A CARD4 NALP1 CASP14
BIRC4 BIRCS FAS FASLG BAD BAX BCL2 BCL2A1
TRADD RIPK1 HRK TNFSF10 FADD TNFRSF10B CFLAR DEDD
BID BNIP3 CASP4 LTA TNFRSF25 CRADD BCL1O CASP8AP2

1. Tagmane Array Human Apoptosis Panel card (Applied Biosystems)
93 M7 R F— AEEEEF & House-keeping gene (18S. ACTB. GAPDH) A%
jl:l v l~ E“*L'CL‘%)o

Pandengram

FELE Ha00XY

FADICR M 00%] o

T bl 00 38 SE_mi
B (0 BB 35 el

K- S0 I 3 AT

£ B

5 E 2 E 8 s &

L
]

L 5%
LS

a
&
= W

2. mREMBEkE EEEERERGICSIT27R F— ABEREFREAD
SRR VTR
13DEGFIZHRBEDEFRD. DS % BIRCS (Survivin), PMAIP1 (Noxa) [
BICHEZERENH LN,

b) Real time RT-PCR O#55, FBU K & B 22 760338 6 4172 Noxa (PMAIP1) |
Survivin (BIRC5) 2z, it bR rf R i & SO Ff Rl Al 3t 72 i oD 88 11 2
FHTHD EWESNTVWS BAPL & 9, BEMOERZ N~ — 7 —7HF (EMA,
Desmin, GLUT-1, IMP3, CD146. p53. Ki-67) (ZxI9 HHUKAMEH L 610,
JI 055 R F Rt I i SRR AR AT SR B s BRI 28 28 12 C 2000 220> B 2016 4R % T
RBR U7 LRI B2 I 79 5, RO E R B AR FE R T8 A xS & L C ok
LMYt 2T o T2, A L —RPUERIER 1 IORTa< TH D,



R1. AHRRICEAL-REABLELEI—H—

<= — ro—y IR 72 Ju RGeS
Noxa Polyclonal Anaspec s
Survivin Polyclonal R&D Systems 54
BAP1 C-4 Santa Cruz Biotech. ¥
Desmin D33 Dako s
EMA E29 Dako SR e s
GLUT-1 Polyclonal Spring Bioscience S i
IMP3 69.1 Dako HRaE
CD146 N1238 Leica (Novocastra) S i
pS3 DO-7 Dako ¥
Ki-67 MIB-1 Dako 53
MUC4 8G7 Santa Cruz g
Calretinin SP65 Ventana %
Podoplanin D2-40 Nichirei S YA s
WT1 6f-H2 Ventana ¥
Pancytokeratin AE1/AE3/PCK26 Ventana g
Cytokeratin CAMS.2 Ventana FfE
Claudin-4 3E2C1 LifeTechnologies SR i
CK5/6 D5/16 B4 Dako A
TTF-1 SP141 Ventana ¥
Napsin A MRQ-60 Ventana R
CEA COL-1 Nichirei S
ERA MOC31 Dako i
p40 BC28 Biocare Medical 53
p63 DAK-p63 Dako ¥
DAB2 1C8 Sigma HpaE
Intelectin-1 3G9 IBL A

PafERIIR VIR TS SFEFURDO RIEITIER LTHIE L, &2 12770 <
EBMNZEME L 7=, Survivin, Ki-67 1% Hot Spot GHHfkEI T 2K D 5 B b A%
FNEWEEIR) (2B AR A EH L, Survivin [ ROC #hi#E (B3) 12Xk 5
FRMT DR E L7270 v b A 748 4.000% LA B2 1%, Ki-67 13 ROC ik (K 4)
R DT OERE LT v A 71H 10.333% LA L2 B5t: & HIE L 7=, Hot Spot
RIRIEK 18P & L, A /K 100 fELL Eoofffia 2 3840 U7z, JRIEK 1 HREICE £



% X B LAY 100 EARN OS5 A FHmMI0 %S 100 18282 % F THEF z 80
L7z, BAPL 3Bt & FRRE RV L ZNLL EORERED S D% [FEHHE
L) BEoboE EBRERDY ) LERL

%2 REMBILEHREOFESE
GitMmose REITL—K

0% 0
0%<, =10% 1
10% <, =50% 2
50%< 3

4.000 (0.742, 1.000)
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Specificity
3. Survivin @ ROC iz
BRELEBEEEONARKELSA (4.0000 Zhy FATJEE LT,



2)

10.333 (0.836, 0.946)
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Sensitivity
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=
]

0.2

0.0

T I I | | T
1.0 0.8 0.8 0.4 0.2 0.0
Specificity
4. Ki-67 @ ROC gh#R
RELFREEOMATREL SR (10.333) £Hy FHTEE LT,

d) R R E & SOS M B R A F51F D Survivin, Ki-67 OFEFRZRIZ DU
T EZR (Saitama Medical Center, Jichi Medical University) % {#H L CTHigtfiE
A7y, ROC B OAERI KON » M A 7 DORRIE 21T > 7= 10,

e) HPUEAR X OEEIURDOMAG DI K DL, FFRE, ERREHELL,

PRI PR o B R & i PR R A e oD B
a)  WIERI R 6 i, FliNERRSE 6 DAL~ U CEENT 7 4 et (FFPE)
M2 D RNA ZhhiH L, B o F RO 21772 (B85, BE6)



1 | [ |
PRI E | Ab PRRE R
5. PIELhRE & ARSI 51T 5 BIETFRROY 525 U VIR
PSR IE T 156 & (T, MAMBHRET 16 EETOBMERERHL,

i

a3 e
bt el Ly ey o Lo

e et it e

6. RERPRE L MABEKREIZS T HBEFRED Scatter Plot
JAYy FTYTOETAISENFERBERFRETRENELS .
ELAISGEVNFEMAEFRETRREARN EEZTT,

b)  BURFFEBUFAT ORER, WE O CRBUCEREE 228 bt/ MUC4 I %,
Bekn o R2 W~ — 5 —8 ff (Calretinin, D2-40, WT1, AE1/AE3, CAM5.2,
p40, TTF-1, Claudin-4) (Zx3 25 —RPUEEEN L. JKERFRFEBEE R



3)

4)

c)

d)

o b (Fe ) b pORE A B2 & AR f b R S/ N e i e oD 885531

a)

b)

c)

A FEBe R B A ST 5812 C 2005 005 2015 45 F TITRRER L 7= P RER] b fz i
31 %, MPIERRE 29 il & x5 & U CoiEiiliib prdetax 1T o7, R L—
WHRIZR 1 IR T L TH 5,

Pt fERITR VIR T < B FEFUROJHIEISIER U CHIE L, RS S, S
IR DBEPEEIAIZIS U T, & 2 130 < HIE BRI FEM L7z,

BHURDRREE, FrBEE, BMERYh R, MRy, EEZ2REHH L,

FEEMEIGIH N — o B g BRI R 36 i, ARy (bR e 35 i, R bR
fiti e - b R 38 Bl & xf5: & L. Calretinin, D2-40, WT1, CK5/6, TTF-1, Napsin
A, CEA, MOC31, Claudin-4, p40, p63 (Z%}7 5 —kFLikzHEH L CToasi
ALY ta 21T o 7o, E L2 —REUBRIIR 1 IR”T < TH 5,

At fERIIR VISR TN SFESUADRTEICTIER LTHIEL, R 2 1T7-7 1< H
BN FEAN L 72,

BHUEB L O 2 RO AG ORI LD RE, FFREZHET LT,

P R R Bz i & i i o0 BT L R 2 W~ — T —

a)

RO R 5 ). iR 5 510> FFPE fHf#7~ 5 RNA ZHfi L. Bis 75 BLoO
fEtr 21172, (B7, E8)



Amay ID EM1 EM2 FEM4 EMS EM3 EM6 LACS LACT LACI0 LACH LACY LACI2
Epithelioid mesothelioma  Lung adenocarcinoma

1. LRBORELMREICE T SBREFREDI SRS ) VTR
EREPEETI97EEF. MARKET 229 EGFOBRERBRERD .

N8 g cEACAMS

i,

BUION|110saw pro1jayds]

13

Lung adenocarcinoma

8. LHREDRIELMIREICHSITSEBIEFRED Scatter Plot
7Oy T Y TOATAISEWEEMBRETRENA®RL .
EEARICHEWVMEELERDERETHRENEN EETRT,



1)

b) BB TIBURNTOFER, WE OB TREUBHE 21D b i/ disabled
homolog 2 (DAB2) . Intelectin-1 (21 x.  BLEI O #ER1|32 K~ — 77 —3 ## (Calretinin,
D2-40, WT1) (ZxT 2 —RGURZAEN L, JRERFRFBEE b ORI IE 0T
P BRI FEEE 1 C 2000 420 B 2016 4 TITRRER L7z LR g 75 ], iR
B 67 Bl & x5 & U CiE ik b Frude a1t o 7o, A Lo —kbtikiI®gk 11
AT TH D,

o BafERER1ICOR TN SEAORIEICEE LTHEL, &2 17370 H
E AN FEAL L 72,

d BHEB IO 2 FUEAOMAE LRI L D EE, FFRELRM L,

FEREBE
b PR B i & B R BRI R T i oD

REBZVEG O HE Gutads L O b PR gL g 2 B 9~B 13, b p R i fz i,
FOGHE A BRI T R 36 1T 5%~ — 0 — DGR 2 & 3, LA Rl & RS
B AR T R DEERIZ N 61T D45~ — 1 — Ok A & 4 1R,

iMig 2012, update Tl&, _FRZRIH Rz B & KOS AR BRI E T Bk o 88 B2 Wl A
7p~—71—%& LT Desmin, EMA, p53., GLUT-1, IMP3 %257 T\ 5 9, AAFFE
Tl p53. IMP3 L W BAP1, CD146, Survivin, Noxa DIEZHENE <, 6O
RE@ER 2NN T2 2 BRI D,

BEGUR DA G I L 2 2RO RETTIX, Survivin & BAP1 OfAEHE

(Survivin B 4.0% L EH 5% BAP1 BEWERO W T2 O 1256 2 Btk
EHIET D) DR 93.2%., FFEEE 100%., [EZH 96.9% T, & b\ 2 Wik 2R
L7z,

TR L FROYEIC I 1T D BAPL FBUHRIL. BRI BT LT 100% DFF
A FFOPT R TH O | LR Rl & BSOS F B O EERIZMT A & SIS 08,
JEEEN T0% LA T EARWAERME TH o 72 12715, LavL, AIFEOFEEN S BAPL IZ
Survivin ZHAGDOED Z LIZL D | FFRIEZ 100%I 20k o 7o £ F KL 2 RIEIZ E5A
SHELZENARETHDL ZENWBNEZRD | LRI Rl & SO BRI % i
DOEERFZWNTIHB W TIL BAPL & Survivin Z A DOETMET AT O 2 & BRI
%o



.

0. tEBFREOREERIEENRES
A: Noxa &, B: EMAFS{E. C: Desmin fEf4k.
D: GLUT-1F&14. E: IMP3 &1, F: CD146 [B1&



10. R4 h i MIRaB R R O RERBICEHES
A: Noxafetf. B: EMAFETE., G: Desmin 5%,
D: GLUT-1 &4, E: IMP3fE4. F: CD146 f2i%

1 3



R EES Jilﬁﬁqﬂ&ﬂﬂﬂﬁﬁﬁﬁﬁd)ﬂﬁﬁ ?: Survw|n ﬁ.ﬁﬁﬁt*ﬂ‘]%@.ﬁ
L RREIhEIED Survivin BEE (L 18. 1%.
RIS R MBEAL AL Survivin BEEIX 1.3% TH 5,

=& 11.

: \: 4 Ki-67LL=8.7%
B 12. i&iq’&ﬂibﬁﬁﬁﬁ*&ﬂﬂﬂﬁ%ﬁﬁ@ﬁﬁﬁ& K| 67 REEL PR A
FEEIGERIEDKI-67 ZH 3 (X 35. 0%.
RGP RMAEBREO Ki-67 ZBH=E(£8. 7% TH 5B,
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U OE13. bR R R AR OIS & BAP SRR RE S
FRERRIEIZS T BAP REOELEED S,
BEOREMME, SEFEE. NENEEBONEBAP 2RELTUS,
%3 LEAGEES RS REREAKRIZE T EET—h—DBIEE
b R B o [P o R MR R T AR
< —h— n (%) [EY (2R n (%) (£33 B e
Survivin (4.0%<) | 46/62 (74.2) 16 46 0/70 70
BAP1-loss 49/74 (66.2) 25 49 0/78 78 0
Ki-67 (10.3%<) 56/67 (83.6) 11 56 3/56 (5.4) 53 3
Ry —F Pt gL —f
~—A— n (%) 0 1+ 2+ n (%) 0 1+ 2+
Noxa 40/58 (69.0) 18 37 3/47 (6.4) 44 3 0
Desmin 1279 (15.2)| 67 12 0 48/53 (90.6) 5 19 29
EMA 81/81 (100) 29 52 6/53 (11.3) 47 6 0
GLUT-1 60/66 (90.9) 45 15 10/55 (18.2) 45 7 3
IMP-3 43/64 (67.2) 21 29 14 2/45 (4.4) 43 2 0
CD146 41/48 (85.4) 7 18 23 1/26 (3.8) 25 1 0




R4 LREPEEEREGEDRERBIEOENZEIZE TLHET—H—DZHFFHE

~—k— RRE RRE ER:
Survivin (4.0%<) 74.2% 100% 87.8%
BAPI-loss 66.2% 100% 83.6%
Ki-67 (10.3%<) 83.6% 94.6% 88.6%
Noxa 69.0% 93.6% 80%
Desmin (-) 84.8% 90.6% 87.1%
EMA (+) 100% 88.6% 95.5%
GLUT-1 () 90.9% 81.8% 86.8%
IMP-3 (+) 67.2% 95.6% 78.9%
CD146 (+) 85.4% 96.2% 89.2%
SVV>4% or BAP1-loss 93.2% 100.0% 96.9%
BAP1-loss or Ki-67>10.3% 96.9% 94.4% 95.8%
SVV>4% or Ki-67>10.3% 91.1% 94.1% 92.5%
BAP1-loss or SVV> 4% or Ki-67>10.3% 98.2% 94.0% 96.2%
2)  PINEIEL e & PN 6 o0 S

RERAER] D HE Jefads L Ok b o g 2 B 14, B15, PfER
fE, WPERRE BT 2K~ —H —OMMER 2R 5, PIIER A B2 IE & if PO IE RS O 8
BIBWHIC BT D5~ —h— OB Wkt 42 R 6 (TRT,

MUC4 {3 fili RIEARIE D 72% M B5E 2 7R~ L7223, PIRER P i I et T v |
RO m O R ERR M~ — T — (RERRE~ — 7 —) &2 b,

MUC4 o> I JERL 1 Rz i & fifi A IR g O 8 BIR2 N2 331 5 IER2 313 87% ¢, A Hlfk
HLEETO—I—DHh TRLEN TV,

DA HEE PR H R e & i P e g oD 8 I R2 T L2 AT F 72 S LR L e~ — 0 — I3 BIE D & 2
AT, W OENNTEGZ W H 2 WITUIRBRIKOIFREEZ W X > TRE O [TE

(PR ZE DI AMFEZE DY) R T D Z LICk > TORAHETH » 72 1617,

AWFFECTRIE S 417z MUCA [P FERY o B fid & Jifi Y JERR A 4 e WOV BE TRl T & %
TR~ — I —ThH VO | SHOWEOERIZW ., R AERZ W ~OIEH 23 Ff
Ehs 19,



Calretinin: 3+ ° 4/ .. D2-40:2+ f L
14, PERREOERE L AEERLLARESR
Calretinin, D2-40 AT, MUCA (Xf2ETH B,

Calretinin: 0 & i '_
15. FHPSMEHRE DB & RERBILENEEH
MUC4 A\F5tE. Calretinin, D2-40 IZfEETH B,



x5 AEHDEE. MABREICKITSE&T—H—0BEKER

PIRERL R Jii A R AR

e sL—F ReasL—F
v —h— BEHERES % 0 1+ 2+ 3+ BEMEF % 0 1+ 2+ 3+
MUC4 031 0% 31 0 0 0 2129 72% 8 9 9 3
Calretinin 2331 74% 8 7 11 5 1329  45% 16 5 6 2
D2-40 231 1% 9 9 12 1 9/29 3% 20 9 0 0
WTI1 631  19% 25 5 1 0 1/29 3% 28 1 0 0
AE1/AE3 2931 94% 2 2 8 19 2929 100% 0 5 2 22
CAMS.2 2831 90% 18 19 2829 9% 1 6 5 17
p40 2/31 % 29 2 0 0 6/29 21% 23 0 3 3
TTF-1 0/31 0% 31 0 0 1529 52% 14 0 4 11
Claudin-4 0/31 0% 31 0 0 1329  45% 16 4 5 4

R6. ABENDRELHABKREORINZHICE T EET—D—DBHIHE

B R REE  BMEOTER RBESTRE O ESE
MUC4 (—) 100% 72% 80% 100% 87%
Calretinin (+) 74% 55% 64% 67% 65%
D2-40 (+) 71% 69% 71% 69% 70%
WT1 (+) 19% 97% 86% 53% 57%
AE1/AE3 (+) 94% 0% 50% 0% 48%
CAMS5.2 (+) 90% 3% 50% 25% 48%
p40 (-) 94% 21% 56% 75% 58%
TTF-1 (—) 100% 52% 69% 100% 7%
Claudin-4 (—) 100% 45% 66% 100% 73%

3) KA EI (FeZER) bR R R AR AE R IR ISR R g o 85 I

RERAER] D HE Jefads L OV ik b e g 2 B 16~E 18, /b |-
PRI rh R, AR T e . AR B TRUR A BRI BT 2%~ — I — DGR & 3k
7. % 8, KA b bR b R i & AR (LT T e O 8 IR 2 B8 1) 2 &~ — B — D3
WrRrtE 2 2 9. IR b R R Rz i & AR (LR R - B RO O8R5 &
~— N —DOZWRHE AR 10 1257,

BB b Fe 780 e 7 i & AR AP AR O BE RIS B W CiE, Bitk~—Hh— (Wb
AR~ —H—) OFTiX D2-40 N IERZ K 93.0% T bHEN TR Y | Ett~—
J1— (FEfE~—A—) OFTILCEANIEZR 98.6% Tk bEN TV /=, Claudin-4
DfatE~—J7— L L TOIEZHEIT 97.2% & CEA & IZFFERE T, TTF-1 D EZH



95.8% % LRl 7=, FREEGE~— 7 —& LT, BLE Calretinin 235 bR < HELE S
TV D28 19 ARG B b R o i fil & AR ARt e O #8512 T2 351 % Calretinin
DORtE~—H— & L TOIERZHRIL 81.7%., FFREIX 71.4% &< | Calretinin O ¥t
FERZBETRETIT RV EEZ D,

BB b el vp R il & FEA AT R S R ORI BV ik, BitE~—5—o
FCIE WT1 DN IERZE 85.1% & e bIEIL TV A, D 72.2% LRV EARETH
%, Calretinin, D2-40 O EZHI 75.7%.67.6% & W T H AL RFITRF R DY 60.5% .
39.5% LRV = EERNTIZA M TRV, B~ —5 —Tid CEA 2 IERZ =K 95.9%.
p40 N IEZ 3 94.6%, Claudin-4 NEZK 93.2% T, BE « FFRE L HI2m<, W
b ENTERNZM~— 1 —Tbh 5 20,

TTF-1. Napsin A [T\ b FEZEOERZ K~ — o — (BiE~—T—) & LTH
I TWDHH 9 fili i B TORGMERIT 18.2%., 7.9% LK<, A R i
E R B OFERNZIZ A H TRy, F07=8, TTF-1, Napsin A O & % [EMEHUR
ELTHWD & FEAILR Y LR 2 R & GR2 T 5 ATREMEY B 5 20,

BUEHELE S T D D8RI 2 W~ — 1 — (Calretinin, D2-40, TTF-1, Napsin
A) 1319, K53k e bR R R IE & AR b A R ISR M O EEBINZ BV TIX 2N
O pit-fall N ET 5720, EENSMLETH D 20,

CEA. Claudin-4 [Z##E. R ERE & bICERITHMEIC 5 —0, ERARId Rzl

TEE A EDBRREIETH D7D, IR b bR R il ARG (b TSR Nl B A
FOERNZE DD THEDTHY, MRS D 20,



EFEZEwﬂﬁfﬁ&ﬁrﬂﬂ{b%
Calretlnln\ D2-40. WT1 CK5/6 . Claudin-4, CEA, TTF-1, p40 NI4T H 5,

MOC31. Claudin- 4, CEA, TTF-1. Napsm A ABETE Calretinin, D2-40, WT1 A\ [ TH B,



Calretinin,

®1. ESEE (RRE) LRDDRELESMEEHREICSTIEI—H—DEEER

D2-40, CK5/6. MOC31. Claudin-4. CEA. p40 A’f&EtE. WT1 A2 TH S,

&3 LB |- Bz B v Bz 15 23 A B i R
Y sL—F YPuta S L —F

~—h— BGHES BHEE o 1 2 3 BEER BHEE o0 1 2 3
Calretinin 3336 917% 3 0 2 31 1035  286% 25 7 3 0
D240 3536 972% 1 32 30 4/35 114% 31 2 2 0
WT1 2636  722% 10 5 3 18 0/35 00% 35 0 0 0
CK5/6 2636  722% 10 5 6 15 1335  371% 22 6 5 2
CEA 0/36 00% 36 0 0 0 3435 97.1% 1 77 20
Claudin 4 2/36 56% 34 2 0 0 3535 100% 0 0 3 32
MOC31 1236 333% 24 8 3 1 2935  829% 6 9 7 13
TTF-1 0/36 00% 3 0 0 0 3235  914% 3 2 3 27
Napsin A 0/36 00% 3 0 0 0 2535 714% 10 6 2 17
p40 2/36 56% 34 2 0 0 3135 8.6% 32 2 1 0
p63 6/36 167% 30 5 0 1 1335  371% 22 5 3




®8 BEAHMELRBPEBLFALEMBFLREICEITSEI—h—DEMER

&4 AL B b Bz Al b fy il FANWTRFE LRRE
Pt L —F s L—F

~—h— BEES BHEER o 1 2 3 BERES] BBfER 0 1 2 3
Calretinin ~ 33/36  91.7% 3 0 2 31 1538 395% 23 7 4 4
D2-40 3536 972% 1 3 2 30 2338 605% 15 5 12 6
WT1 2636 722% 10 5 3 18 1/38 26% 37 1 0 0
CK5/6 2636 722% 10 5 6 15 3738 97.4% 1 2 29
p40 2/36 56% 34 2 0 0 3638  94.7% 2 0 32
po63 6/36 16.7% 30 5 0 1 3738 97.4% 1 1 34
CEA 0/36 00% 36 0 0 0 3538 92.1% 3 14 13 8
MOC31 1236 333% 24 8 3 1 34/38  89.5% 4 5 11 18
Claudin 4 2/36 56% 34 2 0 0 3538  92.1% 3 317 15
TTF-1 0/36 00% 36 0 0 0 5/38 132% 33 5 0
Napsin A 0/36 00% 36 0 0 0 3/38 79% 35 3

R ESMEELREDRELESEEMREORINICE T SEET—H—DOBEEHYE

AT A R EE FrRE BRI R RERHER EZ R
Calretinin (+) 91.7% 71.4% 76.7% 89.3% 81.7%
D2-40 (+) 97.2% 88.6% 89.7% 96.9% 93.0%
WT1 (+) 72.2% 100% 89.7% 76.2% 81.7%
CK5/6 (+) 72.2% 62.9% 66.7% 68.8% 67.6%
CEA () 100% 97.1% 97.3% 100% 98.6%
Claudin-4 (-) 94.4% 100% 100% 94.6% 97.2%
MOC31 (-) 66.7% 82.9% 80% 71% 74.6%
TTF-1 (-) 100% 91.4% 92.3% 100% 95.8%
Napsin A (-) 100% 71.4% 78.3% 100% 85.9%
p40 (- 94.4% 8.6% 51.5% 60% 52.1%
p63 (-) 83.3% 37.1% 57.7% 68.4% 60.5%




£10. ESMERERBIRELFALEMEELRECENICE T S55ET—H— DB EEE

P SR e L Bo LR =R (=YL 1EZR
Calretinin (+) 91.7% 60.5% 68.8% 88.5% 75.7%
D2-40 (+) 97.2% 39.5% 60.3% 93.8% 67.6%
WT1 (+) 72.2% 97.4% 96.3% 78.7% 85.1%
CKS5/6 (-) 27.8% 97.4% 90.9% 58.7% 63.5%
CEA (-) 100% 92.1% 92.3% 100% 95.9%
Claudin-4 (-) 94.4% 92% 92% 94.6% 93.2%
MOC31 (-) 66.7% 89.5% 86% 4% 78.4%
TTF-1 () 100% 13.2% 52.2% 100% 55.4%
Napsin A (-) 100% 7.9% 50.7% 100% 52.7%
p40 (-) 94.4% 94.7% 94.4% 95% 94.6%
p63 (-) 83.3% 97.4% 96.8% 86.0% 90.5%

4) bR R IE & i O BTSRRI R2 W~ — 0 —

REMZRIER O HE Yot ds L O EM b g 2B 19, B 20, bR
N, BB IC I 28~ — I — DGR AR 11, LR R i & bl oo 85172 iz
BIFLE~—— KO 2 HURDOMAG O K D2 W 2R 12 125877,

DAB2 % FRE I D 80% 25 BatE 27 L7 23, Wilide 1 8% L 2Btk & 7m S 722
72, F£7-. Intelectin-1 |L LRI EIED 76% 23 B5MEE R L=o3, MR L 2pk
HThotz, 2D OREEN S, DAB2, Intelectin-1 (LU 340 b FEEMED & Rz fE
Bitk~—— B2 b,

Calretinin, D2-40 |3 LR PRAED 99%., 95% 35T~ 723, il s k1)
LGRS TN LN 26%., 10% & HHIEETH Y . FRREICHBEN & 5,

WT1 ORpERIE R B2l C 83%., Ml T 0% Tdh v . DAB2, Intelectin-1
LIRIERIBETH -T2,

2 FUEROMAEDHIZ XL HFF T, Intelectin-1 & WT1 Z A5 bHET-

(Intelectin-1 B & 2 WNE WT1 O W a2 7= 356 2Bk L FH 3 5) %
BEE 93%., FREEE 100% &k b mWIEZREZ IR LT,

BULE - BB R B i & i g DB RIR2 W2 35 10 2 W R Bt~ — 1 — & LTl
Calretinin, D2-40, WT1 25 Zh, A I TV 52399, DAB2, Intelectin-1
H WT1 & OV ZWRELZ AT 52~ —H—Th V., JUE SR L& TH
%20, F7z, Calretinin, D2-40 % ERAHFREDKME~—T1— & L THWDIGEIC
X, SO RIEICB DT OISR DGR DD RICHET 2 UERS L,



Intelectin-1 (3+)
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A, Intelectin-1(-)

2. MBEORME & RERRILENRER
fEE AL DAB2, Intelectin-11EMETH S, fMiE~< Y 07 7—H DAB2 51k,
Rl E oD h MRS & 8 AR A Intelectin-1 BBEETRT,

x1N. LREDEE, MREICSTS5EI—H—0BtEE
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(2/17) (11/12) (10/12)
M-score 2 82.40%2 100.00%2 8.30%"
{for lioma) M (14/17) (12/12) (1/12)
Cutoff value=1.2492035 Mt 17.60%2 0.00%%3 91.70%b
(3/17) (0/12) (11/12)
p- 94.10%* 8.30%" 91.70%
z-m"m o (16/17) (1/12) (11/12)
jor aque, no tumaor
cum?f v%luu—1.4253498 Pt 5.90%~ 91.70%" 8.30%
(1/17) (11/12) (1/12)
others 94.10% 100.00%» 25.00%"
A-score (16/17) (12/12) (3/12)
M-score 5.90%# 0.00% 75.00%"
PN A (0/12) (9/12)

Each subsenipt character shows na statistical difference with p<0.05, analyzed by SPSS software with 2 test,
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@D Ying C, Maeda M, Nishimura Y, Kumagai-Takei N, Hayashi H, Matsuzaki H, Lee
S, Yoshitome K, Yamamoto S, Hatayama T, Otsuki T. Enhancement of regulatory T
cell-like suppressive function in MT-2 by long-term and low-dose exposure to asbestos.
Toxicology 338, 2015, 86—94
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@ Matsuzaki H, Lee S, Maeda M, Kumagai-Takei N, Nishimura Y, Otsuki T. FoxO1
Regulates Apoptosis Induced by Asbestos in the MT-2 Human T-Cell Line. J
Immunotoxicol.2016; 13(5): 620-7 doi. 10.3109/1547691X.2016.1143539
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@ Kumagai-Takei N, Nishimura Y, Matsuzaki H, Lee S, Yoshitome K, Hayashi
H,Otsuki T. The suppressed induction of human mature cytotoxic T lymphocytes
caused by asbestos is not due to Interleukin-2 insufficiency. J Immunol Res. vol. 2016,
Article ID 7484872, 10 pages, 2016. doi:10.1155/2016/7484872
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@ Lee S, Mastuzaki H, Maeda M, Yamamoto S, Kumagai-Takei N, Hatayama T,
Ikeda M, Yoshitome K, Nishimura Y, Otsuki T. Accelerated cell cycle progression of
human regulatory T cell-like cell line caused by continuous exposure to asbestos fibers.
Int J Oncol 50: 66-74, 2016
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ORIGINAL ARTICLE

|dentification of DAB2 and Intelectin-1 as Novel Positive
Immunohistochemical Markers of Epithelioid
Mesothelioma by Transcriptome Microarray Analysis
for its Differentiation From Pulmonary Adenocarcinoma

Masatsugu Kuraoka, MD,* 1} Vishwa J. Amatya, MBBS, PhD,* Kei Kushitani, MD, PhD,*
Amany S. Mawas, MVSc¢,*§ Yoshihiro Miyata, MD, PhD,| Morihito Okada, MD, PhD, |
Takumi Kishimoto, MD, PhD," Kouki Inai, MD, PhD*# Takashi Nishisaka, MD, PhD,t

Taijiro Sueda, MD, PhD,} and Yukio Takeshima, MD, PhD*

Abstract: As there are currently no absolute immunohistochemical
positive markers for the definite diagnosis of malignant epithelioid
mesothelioma, the identification of additional “positive” markers
that may facilitate this diagnosis becomes of clinical importance.
Therefore, the aim of this study was to identify novel positive
markers of malignant mesothelioma. Whole genome gene ex-
pression analysis was performed using RNA extracted from
formalin-fixed paraffin-embedded tissue sections of epithelioid
mesothelioma and pulmonary adenocarcinoma. Gene expression
analysis revealed that disabled homolog 2 (DAB2) and Intelectin-1
had significantly higher expression in epithelioid mesothelioma
compared with that in pulmonary adenocarcinoma. The increased
mRNA expression of DAB2 and Intelectin-1 was validated by
reverse transcriptase polymerase chain reaction of RNA from
tumor tissue and protein expression was validated by Western
blotting of 5 mesothelioma cell lines. The utility of DAB2 and
Intelectin-1 in the differential diagnosis of epithelioid mesothelioma
and pulmonary adenocarcinoma was examined by an im-
munohistochemical study of 75 cases of epithelioid mesothelioma
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and 67 cases of pulmonary adenocarcinoma. The positive rates of
DAB2 and Intelectin-1 expression in epithelioid mesothelioma
were 80.0% and 76.0%, respectively, and 3.0% and 0%,
respectively, in pulmonary adenocarcinoma. Immunohistochemi-
cally, the sensitivity and specificity of DAB2 was 80% and 97%
and those of Intelectin-1 were 76% and 100% for differentiation of
epithelioid mesothelioma from pulmonary adenocarcinoma. In
conclusion, DAB2 and Intelectin-1 are newly identified positive
markers of mesothelioma and have potential to be included in
future immunohistochemical marker panels for differentiation of
epithelioid mesothelioma from pulmonary adenocarcinoma.

Key Words: DAB2, Intelectin-1, gene expression analysis,
immunohistochemistry, epithelioid mesothelioma, pulmonary
adenocarcinoma

(Am J Surg Pathol 2017;00:000-000)

alignant mesothelioma is a rare and fatal malignant

tumor.! In Japan, the mesothelioma death rate is
increasing, approaching 1500 deaths in 2015, increased
from 500 in 1995 according to Vital Statistics data pub-
lished by the Ministry of Health, Labour and Welfare,
Japan.? Similarly, the death rate due to mesothelioma is
increasing globally, including the UK and Ireland,’ the
United States and other developing countries.* Asbestos
exposure is the main risk factor for malignant pleural
mesothelioma, including both occupational and environ-
mental exposure. The time interval between first exposure
to asbestos and diagnosis of mesothelioma is speculated
to range from 20 to 50 years. Apart from the relatively
long time it takes for asbestos to cause disease, delayed
onset of symptoms can contribute to late-stage diagnosis
and by then, the cancer spreads into the thoracic cavity
and is more difficult to treat. Therefore, accurate diag-
nosis of mesothelioma is essential for its correct man-
agement.

A common site of origin of malignant mesothelioma
is the pleura followed by other tissues including the per-
itoneum, pericardium, and tunica vaginalis. Malignant
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mesothelioma is classified into 3 major histologic subtypes:
epithelioid, sarcomatoid, and biphasic as described in the
2015 World Health Organization (WHO) histologic
classification of tumors of lung and pleura, 2015.5 Epi-
thelioid mesothelioma, which constitutes more than 60%
of all mesothelioma, is the most common histologic sub-
type, and has a relatively better prognosis than sarcoma-
toid or biphasic mesothelioma. Epithelioid mesothelioma
shows various histologic patterns including tubulopapil-
lary, micropapillary, acinar, adenomatoid, and solid. As
epithelioid mesothelioma closely resembles other malig-
nant tumors showing pseudomesotheliomatous growth
patterns, such as those of primarily lung carcinoma, breast
carcinoma, and cancer that affects the lining of internal
organs, the diagnosis of malignant mesothelioma is chal-
lenging, both histopathologically and clinically. Currently,
the final diagnosis of malignant mesothelioma requires
thorough reviewing of clinico-radiologic and pathologic
findings (gross examination and histologic findings in
tissue samples) with adequate immunohistochemical and/
or genetic analyses. As an immunohistochemical marker
with absolute sensitivity and specificity is not yet available,
the search for additional novel immunohistochemical
markers is critical.

The aim of this study was to identify novel positive
immunohistochemical markers by analysis of whole gene
expression data using microarray gene chips. We per-
formed gene expression analysis on epithelioid cells dis-
sected from formalin-fixed paraffin-embedded (FFPE)
tissue of epithelioid mesothelioma and pulmonary ad-
enocarcinoma and identified several novel genes that are
differentially expressed between epithelioid mesothelioma
and pulmonary adenocarcinoma. Of these, we identified
disabled homolog 2 (DAB2) and Intelectin-1 as potential
novel positive immunohistochemical markers of epi-
thelioid mesothelioma for differentiation from pulmonary
adenocarcinoma.

MATERIALS AND METHODS

Patients and Histologic Samples

The materials included in this study were obtained
from the archives of the Department of Pathology,
Hiroshima University. The study group consisted of 75
patients with epithelioid mesothelioma who had under-
gone thoracoscopic pleural biopsy, pleurectomy/decorti-
cation, extrapleural pneumonectomy, or autopsy between
2000 and 2016. Between 2005 and 2016, 67 pulmonary
adenocarcinoma cases were also obtained by thoraco-
scopic surgical segmentectomy or lobectomy of lung
harboring adenocarcinoma. All microscopic slides were
reviewed and reclassified using the current WHO histo-
logic classification of tumors of lung and pleura, 2015° by
4 pathologists (M.K., K.K., V.J.A., and Y.T.). Pathologic
diagnosis of each case was confirmed by histologic find-
ings and an immunohistochemical marker panel recom-
mended by Guidelines for Pathologic Diagnosis of
Malignant Mesothelioma: 2012 Update of the Consensus
Statement from the International Mesothelioma Interest

2 | www.ajsp.com

Group (IMIG)” and current 2015 WHO histologic
classification of tumors of the lung, pleura, thymus, and
heart.5

Anonymized tissue samples were provided by the
Department of Pathology for gene expression and im-
munohistochemical analysis. This study was carried out
in accordance with the Ethics Guidelines for Human
Genome/Gene Research enacted by the Japanese Gov-
ernment for the collection of tissue specimens and was
approved by the institutional ethics review committee
(Hiroshima University E-974).

Gene Expression Analysis

Identification of Genes With Marked Difference
Between Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

FFPE sections from 6 epithelioid mesothelioma cases
and 6 pulmonary adenocarcinoma cases were used for gene
expression analysis. RNA extraction for gene expression
analysis was performed from papillary or solid growth of
tumor cells in each specimen. Five 10 um thick FFPE tumor
tissue sections, each approximately 1cm in diameter, were
processed for total RNA extraction using the Maxwell RSC
RNA FFPE Kit (Promega KK, Tokyo, Japan) according to
the manufacturer’s protocol. Briefly, after deparaffinization
and lysis with proteinase K, the samples were treated with
DNase 1 for 15 minutes at room temperature. Following
this, RNA purification was carried out according to the
manufacturer’s protocol using a Maxwell RSC automation
instrument (Promega KK). RNA quality check and quan-
tification was performed as described previously® and RNA
with an absorbance ratio of > 1.9 between 260 and 280 nm
was used for microarray analysis. The Human Tran-
scriptome 2.0 GeneChip Array (Affymetrix, Santa Clara,
CA) containing gene transcript sets of 44,699 protein coding
and 22,829 nonprotein coding clusters was used to analyze
gene expression profiles. Total RNA was amplified and
labeled with a 3’ IVT Labeling Kit (Affymetrix) before
hybridization onto the GeneChip. Briefly, 100 ng total RNA
was amplified with GeneChip 3’ IVT Pico kit (Affymetrix)
to generate 30pug of SenseRNA according to the manu-
facturer’s protocol. SenseRNA (25 pg) was labeled with a 3’
IVT Labeling Kit (Affymetrix) and hybridized to a Human
Transcriptome 2.0 GeneChip (Affymetrix) as described
previously.® The data were analyzed using the Gene
Expression Console Software (Affymetrix), and further
statistical analyses were performed using the Subio Software
Platform (Subio, Amami-shi, Japan) to plot graphs and for
fold change of expression and hierarchical clustering.

Validation of Gene Expression Analysis
Real-time Reverse Transcriptase Polymerase Chain
Reaction

The same 6 cases of epithelioid mesothelioma and
pulmonary adenocarcinoma that were analyzed for gene
expression profiling were used to validate the microarray
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expression data by mRNA expression. The relative
mRNA expression of DAB2 and Intelectin-1 was assessed
with SYBR Green-based real-time reverse transcriptase
polymerase chain reaction (RT-PCR) using GAPDH as a
control. A total of 100ng of RNA was used for mRNA
expression with a VeryQuest SYBR Green 1-step
RT-PCR Master Mix (Affymetrix) using a Stratagene
Mx3000P qPCR System (Agilent Technologies, Santa
Clara, CA). The primer pairs used for amplification of
DAB2 and Intelectin-1 were DAB2-F: GTA GAA ACA
AGT GCA ACC AAT GG, DAB2-R: GCC TTT GAA
CCT TGC TAA GAG A, ITLNI-F: ACG TGC CCA
ATA AGT CCC C, ITLNI-R: CCG TTG TCA GTC
CAA CAC TTT C. Primers for GAPDH were GAPDH-
F: ACA ACT TTG GTA TCG TGG AAG G, GAPDH-
R: GCC ATC ACG CCA CAG TTT C. Data analysis
was performed using the 63CT method for relative
quantification. Briefly, threshold cycles (CT) for GAPDH
(control) and DAB2 and Intelectin-1 (samples) were de-
termined in triplicate. The relative expression _grl) was

calculated using the formula: ; = 2~ (€T sample=CT normal)

Western Blotting

Total proteins were extracted from 5 commercially
available mesothelioma cell lines (ACC-MESO-1, CRL-
5915, ACC-MESO-4, CRL-5946, HMMME) using cell
lysis protein extraction reagent (Cell-LyEX1 kit, TOYO
B-Net, Tokyo, Japan). Approximately 25ug of protein
was subjected to electrophoresis on a Novex 10% Bis-Tris
gel using a Bolt mini gel tank (Thermo Fisher Scientific,
Yokohama, Japan). The proteins were then transferred to
a Hybond-P PVDF membrane (GE Healthcare, Buck-
inghamshire, UK) using a Mini Blot Module (Thermo
Fisher Scientific). After treating with blocking buffer, the
transfer membrane was incubated with anti-DAB2 anti-
body (1:2000 rabbit polyclonal, catalog #HPA(02888S;
Sigma-Aldrich, St. Louis, MO), anti-Human Intelectin-1
(1:2000, mouse monoclonal 3G9; Immuno-Biological
Laboratories, Gunma, Japan) overnight at 4°C. This
was followed by streptavidin-labeled anti-mouse or anti-
rabbit secondary antibodies (Cell Signaling Technology,
Tokyo, Japan) and Immunostar LD (Wako Pure Chem-
icals, Tokyo, Japan) as a chemiluminescent detection re-
agent. Anti-GAPDH antibody (rabbit polyclonal, Santa
Cruz Biotechnology, CA) was used as control. The blot
membrane was captured by scanning with C-DiGit Blot
Scanner (LI-COR) for detection of proteins of interest.

Immunohistochemical Procedures and Evaluation of
Expression of DAB2 and Intelectin-1
Immunohistochemistry was performed using 3 um
tissue sections prepared from the best representative FFPE
blocks of epithelioid mesothelioma and pulmonary
adenocarcinoma cases. Immunohistochemical staining was
performed using the Ventana Benchmark GX automated
immunohistochemical station (Roche Diagnostics, Tokyo,
Japan). Cell Condition buffer #1 at 95°C for 32 minutes
(Roche Diagnostics) was used for antigen retrieval. The
sections were then incubated with primary antibodies to

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.

calretinin (rabbit monoclonal, SP65, prediluted; Roche
Diagnostics), podoplanin (mouse monoclonal, D2-40,
Prediluted; Nichirei Bioscience, Tokyo, Japan), Wilms’
tumor gene product (WT1) (mouse monoclonal, 6F-H12,
1:25; Dako, Glostrup, Denmark), DAB2 (rabbit poly-
clonal, catalog #HPA028888, 1:200; Sigma-Aldrich), and
Intelectin-1 (mouse monoclonal, 3G9, 1:1000; Immuno-
Biological Laboratories). Incubation with the secondary
antibody and detection was performed with Ventana
ultraView Universal DAB Detection Kit.

Immunoreactivity was scored as either negative (no
immunostaining) or positive. Cells showing nuclear
staining for calretinin and WT1, cytoplasmic staining for
DAB?2 and Intelectin-1, or membranous staining for po-
doplanin (clone: D2-40) were recorded as “positive.”
Positive immunoreactivity was further scored as 1+
for up to 10% of tumor cells showing positive im-
munostaining, 2+ for 10% to 50% positive tumor cells,
and 3+ for >50% positive tumor cells. Statistical anal-
yses were performed using the Fisher exact test. Sensi-
tivity, specificity, positive predictive value, negative
predictive value, and accuracy rate were calculated using
a simple 2 x 2 table.

RESULTS

Differential Gene Expression and Validation in
Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

Of the 44,699 protein coding and 22,829 nonprotein
coding transcripts on the Human Transcriptome 2.0
GeneChip Array, 902 statistically significant mRNA
transcripts were differentially expressed, with a greater
than 1.3-fold difference, between epithelioid mesothelioma
and pulmonary adenocarcinoma (Fig. 1). Hierarchical
clustering of 426 protein coding mRNA transcripts
revealed 197 upregulated mRNA transcripts in epithelioid
mesothelioma, including CALB2, WTI1, DAB2, and
Intelectin-1, and 229 upregulated mRNA transcripts in
pulmonary adenocarcinoma, including CEACAMG6 and
NAPSA (Fig. 2; Supplementary Table S1, Supplemental
Digital Content 1, http://links.lww.com/PAS/A504).

Real-time RT-PCR showed relative mRNA
expression of DAB2 and Intelectin-1 was significantly
higher in epithelioid mesothelioma than that in pulmo-
nary adenocarcinoma (data not shown). Western blot
analysis showed DAB2 and Intelectin-1 protein
expression in all 5 commercially available mesothelioma
cells lines with an electrophoretic band of 80kDa with
DAB?2 and 1 or 2 electrophoretic bands in the range of 30
to 40 kDa with the Intelectin-1 antibody (Fig. 3).

Immunohistochemical Expression Profiles in
Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

The expression of positive mesothelioma markers
are summarized in Table 1 and the representative images
for DAB2 and Intelectin-1 expression in epithelioid
mesothelioma and pulmonary adenocarcinoma are pre-
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Epithelioid mesothelioma

' cdqus CEACAMG

? s w 1

Pulmonary adenocarcinoma

FIGURE 1. Scatter plot diagram showing differential ex-
pression of various genes between epithelioid mesothelioma
and pulmonary adenocarcinoma. Note, DAB2 and Intelectin-1
locate toward the epithelioid mesothelioma, in addition to
previously known mesothelioma positive markers, CALB2
(calretinin) and WT1, while NAPSA (Napsin-A) and CEACAM6
(major gene for CEA), positive pulmonary adenocarcinoma
markers, locate towards pulmonary adenocarcinoma.

sented in Figures 4 and 5, respectively. The staining pat-
tern for each marker in 2 tumor types is described in the
following sections.

Array |.|-:) EMI EM2Z EM4 EMS EM3 EM6 PACE PACT PACID PACII PACY PACI2
Epithelioid mesothelioma  Pulmonary adenocarcinoma

FIGURE 2. Supervised hierarchical clustering of differentially
expressed genes between epithelioid mesothelioma and
pulmonary adenocarcinoma. The hierarchical clustering of
426 protein coding mRNA transcripts revealed 197 upregu-
lated mRNA transcripts in epithelioid mesothelioma and 229
upregulated mRNA transcripts in pulmonary adenocarcinoma.
See detailed data in Supplementary Table S1 (Supplemental
Digital Content 1, http://links.lww.com/PAS/A504).
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FIGURE 3. Western blot showing DAB2 and Intelectin-1 ex-
pression in mesothelioma cell lines. DAB2 expression is present
in all 5 mesothelioma cell lines as a single band; however,
Intelectin-1 expression is present as either a single or double
band.

DAB2 and Intelectin-1 Expression

The expression of DAB2 and Intelectin-1 was lo-
calized in the cytoplasm of tumor cells in epithelioid
mesothelioma cases. Positive DAB2 expression was ob-
served in 60 of 75 epithelioid mesotheliomas (80.0%) and
2 of 67 pulmonary adenocarcinomas (3.0%). In half of
epithelioid mesotheliomas, DAB2 immunoreactivity was
generally strong and diffuse (score 3+). In contrast,
pulmonary adenocarcinomas showing DAB2 expression
was focal (score 1+). In addition, DAB2 expression in
alveolar macrophages in pulmonary adenocarcinomas
was a helpful internal positive control. Positive Intelectin-
1 expression was observed in 57 of 75 epithelioid meso-
theliomas (76.0%), with most of them showing score 3 +,
whereas none of the 67 pulmonary adenocarcinomas were
positive for Intelectin-1.

Calretinin, D2-40, and WT1 Expression

Positive calretinin expression was recorded for 74 of
75 epithelioid mesotheliomas (98.7%) and 17 of 67
pulmonary adenocarcinomas (25.4%). In epithelioid
mesotheliomas, immunoreactivity was generally strong
and diffuse (score 3+). In contrast, staining score in
pulmonary adenocarcinomas was 1+ and 2+. There
were no score 3+ cases in pulmonary adenocarcinomas.
Positive D2-40 expression was observed in 71 of 75 epi-
thelioid mesotheliomas (94.7%), with most of them
showing score 3+, whereas only 7 pulmonary ad-
enocarcinomas (10.4%) were focally positive (score 1+
and 2+) for D2-40. Positive WTI1 expression was re-
corded in 62 of 75 epithelioid mesotheliomas (82.7%),
whereas none of 67 pulmonary adenocarcinomas (0%)
were positive for WTI.

Sensitivity and Specificity of Each Marker for
Differential Diagnosis of Epithelioid
Mesothelioma and Pulmonary Adenocarcinoma
The sensitivity and specificity of each marker for the
differential diagnosis between epithelioid mesothelioma
and pulmonary adenocarcinoma are shown in Table 2.
Sensitivity of Intelectin-1 (76%) was lowest among 5
positive markers; however, its specificity (100%) was ab-
solute. Sensitivity (80.0%) and specificity (97.0%) of
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TABLE 1. Immunohistochemical Findings for Epithelioid Mesothelioma and Pulmonary Adenocarcinoma

Epithelioid Mesothelioma

Pulmonary Adenocarcinoma

Immunoreactivity Score*

Immunoreactivity Score*

Marker n/N (%) 0 1+ 2+ 3+ n/N (%) 0 1+ 2+ 3+
DAB2 60/75 (80.0) 15 12 18 30 2/67 (3.0) 65 2 0 0
Intelectin-1 57/75 (76.0) 18 17 4 36 0/67 (0) 67 0 0 0
Calretinin 74/75 (98.7) 1 7 2 65 17/67 (25.4) 50 10 7 0
Podoplanin (D2-40) 71/75 (94.7) 4 5 6 60 7/67 (10.4) 60 5 2 0
WTI1 62/75 (82.7) 13 18 7 37 0/67 (0) 67 0 0 0

*0, negative; 1+, <10% positive; 2+, 10% to 50% positive; 3+, 50% < positive.

DAB2 were nearly those of WT1. Specificity of calretinin
(74.6%) was lowest among 5 markers.

DISCUSSION

Pathologically, the role of immunohistochemistry in
distinguishing pleural epithelioid mesothelioma from
pulmonary adenocarcinoma has received much attention
especially in the last 20 years. Currently, there are many
immunohistochemical markers available for distinguish-
ing epithelioid mesothelioma from pulmonary ad-
enocarcinoma. Among these, calretinin, cytokeratin 5/6,
podoplanin (D2-40), and WTI are the preferred positive
markers for epithelioid mesothelioma. Carcinoembryonic
antigen (CEA), MOC31 (epithelial-related antigen), Ber-
EP4, BG-8, thyroid transcription factor-1, claudin-4, and
napsin-A are the preferred positive markers for pulmo-
nary adenocarcinoma. The IMIG 2012 guidelines rec-
ommended the consideration of 2 mesothelial and 2
carcinoma markers, based on morphology at initial ob-
servation.” In practice, immunohistochemical examina-
tion, most laboratories use calretinin, D2-40, and WTI
for diagnosis of epithelioid mesothelioma. However,
pathologists must interpret the results of staining by these
markers carefully, as specificity of calretinin (74.6% in
this study, 90% to 95% in IMIG 2012 guidelines) and
D2-40 (88.9% in this study, up to 85% in IMIG 2012
guidelines) is not absolute; additionally, WT1 shows low
sensitivity (82.7% in this study, approximately 90% to
100% in IMIG 2012 guidelines). Therefore, novel positive
immunohistochemical markers, other than calretinin, D2-
40, or WT1, are necessary for increasing the accuracy of
epithelioid mesothelioma diagnosis.

Recent development of molecular techniques enabled
gene expression analysis from RNA extracted from archival
FFPE tumor tissues using GeneChip technology. This
method is very useful to find new diagnostic markers, es-
pecially in rare tumors, including malignant mesothelioma.
We have recently reported the identification of a novel
marker, MUC4, for differentiating pleural sarcomatoid
mesothelioma from pulmonary sarcomatoid carcinoma by
analyzing gene expression data from a gene chip micro-
array.® In this study, we performed gene expression mi-
croarray analysis of 6 cases of mesothelioma and 6 cases of
pulmonary adenocarcinoma to identify differentially ex-
pressed gene products in epithelioid mesothelioma and
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pulmonary adenocarcinoma. We found that the expression
of DAB2 and Intelectin-1 in epithelioid mesothelioma
was significantly higher than that in pulmonary ad-
enocarcinoma and this was validated by real-time RT-PCR
analysis of mRNA extracted from the same tissue source
and Western blot analysis of proteins extracted from mes-
othelioma cell lines. Immunohistochemical analysis showed
that expression of DAB2 and Intelectin-1 in epithelioid
mesotheliomas was significantly higher than that in
pulmonary adenocarcinomas. These novel positive meso-
thelial markers, DAB2 and/or Intelectin-1, contribute in
accurate mesothelioma diagnosis, in addition to known
positive markers (calretinin, D2-40, and WTI1). In the
present study, we analyzed gene expression analysis of only
6 cases of epithelioid mesothelioma and 6 cases of pulmo-
nary adenocarcinoma, and found many differentially
expressed genes mentioned in Supplementary Table Sl
(Supplemental Digital Content 1, http://links.lww.com/
PAS/A504). As the analysis of substantially larger number
will make these findings more credible, we plan to include
more cases in the future.

DAB2, a mitogen-responsive phosphoprotein, is
expressed in normal ovarian epithelial cells, but is down-
regulated or absent from ovarian carcinoma cell lines, sug-
gesting its role as a tumor suppressor.” Decreased DAB2
expression has been reported in various human cancers,
including esophageal,’® lung,!' ovarian,” prostate,'?> and
breast'3 cancers. DAB2 downregulation in these cancers
were reported partly due to miRNA targeting DAB2!%-14 or
promoter hypermethylation.!>!> However, the biological
significance or expression of DAB2 has not yet been re-
ported in malignant mesothelioma. In the present study, we
found increased expression of DAB2 in epithelioid meso-
thelioma compared with that in pulmonary adenocarcinoma
by gene expression microarray analysis. We also confirmed
this increased expression of DAB2 in epithelioid meso-
thelioma by real-time RT-PCR and western blot. From the
differential analysis of DAB2 expression between epithelioid
mesothelioma and pulmonary adenocarcinoma by immuno-
histochemical study, we found higher sensitivity and speci-
ficity in epithelioid mesothelioma of >80%. In 2 of the 67
cases of pulmonary adenocarcinoma, DAB2 expression was
identified in tumor cells but with a low immunoreactivity
score. DAB2 expression in pulmonary adenocarcinomas was
present in inflammatory cell infiltration, mainly macro-
phages; therefore, precaution must be taken by the physician
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FIGURE 4. DAB2 and Intelectin-1 expression in epithelioid mesothelioma. Various histomorphologic patterns of epithelioid
mesothelioma showing prominent expression of DAB2 (middle column) and Intelectin-1 (right column). Each row shows epi-
thelioid mesothelioma with corresponding DAB2 and Intelectin-1 immunohistochemistry.

when interpreting pulmonary adenocarcinoma results for
DAB?2 expression.

Human Intelectin-1, also known as omentin, is a
galactose-binding lectin that is usually expressed in the
heart and small intestine as a host defense lectin that
binds to bacterial galactofuranose.!® Intelectin-1 is mainly
expressed in the intestinal goblet cells and omentum, and
occasionally in the thymus, bronchus, heart, liver, kidney
collecting tubule cells, bladder umbrella, and mesothelial
cells.!” Recently, the overexpression of Intelectin-1 in
human malignant pleural mesothelioma and its secretion
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into pleural effusions indicated toward it being a potential
biomarker.!”-!8 Tt was reported that Intelectin-1 was not
expressed in various cancers, except in some mucus-
producing adenocarcinomas.!® In the present study, we
observed high expression of Intelectin-1 mRNA in epi-
thelioid mesothelioma, definite expression of Intelectin-1
in mesothelioma cell lines by western blot analysis, and in
57 of 75 mesothelioma tissue samples by immuno-
histochemical analysis. In addition, we also found
Intelectin-1 expression in non-neoplastic mesothelial
lining cells and goblet cells in bronchi and bronchioles
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FIGURE 5. DAB2 and Intelectin-1 expression in pulmonary adenocarcinoma. Various histomorphologic patterns of pulmonary
adenocarcinoma showing no expression of DAB2 (middle column) and Intelectin-1 (right column). Each row shows pulmonary
adenocarcinoma with corresponding DAB2 and Intelectin-1 immunohistochemistry. There is focal reactivity of DAB2 in alveolar
macrophages and lymphocytes, which need to interpreted with care.

TABLE 2. Sensitivity and Specificity of Immunohistochemical

Positive Markers for Differential Diagnosis of Epithelioid

Mesothelioma from Pulmonary Adenocarcinoma

Immunohistochemical Markers Sensitivity (%) Specificity
INT-1+ 76.0 100
DAB2+ 80.0 97.0
Calretinin + 98.7 74.6
D2-40 + 94.7 89.6
WT-1+ 82.7 100

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.

(data not shown). No Intelectin-1 expression was recorded
in any pulmonary adenocarcinoma cases, confirming its
potential as a novel positive mesothelial marker. The
functional roles of DAB2 and Intelectin-1 expression in
epithelioid mesothelioma need further analysis, which is
beyond the scope of this study.

In conclusion, we identified 2 novel positive markers
of epithelioid mesothelioma, DAB2 and Intelectin-1, by
using gene expression microarray analysis and confirmed
their utility to differentiate epithelioid mesothelioma from
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pulmonary adenocarcinoma by immunohistochemical
study. Further validation of immunohistochemical stain-
ing of these markers by other institutes is warranted.
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MUC4, a novel immunohistochemical marker
identified by gene expression profiling,
differentiates pleural sarcomatoid
mesothelioma from lung sarcomatoid
carcinoma
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Sarcomatoid mesothelioma, a histological subtype of malignant pleural mesothelioma, is a very aggressive
tumor with a poor prognosis. Histological diagnosis of sarcomatoid mesothelioma largely depends on the
histomorphological feature of spindled tumor cells with immunohistochemical reactivity to cytokeratins.
Diagnosis also requires clinico-radiological and/or macroscopic evidence of an extrapulmonary location to
differentiate it from lung sarcomatoid carcinoma. Although there are promising immunohistochemical antibody
panels to differentiate mesothelioma from lung carcinoma, a consensus on the immunohistochemical markers
that distinguish sarcomatoid mesothelioma from lung sarcomatoid carcinoma has not been reached and
requires further study. We performed whole gene expression analysis of formalin-fixed paraffin-embedded tissue
from sarcomatoid mesothelioma and lung sarcomatoid carcinoma and observed significant differences in the
expression of MUC4 and other genes between sarcomatoid mesothelioma and lung sarcomatoid carcinoma.
Immunohistochemistry demonstrated that MUC4 was expressed in the spindled tumor cells of lung sarcomatoid
carcinoma (21/29, 72%) but was not expressed in any sarcomatoid mesothelioma (0/31, 0%). To differentiate
sarcomatoid mesothelioma from lung sarcomatoid carcinoma, negative MUC4 expression showed 100%
sensitivity and 72% specificity and accuracy rate of 87%, which is higher than immunohistochemical markers
such as calretinin, D2-40 and Claudin-4. Therefore, we recommend to include MUC4 as a novel and useful
negative immunohistochemical marker for differentiating sarcomatoid mesothelioma from lung sarcomatoid
carcinoma.
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Malignant pleural mesothelioma, a highly aggressive ~ and sarcomatoid mesothelioma.? The International

tumor with a poor prognosis, is strongly associated
with asbestos exposure; its incidence is increasing in
Japan and Western countries and is expected to
increase in developing countries.! It is histologically
classified into three subtypes: epithelioid, biphasic,
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Mesothelioma Interest Group (IMIG) has published
guidelines for the differential diagnosis of epithelioid
mesothelioma from lung adenocarcinoma and squa-
mous cell carcinoma using immunohistochemical
antibody panels of mesothelioma markers (calretinin,
D2-40, WT1, cytokeratin 5/6), lung adenocarcinoma
markers (CEA, TTF-1, Napsin-A, MOC-31, BerEP4,
BG8, B72.3) and lung squamous carcinoma markers
(p63, p40, MOC-31, Ber-EP4, cytokeratin 5/6).2
However, a consensus on the immunohisto-
chemical markers that differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma
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has not been reached and requires further study. The
histological diagnosis of sarcomatoid mesothelioma
largely depends on the histomorphological feature of
spindled tumor cells supported by immunohisto-
chemical cytokeratin reactivity; it also requires
clinico-radiological and/or macroscopic evidence of
an extrapulmonary location. The immunohistochem-
ical markers for lung adenocarcinoma and squamous
carcinoma are not useful for diagnosing lung
sarcomatoid carcinoma. To date, D2-40 and calreti-
nin are two commonly used positive mesothelial
markers expressed in sarcomatoid mesothelioma.*~”
However, without convincing calretinin and D2-40
positivity, it is difficult to differentiate sarcomatoid
mesothelioma from sarcomatoid carcinoma. In pre-
vious reports, including ours, high D2-40 sensitivity
has been reported to differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma;
however, D2-40 specificity is not perfect.®” There-
fore, the clinico-radiological identification of tumor
location at the extrapulmonary site remains essential
to differentiate between these two diseases.

In recent decades, gene expression profiling has
been used in many cancers to identify the pathways
involved in malignant transformation and to identify
novel candidate diagnostic and prognostic markers.
We have recently reported the application of gene
expression analysis to identify novel markers differ-
entiating epithelioid mesothelioma from reactive
mesothelial hyperplasia by PCR array.? Although
gene expression analysis requires specimens with a
high proportion of tumor cells containing good
quality RNA, we successfully analyzed the RNA
extracted from formalin-fixed paraffin-embedded
samples.

The aim of this study was to perform gene
expression analysis on spindled tumor cells dis-
sected from formalin-fixed paraffin-embedded tissue
of sarcomatoid mesothelioma and lung sarcomatoid
carcinoma. Our gene expression microarray data
identified several novel genes that are differentially
expressed between sarcomatoid mesothelioma and
lung sarcomatoid carcinoma, and of these, we
validated MUC4 as a novel and useful negative
immunohistochemical marker differentiating sarco-
matoid mesothelioma from lung sarcomatoid
carcinoma.

Materials and methods
Formalin-Fixed Paraffin-Embedded Tissue Samples

Sarcomatoid mesothelioma and lung sarcomatoid
carcinoma cases were retrieved from surgical pathol-
ogy archives of our department during 2005-2014.
The clinical details were also reviewed from the
patient record files. The location of tumor was
confirmed by reviewing clinical information (espe-
cially chest computed tomography findings to con-
firm the tumor localization), gross findings and
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reviewing histological sections stained with H&E
and Elastica van Gieson. All lung sarcomatoid
carcinoma cases in this study were located in the
pulmonary parenchyma, which was confirmed by
radiological, thoracoscopic and operative findings.
None of the lung sarcomatoid carcinoma showed
diffuse pleurotropic growth pattern described as
‘pseudomesotheliomatous growth’.  Sarcomatoid
mesothelioma was located in extrapulmonary site
showing dominant pleurotrophic growth pattern
without obvious tumor mass in lung parenchyma.
Pathological diagnosis of each case was confirmed
by histological findings and immunohistochemical
marker panel recommended by Guidelines for
Pathologic Diagnosis of Malignant Mesothelioma-
2012 Update of the Consensus Statement from the
International Mesothelioma Interest Group® and
current 2015 WHO histological classification of
tumours of the lung, pleura, thymus and heart.?
Sarcomatoid mesothelioma is characterized by a
proliferation of spindle cells arranged in fascicles
or having a haphazard distribution involving adja-
cent adipose tissue, parietal pleura or lung
parenchyma.® Lung sarcomatoid carcinoma is a
poorly differentiated non-small cell lung carcinoma
that contains a component of sarcoma or sarcoma-
like (spindle and/or giant cell) differentiation. Lung
sarcomatoid carcinoma is a group of five types of
carcinomas based on specific histological criteria
and described as giant cell carcinoma, pleomorphic
carcinoma, carcinosarcoma, spindle cell carcinoma
and pulmonary blastoma. Of these, spindle cell
carcinoma and pleomorphic carcinoma with predo-
minant spindle cell component requires the differ-
entiation from sarcomatoid mesothelioma. The
number of patients who were diagnosed as sarcoma-
toid mesothelioma and lung sarcomatoid carcinoma
after surgical resection and/or autopsy examination
in Hiroshima University Hospital during 2005-2014
were 35 and 34 respectively, suggesting similar
frequencies of their incidence. Localization of four
cases of sarcomatoid mesothelioma and five cases of
lung sarcomoid carcinoma could not be confirmed
and thus were excluded from this study. Finally, 31
cases of sarcomatoid mesothelioma and 29 cases of
lung sarcomatoid carcinoma were analyzed in the
present study. Sarcomatoid mesothelioma included
25 cases of pure sarcomatoid growth (pure sarcoma-
toid mesothelioma) and 6 cases of biphasic mesothe-
lioma showing predominantly sarcomatoid growth.
Lung sarcomatoid carcinoma included 5 cases of
spindle cell carcinoma and 24 of pleomorphic
carcinoma with predominant spindle cell carcinoma
component. Minor foci of squamous cell carcinoma
and adenocarcinoma component were present in 5
and 19 cases of pleomorphic carcinoma. Carcinosar-
coma, giant cell carcinoma and pulmonary blastema
were not included in this study.

The anonymized (unlinkable) tissue samples were
provided by the Department of Pathology for gene
expression analysis and immunohistochemical



study. This study is in accordance with the Ethics
Guidelines for Human Genome/Gene Research
enacted by the Japanese Government for the collec-
tion of tissue specimens and was approved by the
institutional ethics review committee (Hiroshima
University E-48).

Gene Expression Analysis

Formalin-fixed paraffin-embedded sections from six
cases of sarcomatoid mesothelioma and six cases of
lung sarcomatoid carcinoma were used for gene
expression analysis. RNA extraction for gene expres-
sion analysis was performed from the spindled
tumor cells of these cases. Five 10-pm-thick
formalin-fixed paraffin-embedded tissue sections
containing >90% spindled tumor tissue were
processed for total RNA extraction using the Max-
well 16 LEV RNA FFPE Purification Kit (Promega,
Tokyo, Japan) according to the manufacturer’s pro-
tocol. After deparaffinization and lysis with protei-
nase K treatment, the samples were treated with a
DNase cocktail for 15 min at room temperature,
followed by RNA purification using a MAXWELL
16 instrument according to the manufacturer’s
protocol (Promega).

RNA quality was analyzed with an RNA StdSens
Analysis kit using an Experion automated electro-
phoresis system (Bio-Rad Laboratories, Hercules,
CA, USA). RNA quantity was estimated with a Qubit
RNA HS Kit using a Qubit Fluorometer 2.0 (Mole-
cular Probes/Life Technologies, Carlsbad, CA, USA).
The Almac Xcel Array GeneChip (Affymetrix, Santa
Clara, CA, USA) contains probe sets of >97 000
transcripts and was used to analyze gene expression
profiles. Total RNA was amplified and labeled with a
3’ IVT Labeling Kit (Affymetrix) before hybridization
onto the GeneChip. Briefly, 100 ng total RNA was
amplified with a SensationPlus FFPE Amplification
Kit (Affymetrix) to generate 30pg of SenseRNA
according to the manufacturer’s protocol. Twenty-
five micrograms of SenseRNA was labeled with a 3’
IVT Labeling Kit (Affymetrix) and hybridized to a
Almac Xcel Array GeneChip (Affymetrix) at 45 °C for
16h using a GeneChip Hybridization Oven 645
(Affymetrix). The hybridized GeneChip was washed,
stained using GeneChip Fluidic Station 450 (Affy-
metrix) and scanned with a GeneChip Scanner 3000
7G (Affymetrix) using the GeneChip Operating Soft-
ware (Affymetrix). The data were analyzed using the
Gene Expression Console Software (Affymetrix), and
further statistical analyses were performed using the
Subio Software Platform (Subio, Amami-shi, Japan)
to calculate plot graphs, fold change of expression
and hierarchical clustering.

Validation of Gene Expression Analysis

The same 12 cases of sarcomatoid mesothelioma and
lung sarcomatoid carcinoma that were analyzed for
gene expression profiling were used to validate the
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microarray expression data. The relative mRNA
expression of MUCY4, a highly expressed gene in
lung sarcomatoid carcinoma, and IGF2, highly
expressed in sarcomatoid mesothelioma, was
assessed with SYBR Green-based real-time RT-PCR
using GAPDH as a control. A total of 100 ng RNA was
used for mRNA expression with a one-step SYBR
Green RT-PCR Kit (Takara-Bio, Tokyo, Japan) using a
MX3000P real-time PCR thermal cycler (Stratagene,
Agilent Technologies, Tokyo, Japan). The primer
pairs used were MUC4-F: CAGGCCACCAACTTCA
TCG; MUC4-R: ACACGGATTGCGTCGTGAG; IGFz2-
F: GTGGCATCGTTGAGGAGTG; IGF2-R: CACGTCC
CTCTCGGACTTG; GAPDH-F: ACAACTTTGGTATC
GTGGAAGG; and GAPDH-R: GCCATCACGCCA
CAGTTTC. Data analysis was performed using the
88CT method for relative quantification. Briefly,
threshold cycles (CT) for GAPDH (reference) and
MUC4, IGF2 (samples) were determined in triplicate.

The relative expression (rl) was calculated using the
formula: rI=2- (CT sample — CT normal)

Immunohistochemistry

Immunohistochemistry was performed using 3-pm
tissue sections from the best representative formalin-
fixed paraffin-embedded sarcomatoid mesothelioma
and lung sarcomatoid carcinoma tissue blocks. All of
the immunohistochemical staining was performed
with a Benchmark GX automated immunohisto-
chemical station (Ventana, Roche Diagnostics, Tokyo,
Japan) using the ultraView Universal DAB Detection
Kit (Ventana, Roche Diagnostic, Tokyo, Japan). The
antigen retrieval methods and antibodies used in this
study are summarized in Table 1. Immunoreactivity
was scored as negative (0, no immunostaining) or
positive. Positive immunoreactivity was graded as +1
for up to 10% of tumor cells showing positive
immunostaining, +2 for >10-50% of the tumor cells,
and +3 for >50% of the tumor cells. Only spindled
tumor cells from sarcomatoid mesothelioma and lung
sarcomatoid carcinoma were evaluated for the
immunoreactivity of various markers. Statistical
analyses were performed using Fisher’s exact test.
Sensitivity, specificity, positive predictive value,
negative predictive value and accuracy rate were
calculated using a simple 2 x 2 table.

Results

Differential Gene Expression and Validation in
Sarcomatoid Mesothelioma and Lung Sarcomatoid
Carcinoma

Out of the 97000 analyzable transcripts on the
Almac Xcel Array GeneChip, 2099 statistically
significant mRNA transcripts were differentially
expressed between sarcomatoid mesothelioma
and lung sarcomatoid carcinoma by a more than a
two-fold difference (Figure 1, plot graph). The
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Table 1 List of antibodies with their clone, commercial source and reaction conditions

Antibody to Clone Provider Dilution Antigen retrieval
MUC4 8G7 Santa Cruz Biotechnology x 25 CC1, 60 min
Calretinin SP65 Ventana Prediluted CC1, 30 min
Podoplanin D2-40 Nichirei Prediluted CC1, 60 min
WT1 6F-H2 Dako x 25 CC1, 60 min
Pancytokeratin AE1/AE3 Ventana Prediluted Protease 8 min
Cytokeratin CAMS5.2 Ventana Prediluted Protease 8 min
p40 BC28 Biocare Medical x50 CC1, 60 min
TTF-1 SP141 Ventana Prediluted CC1, 60 min
Claudin-4 3E2C1 Life Technologies x 50 CC1, 60 min

Abbreviation: CC1, cell conditioning buffer 1 (Tris-based buffer, pH 8.5 from Ventana).
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Figure 1 Scatter plot of raw data from the microarray experiments
demonstrating MUC4 and CLDN4 with lower expression and
IGF2, CLIC4 and SPARC4 with higher expression in sarcomatoid
mesothelioma compared with that of lung sarcomatoid carcinoma.

hierarchical clustering of mRNAs with more than a
five-fold difference in expression revealed 156
upregulated mRNA transcripts, including IGF2,
MEG3, CLIC4 and SPARC, in sarcomatoid mesothe-
lioma and 46 upregulated mRNA transcripts, includ-
ing MUC4 and Claudin4, in lung sarcomatoid
carcinoma (Figure 2, hierarchical -clustering;
Supplementary Table S1). The mRNA expression
hits were validated by real-time RT-PCR of MUCH4
and IGF2. MUC4 mRNA expression was negligible in
all six sarcomatoid mesothelioma, and the expres-
sion was observed in five of the six lung sarcomatoid
carcinoma samples. IGF2 mRNA was expressed in
all of the sarcomatoid mesothelioma samples,
although it was also expressed in three of the six
lung sarcomatoid carcinoma samples (detailed data
not shown).

Immunohistochemical Profiles of Sarcomatoid
Mesothelioma and Lung Sarcomatoid Carcinoma

The percentage of positivity and immunohistochem-
ical score for MUC4, mesothelioma markers
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Figure 2 The hierarchical clustering of RNA transcripts with more
than five-fold differential expression between sarcomatoid
mesothelioma and lung sarcomatoid carcinoma revealed 156
upregulated mRNA transcripts, including IGF2, MEG3, CLIC4
and SPARC, in sarcomatoid mesothelioma and 46 upregulated
mRNA transcripts, including MUC4 and Claudin4, in lung
sarcomatoid carcinoma.

(calretinin, D2-40, WT1) and lung carcinoma mar-
kers (TTF-1, p40, Claudin-4) along with the cytoker-
atins AE1/AE3 and CAMS5.2 are shown in Table 2.

MUC4 Expression

MUC4 expression was observed in the cytoplasm of
tumor cells, and the positivity of spindled tumor
cells alone was evaluated. MUC4 was also observed
in the surrounding normal lung tissue, particularly
in bronchial tissue, and was considered an internal
positive marker. It was expressed in spindled tumor
cells of 21 lung sarcomatoid carcinoma (21/29, 72%;
Figure 3b) but none in sarcomatoid mesothelioma
(0/31, 0%; Figure 4b). In addition to spindled tumor
cells of lung sarcomatoid carcinoma, MUC4 was also
expressed in the non-small cell carcinoma compo-
nent consisting of adenocarcinoma or squamous cell
carcinoma in pleomorphic carcinoma. Among lung
sarcomatoid carcinoma, 3 cases showed expression
in >50% of tumor cells, 9 cases in 10-50% of tumor
cells and 9 cases in < 10% of tumor cells. Out of the
21 lung sarcomatoid carcinoma cases with MUC4
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Table 2 Potential immunohistochemical markers for sarcomatoid mesothelioma and lung sarcomatoid carcinoma

Sarcomatoid mesothelioma Lung sarcomatoid carcinoma

Immunohistochemical score? Immunohistochemical score?

Antibody Positive cases (%) 0 1+ 2+ 3+  Positive cases (%) 0 1+ 2+ 3+  P-value® P-value®
MUC4 0/31 0 31 0 0 0 21/29 72 8 9 9 3 <0.01 <0.01
Calretinin 23/31 74 8 7 11 5 13/29 45 16 5 6 2 < 0.05 < 0.05
D2-40 22/31 71 9 9 12 1 9/29 31 20 9 0 0 <0.01 <0.01
WT1 6/31 19 25 5 1 0 1/29 3 28 1 0 0 NS NS
AE1/AE3 29/31 94 2 2 8 19 29/29 100 0 5 2 22 NS NS
CAMS5.2 28/31 90 3 1 8 19 28/29 97 1 6 5 17 NS NS
TTF-1 0/31 0 31 0 0 0 15/29 52 14 0 4 11 <0.01 <0.01
p40 2/31 7 29 2 0 0 6/29 21 23 0 3 3 NS NS
Claudin-4 0/31 0 31 0 0 0 13/29 45 16 4 5 4 <0.01 <0.01

Abbreviations: NA, not available; NS, not significant; TTF-1, thyroid transcription factor; WT1, Wilms’ tumor gene product.
8Calculated by Fisher’s exact test of the positive rate between two groups.

bCalculated by the Mann—-Whitney U-test of reactivity scores of the markers between two groups.

“Immunohistochemical score was semiquantified as follows: 0: 0%; 1+: 1-10%; 2+: 11-50%; 3+: >51% of spindled tumor cells.

expression, p40 expression was observed only in 3
cases, TTF-1 in 12 cases and Claudin-4 in 10 cases.
Of the nine lung sarcomatoid carcinoma cases
without MUC4 expression, p40 expression was
observed in three cases, TTF-1 in three cases and
Claudin-4 in three cases.

Calretinin, D2-40 and WT1

Calretinin was expressed in the nucleus and cyto-
plasm of spindled tumor cells of 23 (74%) sarcoma-
toid mesothelioma and 13 (45%) lung sarcomatoid
carcinoma samples, and D2-40 was expressed in the
spindled tumor cells of 21 (71%) sarcomatoid
mesothelioma and 9 (31%) lung sarcomatoid carci-
noma. The immunohistochemical scoring pattern for
calretinin expression was not different between
sarcomatoid mesothelioma and lung sarcomatoid
carcinoma. However, the immunohistochemical
scoring pattern for D2-40 expression showed a
higher score in sarcomatoid mesothelioma than in
lung sarcomatoid carcinoma. WT1 nuclear expres-
sion was present in only 6 (19%) sarcomatoid
mesothelioma and 1 (3%) lung sarcomatoid carci-
noma, revealing it to be a poor immunohistochem-
ical marker to  differentiate = sarcomatoid
mesothelioma from lung sarcomatoid carcinoma.

TTF-1, p40, Claudin-4

Nuclear expression of TTF-1 and P40 was observed
in 15 (52%) and 6 (21%) cases of lung sarcomatoid
carcinoma, respectively. TTF-1 expression was not
observed in sarcomatoid mesothelioma, but p40
expression was observed in 2 (7%) sarcomatoid
mesothelioma cases. TTF-1 and/or p40 immunor-
eactivity was present in 19 of the 29 (66%) cases of

lung sarcomatoid carcinoma and 2 of the 31 (7%)
cases of sarcomatoid mesothelioma. Claudin-4 and/
or TTF-1/p40 immunoreactivity was present in 25 of
the 29 (86%) of lung sarcomatoid carcinoma and 2 of
the 31 (7%) cases of sarcomatoid mesothelioma.
However, p40 expression in sarcomatoid mesothe-
lioma was focal and heterogeneous with an immu-
nohistochemical score of 1.

Cytokeratins, AE1/AE3, CAM5.2

Cytokeratin AE1/AE3 and CAM5.2 expression was
present in >90% of both lung sarcomatoid carci-
noma and sarcomatoid mesothelioma samples. The
majority of sarcomatoid mesothelioma and lung
sarcomatoid carcinoma cases showed the expression
of both cytokeratins, and the remaining two lung
sarcomatoid carcinoma cases and one sarcomatoid
mesothelioma case expressed at least one of the two
cytokeratins.

Sensitivity and Specificity of Each Marker to
Differentially Diagnose Sarcomatoid Mesothelioma
and Lung Sarcomatoid Carcinoma

The sensitivity, specificity, positive predictive value,
negative predictive value and accuracy rate of each
marker differentiating sarcomatoid mesothelioma
from lung sarcomatoid carcinoma are shown in
Table 3. The negative expression of the carcinoma
markers TTF-1 and Claudin-4 showed 100% sensi-
tivity, whereas p40 showed 94%; however, their
specificity was restricted around or below 50%. The
positive expression of calretinin showed 74% sensi-
tivity and 55% specificity, and D2-40 showed 71%
sensitivity and 69% specificity. Although WT1
showed the highest specificity of 97%, its sensitivity
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Figure 3 Representative pictures of immunohistochemical expression of MUC4 (b), Calretinin (c), D2-40 (d), Claudin-4 (e) and AE1/AE3
(f) from sarcomatoid mesothelioma (a). None of the sarcomatoid mesotheliomas showed immunohistochemical MUC4 expression.

was < 20%. AE1/AE3 and CAM5.2 showed high 94
and 90% sensitivities and near 0% specificity. In
comparison to all of these known immunohisto-
chemical markers, negative expression of MUC4

showed 100% sensitivity and 72% specificity,
making the accuracy rate of 87%, the highest among
these immunohistochemical markers.
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Value of Inmunohistochemical Marker Panel to
Differentially Diagnosis Sarcomatoid Mesothelioma
and Lung Sarcomatoid Carcinoma

MUC4 showed the highest sensitivity and specificity
among the immunohistochemical markers for differ-
entiatiation of sarcomatoid mesothelioma from lung
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Figure 4 Representative pictures of immunohistochemical MUC4 expression (b), Calretinin (c), D2-40 (d), Claudin-4 (e) and AE1/AE3 (f) of
lung sarcomatoid carcinoma (a). Twenty-one of the 29 (72%) lung sarcomatoid carcinomas exhibited cytoplasmic expression of MUC4.

sarcomatoid carcinoma. However, the specificity
was 72%. Therefore, a combination of various
markers was considered. Various combinations of
immunohistochemical markers are shown in
Table 4. Among the negative immunohistochemical
markers, combination of MUC4, TTF-1 and p40 was

observed in 26 of the 29 lung sarcomatoid carcinoma
cases (90% specificity) and 2 of the 31sarcomatoid
mesothelioma cases (93% sensitivity). Combination
of MUC4 and Claudin-4 expression was found in
24 of the 29 lung sarcomatoid carcinoma cases
(83% specificity) and none of the sarcomatoid
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Table 3 Sensitivity, specificity, PPV, NPV and accuracy rate of each antibody to differentially diagnose sarcomatoid mesothelioma from

lung sarcomatoid carcinoma

Findings Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy rate (%) P-value
MUC4 (=) 100 72 80 100 87 <0.01
Calretinin (+) 74 55 64 67 65 <0.05
D2-40 (+) 71 69 71 69 70 <0.01
WT1 (+) 19 97 86 53 57 NS
AE1/AE3 (+) 94 0 50 0 48 NS
CAMS5.2 (+) 90 3 50 25 48 NS
TTF-1 (=) 100 52 69 100 77 <0.01
p40 (=) 94 21 56 75 58 NS
Claudin-4 (=) 100 45 66 100 73 < 0.01

Abbreviations: NPV, negative predictive value; NS, not significant; PPV, positive predictive value.

Table 4 Sensitivity, specificity, PPV, NPV and accuracy rate of two or more markers to differentially diagnose sarcomatoid mesothelioma

from lung sarcomatoid carcinoma

Immunohistochemical markers Sensitivity (%)  Specificity (%) PPV (%) NPV (%) Accuracy rate (%) P-value
p40 (- )/TTF-1 (-) 94 66 74 91 80 <0.01
Claudin-4 (-)/TTF-1 [—)/p40 (=) 94 90 91 93 92 <0.01
Claudin-4 (- )/TTF-1 (=) 100 83 86 100 92 <0.01
MUC4 (-)/TTF-1 (—)/p40 (=) 94 93 94 93 93 <0.01
MUC4 (-)/Claudin-4 (-) 100 83 86 100 92 <0.01
MUC4 (=)/TTF-1 (-)/Claudin-4 (=) 100 90 91 100 95 <0.01
MUC4 (- )/TTF-1 (- )/p40 (-)/Claudin-4 94 97 97 93 95 <0.01

(=)

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

mesothelioma cases (100% sensitivity). The combi-
nation of MUC4, TTF-1 and Claudin-4 was observed
in 26 of the 29 lung sarcomatoid carcinoma cases
(90% specificity) and 0 of the 31 sarcomatoid
mesothelioma cases (100% sensitivity).

Discussion

Sarcomatoid mesothelioma has the histomorpholo-
gical feature of spindled tumor cells and resembles
many tumors with spindled cells, including true
sarcoma or sarcomatoid carcinomas. The immuno-
histochemical reactivity to cytokeratin remains cri-
tical to differentiate it from true sarcomas. However,
differentiating sarcomatoid mesothelioma from lung
sarcomatoid carcinoma is challenging, as the histo-
morphological and immunohistochemical character-
istics are extremely similar. For this reason, clinical
and/or gross evidence of an extrapulmonary location
is indispensable for its diagnosis. Although the
mesothelioma markers calretinin and D2-40 have
been utilized to differentiate sarcomatoid mesothe-
lioma from lung sarcomatoid carcinoma, they are not
absolute, as their sensitivity and specificity are not
sufficiently high. Although we previously reported
the sensitivity of calretinin (78%) and D2-40 (87%),
specificity was not high for calretinin (41%) and D2-
40 (74%).” Our past and present data on calretinin
and D2-40 were similar to reports by Ordonez et al*
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and Padgett et al.’ Considering the low specificity of
calretinin, D2-40 is considered the single most
important immunohistochemical marker for its dif-
ferentiation. However, in our practical experience, it
is still very difficult to interpret the reactivity of
D2-40 in these tumors, particularly in cases showing
prominent fibro-collagenous proliferation.

TTF-1, a lung adenocarcinoma marker, and p40, a
squamous cell carcinoma marker, have emerged as
useful markers for non-small cell lung carcinoma®®:1?
and are thus supposed to be expressed in pleo-
morphic lung carcinoma. TTF-1 might be identified
as a novel marker differentiating pleomorphic
carcinoma from sarcomatoid mesothelioma because
of its low expression in sarcomatoid mesothelioma.
However, in this study, despite their specificity of
100 or 94%, the sensitivity of TTF-1 (51%) and p40
(21%) are not good to distinguish sarcomatoid
mesothelioma and lung sarcomatoid carcinoma.
Though p40 expression is good marker of squamous
cell carcinoma, it has been also reported in a few
mesothelioma cases.'? In this study too, we observed
p40 expression in two sarcomatoid mesothelioma
cases but very focal and heterogeneous, unlike its
expression in squamous cell carcinoma. Claudin-4,
which is reported to be a very reliable universal
carcinoma marker differentiating epithelioid
mesothelioma from various carcinomas,?:14 showed
limited value in lung sarcomatoid carcinoma cases.
In this study, only half of lung sarcomatoid



carcinoma expressed Claudin-4, and its punctate
expression in the cytoplasm of spindled cells of lung
sarcomatoid carcinoma resembled that of the punc-
tate expression in the cytoplasm of sarcomatoid
mesothelioma. TTF-1, p40 and Claudin-4 expression
can be reliable markers for pleomorphic carcinomas
with a prominent carcinoma component, such as
adenocarcinoma or squamous cell carcinoma.

In this study, we analyzed all of the genes
expressed in sarcomatoid mesothelioma and lung
sarcomatoid carcinoma with the aim of identifying
novel markers for their differential diagnosis.
Although frozen tissue yields better and less degrad-
able RNA for gene expression analysis, we preferred
formalin-fixed paraffin-embedded tissue samples
because they included the microscopically identifi-
able spindle cell tumor tissue. For this analysis, we
have to amplify the small amount of RNA extracted
from the formalin-fixed paraffin-embedded tissue
before hybridization to the GeneChip. The Almac
Xcel GeneChip from Affymetrix, which we used
here, has been reported to produce identical results
to the GeneChip using RNA derived from frozen
tissue samples. In addition, it contains proprietary
Almac-sequenced data and filtered public data for
biomarker discovery and the validation of oncogene-
related transcripts for a much higher detection rate
in degraded samples.

From the differential expression analysis, a more
than five-fold expression change in IGF2, CLIC4 and
SPARC was observed in sarcomatoid mesothelioma,
and IGF2 expression was validated by real-time RT-
PCR. We did not uncover significant differential
expression of IGF2 between sarcomatoid mesothe-
lioma and lung sarcomatoid carcinoma (data not
shown). The discrepancy between the microarray
data and real-time RT-PCR data can be explained
because IGF2 mRNA expression on a microarray
chip is the relative expression between both lung
sarcomatoid carcinoma and sarcomatoid mesothe-
lioma but in a different quantity. We later investi-
gated the immunohistochemical expression IGF2,
CLIC4 and SPARC proteins in sarcomatoid mesothe-
lioma and lung sarcomatoid carcinoma. However,
there was no significant differential expression of
these proteins between lung sarcomatoid carcinoma
and sarcomatoid mesothelioma, limiting their
applicability as an immunohistochemical positive
marker of sarcomatoid mesothelioma.

In contrast, microarray gene expression analysis
showed increased expression of MUC4 in lung
sarcomatoid carcinoma compared with that of
sarcomatoid mesothelioma, and we found negligible
MUC4 mRNA expression in sarcomatoid mesothe-
lioma at the mRNA level. MUC4 stands for member
of mucin protein of high molecular weight
glycoprotein.’® It is expressed in various normal
epithelium of the respiratory tract, particularly in
the trachea and bronchi'® and in the epithelium of
the digestive and urogenital tracts.!’” MUC4 expres-
sion has been reported in various human
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carcinomas, including pancreatic,'® breast!® and
lung adenocarcinoma.?? Llinares et al*! reported
the diagnostic value of MUC4 expression in disting-
uishing epithelioid mesothelioma and lung adeno-
carcinoma. They found that MUC4 was expressed in
0 of the 41 epithelioid mesotheliomas and in 32 of
the 35 (91%) lung adenocarcinoma. To our knowl-
edge, this report has not been validated by other
laboratories, as the antibody to MUC4 was not
commercially available in the past. We observed
MUC4 expression in lung adenocarcinoma and lung
squamous cell carcinoma and observed no expres-
sion in epithelioid mesothelioma using a commer-
cially available anti-MUC4 antibody. The current
study is the first report to describe MUC4 expression
in lung sarcomatoid carcinoma and no MUC4
expression in sarcomatoid mesothelioma. We
observed a high specificity (72%) and absolute
sensitivity (100%) for negative MUC4 expression to
differentiate sarcomatoid mesothelioma from lung
sarcomatoid carcinoma, with an accuracy rate of
87%. These values are far better than any previously
identified immunohistochemical markers differen-
tiating sarcomatoid mesothelioma from lung sarco-
matoid carcinoma.

The sensitivity of MUC4 expression as a negative
marker was the highest of the immunohistochemical
markers in this study. Lung sarcomatoid carcinoma
cases showing MUC4 expression (21 cases) also
demonstrated co-expression of TTF-1 in 12 cases,
Claudin-4 in 10 cases and p40 in 3 cases. Further-
more, lung sarcomatoid carcinoma cases without
MUC4 expression showed TTF-1 expression in three
cases, p40 in three cases and Claudin-4 in three
cases. Therefore, MUC4 expression has better addi-
tional value of the immunohistochemical markers for
the differential diagnosis of sarcomatoid mesothe-
lioma from lung sarcomatoid carcinoma. The sensi-
tivity of these markers can be improved by
combining two or more, and the addition of TTF-1
and Claudin-4 to MUC4 expression improved the
accuracy rate up to 95% for the differential diagnosis
of sarcomatoid mesothelioma from lung sarcomatoid
carcinoma.

In conclusion, we identified a novel immunohis-
tochemical marker MUC4 that differentiates sarco-
matoid mesothelioma from lung sarcomatoid
carcinoma by applying whole gene expression
analysis. The combination of MUC4 with TTF-1/
p40 and Claudin-4 improved the sensitivity and
specificity for differential diagnosis. Therefore, we
propose including MUC4 as an additional negative
marker to the immunohistochemical marker panel to
differentiate sarcomatoid mesothelioma from lung
sarcomatoid carcinoma.
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ABSTRACT

Asbestos is known to cause malignant mesothelioma and lung cancer. Recent studies implicate
tumor immunity in the development of various tumors, including malignant mesothelioma. In
order to establish an in vitro T-cell model to clarify the effects of long-term exposure of asbestos on
tumor immunity, in this study, human T-cell line MT-2 cells were cultured with asbestos for longer
than 8 months and the resultant cells (MT-2Rst) were assessed for the expression of forkhead
transcription factor FoxO1. Gene expression analysis revealed that the amount of FoxOT mRNA
decreased after long-term exposure of the MT-2 cells to asbestos. In accordance with this reduction
in FoxO1, pro-apoptotic Foxo1 target genes Puma, Fas ligand and Bim were also seen to be down-
regulated in MT-2Rst cells. Furthermore, shRNA-mediated knock-down of FoxO1 reduced the
number of apoptotic parental MT-2 cells after treatment with asbestos. On the other hand, over-
expression of FoxO1 did not affect asbestos-induced apoptosis in MT-2Rst cells. These results
suggested that FoxO1 played an important role in regulating asbestos-induced apoptosis and
confirmed the presence of multiple pathways regulating resistance to asbestos in MT-2Rst cells.
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Introduction

Asbestos is a set of natural fibrous silicate minerals that
includes chrysotile, crocidolite and amosite and has been
used in a wide range of industrial applications for its
physical properties such as resistance to fires, heat and
chemical damage. It has been clearly shown that
prolonged inhalation of asbestos fibers causes serious
diseases in pulmonary tissues, malignant pleural meso-
thelioma (MPM), lung cancer, asbestos-related pleural
plaque (PP) and pulmonary fibrosis in humans (Lemen
et al. 2006; Craighead et al. 2008). While trade involving
asbestos is now restricted or banned in many countries,
there are still risks with existing buildings whose
structures include asbestos.

MPM is the most serious of the asbestos-related
diseases because it is a highly aggressive tumor and
resistant to currently available therapies (Roggli et al.
2004; Robinson et al. 2005). Many studies have and still
are attempting to clarify mechanisms of MPM develop-
ment caused by asbestos. For example, it was an
important finding that the reactive oxygen species
(ROS) produced from iron found in asbestos fibers
(such as crocidolite and amosite) caused DNA damage in
alveolar epithelial and mesothelial cells (Toyokuni 2009;
Huang et al. 2011). Recent investigations have also

implicated tumor immunity in the onset/development of
various tumors, including MPM (Schreiber et al. 2011;
Izzi et al. 2012). Asbestos fibers have also been shown to
cause reduced expression of NKp46 activating receptor
and the release of cell-killing granules containing
perforin and granzyme B in natural killer (NK) cells
(Nishimura et al. 2009a,b). With cytotoxic T-cells (CTL),
asbestos repressed differentiation of naive CTL to
effector/memory CTL as well as their ability to prolif-
erate (Maeda et al. 2010; Kumagai-Takei et al. 2013).
Taking this and other earlier information together, we
hypothesized that asbestos affected immunological sys-
tems in addition to impacting on epithelial and meso-
thelial cells in pulmonary tissues and that this inactivated
host responses against any induced tumor cells.

In our earlier studies, MT-2 - a polyclonal T-cell line
immortalized with human adult leukemia virus-1 — was
cultured with a low concentration of chrysotile A,
chrysotile B or crocidolite for >8 months (Miura et al.
2006; Maeda et al. 2011, 2012). The resultant seven
independent sub-lines were designated CA (chrysotile A)
1-3, CB (chrysotile B) 1-3 and CR (crocidolite). These
cell lines are useful to investigate the effect of continuous
exposure of asbestos on T-cells since elevations in levels
of anti-apoptotic factor Bcl-2 or interleukin (IL)-10 were
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observed both in MT-2 cells and in CD4" T-cells purified
from PP or MPM patients (Miura et al. 2006). These
sub-lines also showed resistance to asbestos-induced
apoptosis, even though exposure to asbestos induced
apoptosis in the original MT-2 cells. Those investigations
also reported that tyrosine kinase Src was active in MT-
2CALl cells and was implicated in resistance against the
effects of asbestos. Activation of Src leads to the
production of IL-10 that, in turn, induces over-expres-
sion of anti-apoptotic factor Bcl-2 in a process mediated
by signal transducer and activator transcription factor 3
(STAT3). Nevertheless, it remains unclear whether
activation of the Src/Bcl-2 pathway was the sole mech-
anism preventing apoptosis induced by asbestos.

Our laboratory has previously performed gene expres-
sion analysis of MT-2CAl1-3 and of CB1-3 and
compared findings against those in parental MT-2 cells
(Maeda et al. 2011). That analysis revealed that forkhead
transcription factor class Ol (FoxOl) was down-
regulated after long-term exposure of the cells to
asbestos. FoxO1 and its related molecules FoxO3 and
FoxO4 belong to the winged-helix transcription factor
family (Accili & Arden 2004; Eijkelenboom & Burgering
2013). Each is activated by ROS or by depletion of
growth factors via prost-translational modifications such
as phosphorylation, acetylation and ubiquitination.
Activated FoxO family members regulate a wide range
of cellular processes such as apoptosis, cell cycle arrest
and various metabolic processes. Many genes have been
identified as targets of FoxO family members, including
pro-apoptotic genes such as Bcl-2 interacting mediator
(Bim), p53 up-regulated modulator of apoptosis (Puma),
Fas ligand and TRAIL.

In the study reported here, FoxO1 signaling in MT-
2CALl cells was analyzed and whether down-regulation
of FoxOl was implicated in resistance to asbestos-
induced apoptosis in MT-2CA1 cells - in addition to up-
regulation of the Src/Bcl-2 survival pathway — was also
investigated.

Materials and methods
Reagents

Chrysotile A, chrysotile B and crocidolite were Union for
International Cancer Control standard samples and
obtained from the Japan Asbestos Association
(Kohyama et al. 1996). Anti-FoxOl antibody was
obtained from Cell Signaling Technology (Danvers,
MA). Anti-F-actin and anti-GAPDH antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). TagMan Assay probes for FoxO1, Bim, Puma, Fas
ligand and GAPDH were purchased from Applied
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Biosystems (Foster City, CA). All culture media and
supplements were bought from Sigma (St. Louis, MO).
MT-2 immortalized human T-cells cells were obtained
from the JCRB cell bank (Osaka, Japan). Human
embryonic kidney 293T (HEK293T) cells were pur-
chased from ATCC (Manassas, VA).

Cell culture

MT-2 cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS) and antibiotics at
37°C in a 5% CO, incubator. The MT-2 sub-lines to be
generated - comprising CA1-3, CB1-3 and CR - were
cultured with, respectively, 10 pg/ml chrysotile A, 10 pg/
ml chrysotile B or 25pug/ml crocidolite (Maeda et al.
2012). HEK293T cells were maintained in Dulbecco’s
modified eagle medium supplemented with 10% FBS and
antibiotics at 37°C in a 5% CO, incubator.

Plasmids

Human FoxO1 cDNA was isolated from a human heart
c¢DNA library (Clontech, Mountain View, CA) by
polymerase chain reaction (PCR), according to the
registered sequence (GenBankNM_002015.3). The
cDNA fragments corresponding to the FLAG epitope-
tagged FoxOl1 were generated with PCR and cloned into
pMXs-puro retrovirus plasmid vector (Kitamura et al.
2003). The resultant plasmid was designated pMXs-
FLAG-FoxO1l. The sequence of the construct was
confirmed by a di-deoxynucleotide chain-termination
method using a DNA sequencing system 3100-Avant
(Applied Biosystems). Lentivirus plasmid vectors
pLKO.1-puro-Control and pLKO.1-puro containing
shRNA targeting human FoxOl (TRCN0000039579
and TRCN0000039580) were purchased from Sigma.

Western blot analysis

MT-2 cells were lysed in 20mM Tris-HCl (pH 7.5)
containing 1 mM EDTA, 1mM EGTA, 10mM 2-mer-
captoethanol, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% sodium lauryl sulfate, 150 mM NaCl and 1%
protease inhibitor cocktail (Sigma) and briefly sonicated.
After centrifugation at 18000 x g for 10 min, the super-
natant was collected and measured using a BCA protein
assay kit (Pierce, Rockford, IL). Cell lysate containing
50 pg protein was boiled in SDS-sample buffer and then
subjected to SDS-PAGE separation. The resolved pro-
teins were subsequently electrotransferred onto
Immobilon P membranes (Millipore, Bedford, MA).
After initial blocking with Tris-buffered saline contain-
ing 0.2% Tween 20 (TBS-T) supplemented with 5% BSA,
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membranes were then incubated with each primary
antibody in TBS-T containing 1% BSA at dilutions
recommended by the manufacturers for 1-2h at room
temperature (RT). Thereafter, the membrane was gently
rinsed with TBS-T and then incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit anti-
body secondary antibody in TBS-T at dilutions recom-
mended by the manufacturers for 1 h at RT. After a final
set of rinsing with TBS-T, the presence of the proteins of
interest was evaluated using a chemiluminescence reac-
tion mediated by an ECL Plus chemiluminescence
detection kit (GE Healthcare, Little Chalfont, UK) and
each was then visualized with Chemi-Stage (Toyobo,
Osaka, Japan).

FoxO1 knockdown cell lines

Recombinant lentivirus was produced by transfection of
lentivirus constructs with packaging plasmids pLP1,
pLP2 and pLP/VSVG from a Block-it Lentiviral RNAi
Expression System (Invitrogen, Carlsbad, CA) into
HEK293T cells using Effectene transfection reagent
(Qiagen, Hilden, Germany). Culture supernatants con-
taining recombinant lentivirus were then harvested after
48-72h. Growing MT-2 cells were infected with each
recombinant lentivirus and the cells were then
selected by culturing in the presence of 1 pg/ml
puromycin (Sigma) for > 2 weeks at 37°C. Resultant
cell lines were designated Org-Ctrl (Scramble), Org-
KD#1(TRCN0000039579) or Org-KD#2(TRCN0000
039580).

Stable cell line expressing recombinant FoxO1

Recombinant retroviruses were produced by transfection
of the retroviral constructs, pMXs-FLAG-FoxO1 or
empty pMXs-puro, with packaging plasmids pCMV-
VSV-G and pCMV-gag/pol into HEK293T cells using
Effectene (Qiagen) transfection reagent. Culture super-
natants containing recombinant retrovirus were har-
vested after 48-72h. Growing MT-2CAl cells were
incubated with each recombinant retrovirus for 24 h and
infected cells then selected by culture in the presence of
1pug/ml puromycin for > 2 weeks at 37°C. The
established cells were then named CA1FoxOl and
CA1Empty, respectively.

Real-time RT-PCR analysis

Total RNA was isolated from growing MT-2 cells with
an RNA purification Kit (Qiagen) and ¢cDNA synthe-
sized using a PrimeScript II 1st strand cDNA synthesis
kit with an oligo-dT primer (Takara, Shiga, Japan).

Real-time PCR analysis was performed with TagMan
probes and Brilliant IIT Ultra Fast QPCR master mix
(Agilent Technologies, Palo Alto, CA) using a Mx3000P
QPCR System (Agilent Technologies), according to
manufacturer protocols.

Apoptosis assay

MT-2 cells were treated with chrysotile A for 24h at
37°C, then washed with ice-cold PBS and fixed in 70%
ethanol. After staining with 40 ug/ml propidium iodide
and treatment with 10 pg/ml RNase, the DNA content of
cells was analyzed with a FACSCanto II (Becton
Dickenson, Franklin Lakes, NJ) flow cytometer and
FlowJo software (FlowJo, Ashland, OR). Apoptotic cells
were quantified as the population of cells with subG;-
DNA content. A minimum of 20 000 events/sample was
acquired.

Statistical analyses

All experiments were performed in triplicate. Data were
expressed as mean * SD. Differences in FoxOI mRNA
levels in MT-2 org and MT-2 sub-lines were analyzed
using a one-way analysis of variance (ANOVA) with a
Dunnett’s multiple comparison test. Differences between
two samples in expression of FoxOl target genes or in
the population of apoptotic cells were evaluated using a
Student’s t-test. All analyses were performed with IBM
SPSS 20 software (IBM, Armonk, NY). Statistical
significance was defined at p < 0.05.

Results

Expression of FoxO1 mRNA and FoxO1 protein

The MT-2 cell sub-lines CA1-3, CB1-3 and CR were
established after continuous exposure to three kinds of
asbestos, namely, chrysotile A, chrysotile B or crocido-
lite, respectively (Hyodoh et al. 2005; Miura et al. 2006;
Maeda et al. 2011, 2012). Those established sub-lines
exhibited reduced apoptotic fractions when exposed to
CA, CB or CR at a high concentration. Microarray gene
expression analysis of MT-2CA1-3, CB1-3 and MT-
20rg cells revealed 84 genes were up-regulated and 55
genes down-regulated in the MT-2 sub-lines exposed to
asbestos. The current study focused on FoxOl - a
protein whose transcriptional activity is induced by
reactive oxygen species and that regulates apoptosis in
various cells (Accili & Arden 2004; Eijkelenboom &
Burgering 2013) - which was reduced in MT-2 cells
after continuous exposure to asbestos. The study
initially examined expression of FoxOI mRNA in cells
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Figure 1. Expression of FoxO1 in MT-20rg and MT-2Rst cells. (A)
Total RNA was isolated from MT-20rg and MT-2Rst cells and
amount of FoxOT mRNA measured by real-time RT-PCR. The
amount of FoxO1T mRNA in MT-20rg is shown as 100%. Data
shown are means+SD of three independent experiments. (B)
Cell extracts of MT-20rg and MT-2Rst were analyzed by
immunoblotting using anti-FoxO1 or anti-GAPDH antibodies.
Data are representative of three independent experiments.
Differences between MT-20rg and MT-2Rst sub-lines were
analyzed using a Dunnett’s test.

using real-time RT-PCR (Figure 1A). The data showed
that the amount of FoxOI mRNA in all the MT-2 sub-
lines exposed to asbestos was 20-30% that in MT-20rg
cells and was in agreement with the results of the
microarray analysis. Consistent with the expression of
FoxOI mRNA, the presence of the FoxOl protein was
down-regulated in MT-2 cells exposed to asbestos
(Figure 1B).

Down-regulation of FoxO1 target genes

This study also analyzed mRNA expression of FoxOl
target genes related to induction of apoptosis (Figure 2).
Puma and Bim - members of the Bcl-2 superfamily —
have a pro-apoptotic function through binding to anti-
apoptotic protein Bcl-2 or Bcl-xL (Puthalakath &
Strasser 2002). Fas-ligand - a member of the TNF
superfamily of cytokines — induces receptor-mediated
apoptosis through binding to its receptor Fas (Nagata
1997). These genes have a FoxO1 binding sequence (i.e.
Daf-16 binding element) on their promoter regions
(Furuyama et al. 2000). In accordance with the reduction
of FoxOl1 in the MT-2Rst cells, the mRNA levels of these
molecules were also decreased in the CAl cells. These
findings suggested that death signaling mediated by
FoxO1 was suppressed in MT-2CA1 cells.

JOURNAL OF IMMUNOTOXICOLOGY @ 623

Puma mRNA Bim mRNA
2 2
1 * % 1- .x
0 m =
Org CAl Org CAl
el ** p<(.01
FasL mRNA
2
1 -
% ¥k
0 - T
Org CAl
** p<(,01

Figure 2. Expression of FoxO1 target genes. Total RNA was
prepared from MT-20rg and MT-2CA1 cells and the amounts of
Bim, Puma and Fas-ligand mRNA measured by real-time RT-PCR.
Amounts shown are relative to those in MT-20rg cells. Data
shown are means+SD of three independent experiments.
Differences between MT-20rg and MT-2CA1 were compared
with using a Student’s t-test.

Knockdown of FoxO1 in MT-20rg cells

To investigate the effect of down-regulation of FoxOl in
MT-2 cells, FoxO1 knockdown cells were established by
introducing lentivirus vector expressing shRNA targeting
human FoxOl. The non-specific effects associated with
RNA interference are well known; therefore, this study
employed two different shRNA sequences targeting
human FoxO1 as well as a scramble shRNA sequence
as a control for knockdown of the FoxO1. As shown in
Figure 3A, both of the shRNA targeting FoxO1 reduced
the amount of FoxOl protein in MT-20rg cells. To
investigate the role of FoxOl in regulation of apoptosis
induced by chrysotile A, cells were treated with various
concentrations of chrysotile A for 24 h. Knockdown of
FoxOl reduced the number of apoptotic cells after
treatment with chrysotile A (25 pg/ml) to 50-70% of
MT-20rgCtrl cells; shRNA did not affect basal apoptotic
levels. These results suggested FoxO1l played a role in
regulation of apoptosis induced by chrysotile A in MT-2
cells.

Expression of FoxO1 in MT-2 CA1 cells

To investigate the effect of recovery of FoxO1 expression
in MT-2CAl cells, MT-2CAl cells were infected
with retrovirus vector expressing FLAG-epitope tagged
human FoxOl. The resultant cells express FLAG-FoxOl1
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Figure 3. Effect of FoxO1 knock-down on MT-20rg cells. (A)
Extracts from MT-20rgCtrl, MT-20rgkD#1 and MT-20rgKD#2
cells were analyzed by immunoblotting using anti-FoxO1 and
anti-actin antibodies. Data are representative of three inde-
pendent experiments. (B) MT-20rgCtrl and MT-2KD cells were
treated with 10 (grey bars) or 25 (black bars) pg/ml chrysotile A
for 24 h. Apoptotic cells were measured using flow cytometry.
Values shown are relative to those of apoptotic cells of MT-2Ctrl
treated with 25 pg/ml chrysotile A. Data shown are means = SD
of three independent experiments. Differences between Ctrl and
KD#1 or Ctrl and KD#2 cells treated with 25 pg/ml chrysotile A
were analyzed using a Student’s t-test.

protein (Figure 4A) at a level above that of control MT-
2CA1Empty cells. MT-2CA1FoxO1 cells express an
amount of FoxO1 comparable to that of MT-20rg cells
(data not shown). These cells were exposed to various
concentrations of chrysotile A (Figure 4B). Expression of
recombinant FoxO1 protein did not enhance the number
of apoptotic cells or affect the basal level of apoptosis
after treatments with chrysotile A at < 25pg/ml. This
indicated that recovery of FoxO1 was not sufficient to
cancel resistance to asbestos in MT-2CAl cells.
Therefore, expression of pro-apoptotic factor Puma, a
target of FoxOl, was analyzed (Figure 5). Expression of
Puma mRNA increased in cells expressing recombinant
FoxO1l above that in the MT-2CA1Empty cells, indicat-
ing FLAG-FoxO1 could function to induce target gene
expression in MT-2CA1 cells. However, expression of
anti-apoptotic factor Bcl-2 was not affected by FoxOl
expression. We previously reported that Bcl-2 was up-
regulated in CA1l in a STAT3-dependent manner (Miura
et al. 2006; Maeda et al. 2012). The findings here
indicated that expression of Bcl-2 was independent of
FoxOl, and that survival signaling via Bcl-2 could
overcome death signaling induced by expression of
FoxOl1.
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Figure 4. Effect of FoxO1 over-expression on MT-2CA1 cells. (A)
Extracts of MT-CATEmpty and MT-2CA1FoxO1 cells were
analyzed by immunoblotting using anti-FoxO1 and anti-actin
antibodies. Data shown are representative of three independent
experiments. (B) MT-CATEmpty and MT-2CA1FoxO1 cells were
treated with 10 (grey bars) or 25 (black bars) pg/ml chrysotile A
for 24 h. Control cells without treatment are shown as open bars.
Apoptotic cells were measured using flow cytometry. Values
shown are relative to those of apoptotic cells of MT-2Ctrl with 10
(grey bars) and 25 (black bars) pg/ml chrysotile A.
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Figure 5. Expression of anti- or pro-apoptotic factors in MT-
2CA1Fox0O1. Total RNA was isolated from MT-2CA1Empty and
MT-2CATFoxO1 cells and the amount of Puma or Bcl-2 measured
using real-time RT-PCR. Values shown are relative to the amount
in MT-2CA1Empty cells. Differences between MT-2CA1Empty
and MT-2CA1Fox01 cells were analyzed using a Student’s t-test.

Discussion

It is well known that exposure to asbestos causes various
diseases of the respiratory system including pulmonary
fibrosis, asbestos-related pleural plaque (PP), lung
cancer, and malignant pleural mesothelioma (MPM)
(Lemen et al. 2006; Craighead et al. 2008). Mechanisms
proposed for the cellular transformations caused by
asbestos involve (1) iron-including asbestos fibers such
as crocidolite and amosite causing ROS production in
cells around the fibers, as well as apoptosis of alveolar
macrophages following insufficient destruction of pha-
gocytized fibers — all of which result in DNA damage in
cells surrounding the fibers - and (2) physical DNA
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Figure 6. Schematic representation of proposed effect of
asbestos on FoxO1 signaling pathway.

damage caused by the direct action of the incorporated
fibers on chromatin. It was reported recently that
chrysotile that does not include iron also induces iron
overload in a rat model (Jiang et al. 2012). Furthermore,
molecular analysis of MPM cells revealed several mol-
ecules implicated in the development of MPM. In
particular, inactivation of the NF2/merlin signaling
pathway caused by loss of NF2/merlin, LATS2
(Murakami et al. 2011) or up-regulation of YAPI
(Mizuno et al. 2012) in MPM cells. In addition,
inactivation of pl6/ink4a, inactivation of tumor sup-
pressor PTEN, and somatic mutations of BRCA
1-associated protein-1 (BAP1) were also reported in
MPM cells (Kratzke et al. 1995; Opitz et al. 2008; Bott
et al. 2011; Testa et al. 2011). We have focused on the
immunological effects of asbestos; our studies have
shown that asbestos fibers suppressed NK and CTL cell
functions (Nishimura et al. 2009a,b; Matsuzaki et al.
2012; Kumagai-Takei et al. 2013).

MT-2 cells have been used as a CD4 T-cell model for
chronic and continuous exposure to a low concentration
of asbestos in human respiratory tissue. Studies with
MT-2 cells revealed that asbestos fibers modified the
characters of MT-2 cells, such as over-expression of Bcl-
2, expression of cytokine production, reduction of
chemokine C-X-C receptor-3 (CXCR3) and alteration
of cytoskeletal molecules. In particular, over-expression
of Bcl-2 was also found in CD4 T-cells isolated from PP
or MPM patients (Miura et al. 2006). CXCR3 and
interferon (IFN)-+y are basically expressed in activated T-
helper (Ty)-1-type cells, playing an important role in
host-defense during immune surveillance against malig-
nant cells (Rotondi et al. 2007). Similar results were
obtained with ex vivo and in vivo analyses. Continuous
exposure to asbestos reduced the expression of cell
surface CXCR3 and IFN«v in CD4 T-cells freshly
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prepared from healthy donors. CD4 T-cells from PP or
MPM patients express a lower amount of CXCR3 and
IFN~y compared with those from healthy donors. These
results supported the claim that the MT-2 cell is a good
model for analyzing the effect of asbestos on human CD4
T-cells. On the other hand, it was reported that MT-2
cells express FoxP3, known as a master gene of the
regulatory T (T,g) cell (Yagi et al. 2004; Ohkura et al.
2013).

T,eg cells are designated as CD4"CD25 " FoxP3" T-cells
that inactivate immune responses in part through the
suppressive cytokines transforming growth factor
(TGF)-B and IL-10. T, cells are also thought to be
involved in the development/progression of tumors,
including MPM (Nishikawa & Sakaguchi 2010; Ireland
et al. 2012). In particular, T, cells are found in MPM
tissues (Hegmans et al. 2006; Anraku et al. 2008; Shimizu
et al. 2009); depletion of T,y cells with a neutralizing
antibody induces rejection of malignant mesothelioma in
mice (Hegmans et al. 2006). We previously reported that
MT-2 cells produced TGF3 and IL-10 and inhibit the
proliferation of effector cells in vitro (Maeda et al. 2008).
Furthermore, it was shown that MT-2 sub-lines con-
tinuously exposed to asbestos produced more TGFf3 and
IL-10 than did parental cells. In agreement with those
observations, the concentrations of TGF3 and IL-10 in
the blood of PP or MPM patients was shown to be higher
than in that of healthy donors (Maeda et al. 2008). It is
possible exposure to asbestos enhanced production of
suppressive cytokines by T, cells in vivo.

The present study clearly showed that transcription
factor FoxO1 was down-regulated in the MT-2Rst sub-
lines (Figure 6). Further, expression of pro-apoptotic
factors regulated by FoxOl, i.e. Fas-ligand, Puma and
Bim, were also suppressed in MT-2CA1l and that this
outcome was consistent with reductions in cell levels of
FoxOl protein. Moreover, death signaling mediated by
FoxO1 was suppressed by continuous exposure to asbes-
tos in MT-2 cells and knockdown of FoxO1 in MT-20rg
cells reduced the number of apoptotic cells induced by
chrysotile A. It is known that FoxOl regulates multiple
target genes that control various cellular processes, such
as apoptosis, metabolism and cell cycle progression
(Eijkelenboom & Burgering 2013). Therefore, it is plaus-
ible that multiple FoxO1 target molecules and signaling
pathways implicated in apoptosis were affected by
knockdown or down-regulation of FoxO1 in the MT-2
cells. These results suggested to us that down-regulation
of FoxOl1 played an important role in the escape from
apoptosis induced by asbestos in the MT-2 cells. On the
other hand, over-expression of FoxO1 in MT-2CA1 cells
did not alter expression of Bcl-2 or the number of
apoptotic cells, indicating that expression of Bcl-2 was
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independent of FoxO1. These results suggested that both
suppression of FoxOl and over-expression of Bcl-2
contributed to MT-2CAL1 cell resistance against asbes-
tos-induced apoptosis. It is also possible down-regulation
of FoxOl1 affected various cellular processes — including
cell cycle progression and metabolism - in addition to
suppressing apoptosis. Further analysis is required to
more fully evaluate the role of FoxO1 down-regulation
induced by asbestos to gain a more complete understand-
ing of mechanisms of effects of asbestos on T-cells.

Both FoxOl and Bcl-2 are implicated in the general
processes of apoptosis. Thus, MT-2 cells exposed to
asbestos may have resistance to other natural apoptotic
stimuli. Furthermore, asbestos fibers may induce ectopic
viability to increase the number of T, cells around the
asbestos fibers. In addition to the findings in this study,
FoxOl is thought to suppress cell cycle progression
(Eijkelenboom & Burgering 2013). Thus, it is possible
that a loss of FoxO1 accelerated proliferation of MT-2
and T, cells in vitro and in vivo.

The overall results here indicated that asbestos might
activate T, cell function through multiple pathways,
ectopic viability, proliferation and cytokine production,
as well as suppress tumor immunity. Further analyses are
clearly needed required to characterize the overall
chronic effect of asbestos on the immune system.

Conclusions

Our laboratory previously reported long-term exposure
to asbestos altered immune cells in vivo and in vitro.
Specifically, the human T-cell line MT-2 acquired
resistance to a high concentration of asbestos after
continuous exposure to low concentrations of asbestos in
vitro. The present study clearly showed the effects of
long-term exposure to asbestos on transcription factor
FoxOl in MT-2 cells. Namely, continuous exposure to
asbestos reduced the expression of FoxO1 and its down-
stream pro-apoptotic factors Bim, Puma and Fas ligand.
Furthermore, knock-down of FoxOl suppressed asbes-
tos-induced apoptosis in the MT-2 cells. These results
indicated FoxO1 regulated apoptosis induced by asbestos
in MT-2 cells and down-regulation of FoxO1 signaling
was implicated in the acquisition of resistance to asbestos
after continuous exposure to asbestos in these cells.
These findings might help to increase our understanding
of the effect of asbestos on tumor immunity during the
progression of malignant mesothelioma.
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We previously reported that exposure to chrysotile B (CB) asbestos suppressed the induction of mature cytotoxic T lymphocytes
(CTLs) during mixed lymphocyte reaction assays (MLRs) with a decrease in the proliferation of immature CTLs. However, the
mechanism responsible for the effect of asbestos fibers on the differentiation of CTLs remains unclear. Since interleukin-2 (IL-2) is
aregulator of T lymphocyte proliferation, we examined the effect of IL-2 addition on suppressed CTL differentiation in CB-exposed
cultures using flow cytometry (FCM). When IL-2 was added at 1 ng/mL on the second day of MLRs, the asbestos-caused decreases
in the proliferation and percentages of CD25" and CD45RO™ cells in CD8" lymphocytes were not recovered by IL-2 addition,
although the decrease in percentage of granzyme B* cells was partially recovered. CD8" lymphocytes from the IL-2-treated culture
with asbestos showed the same degree of cytotoxicity as those in cultures without IL-2 or asbestos. These findings indicate that IL-2
insufficiency is not the main cause for the suppressed induction of CTLs by asbestos exposure, although they suggest a potential for
the improvement of such suppressed CTL functions. Secretory factors other than IL-2 in addition to membrane-bound stimulatory

molecules may play a role in asbestos-caused suppressed CTL differentiation.

1. Introduction

The term “asbestos” is derived from the Greek meaning
unquenchable and is now utilized as a generic term for a
family of naturally occurring fibrous silicate minerals with a
crystalline structure [1, 2]. These minerals have been greatly
valued for their thermal resistance, flexibility, and durability.
Asbestos minerals which consist of a silicate core are subclas-
sified into two groups, amphibole and serpentine, according
to the fiber morphology. Amphibole asbestos consists of
sharp brittle javelin-shaped fibers with a high length-to-width
ratio. This group includes crocidolite, amosite, tremolite,
actinolite, and anthophyllite. In contrast, serpentine asbestos,
such as chrysotile, comprises long curved fibers [1].

While asbestos possesses beneficial properties, as de-
scribed above, the association between mesothelioma and

asbestos exposure is undisputed [3, 4]. Wagner et al
reported the first association between asbestos exposure and
mesothelioma in 1960 [5]. Following Wagner et als study
of mesothelioma subsequent to environmental and occupa-
tional exposure to asbestos, epidemiological and case-control
studies from many industrialized nations have documented
rising rates of malignant mesothelioma (MM) following
the heavy commercial use of asbestos [3]. Studies have
largely focused on the properties of asbestos fibers that
are important in the development of MM and the mecha-
nisms of action of asbestos in the multistage carcinogenic
process. Asbestos fibers at cytotoxic concentrations cause
chromosomal changes, DNA damage, and oxidative DNA
lesions in mesothelial cells in vitro [6, 7]. The physical and
chemical properties of asbestos are influenced by the type and
proportion of other metals within the core structure, which



may explain the differing carcinogenic potential of various
fibers [1].

In fact, the induction of malignant mesothelioma by
exposure to asbestos is not a rapid process and takes a long
period to develop [8-10]. This suggests the possibility that the
development of malignant mesothelioma might be related to
other functional alterations, such as those implicated by the
idea that exposure to inhaled asbestos might gradually impair
the immune response. On the basis of this hypothesis, we
have thus far revealed several findings that include alteration
in the expression profile of natural killer (NK) cell-activating
receptors on human NK cells and functional alterations of
CD4" T cells following exposure to asbestos [11, 12].

Recently we reported that asbestos exposure suppressed
the differentiation of human mature CTLs during MLRs
and was accompanied by decreases in the proliferation of
immature CTLs [13]. CD8" lymphocytes in culture following
exposure to asbestos showed impaired cytotoxicity with
decreases in the proliferation and percentages of CD25"
and CD45RO" cells in CD8" lymphocytes and an increase
in percentage of CD45RA™ cells, compared with those in
control cultures. Additionally, we reported that patients with
mesothelioma showed a decrease in perforin®* cell levels in
CD8" lymphocytes following stimulation with phorbol 12-
myristate 13-acetate and ionomycin, whereas most of the
healthy and plaque-positive individuals retained those cell
levels following stimulation [14].

In the present study, we focused on investigating
the mechanism of the previously reported phenomenon,
asbestos-caused suppressed differentiation of mature CTLs
with decreased proliferation of immature CTLs. IL-2 is a
necessary cytokine for immature CTLs to proliferate during
development into mature CTLs [15]. Therefore, we inves-
tigated whether IL-2 insufficiency might contribute to the
suppressed induction of CTL upon exposure to asbestos.
Previously we examined the production of IL-2 during MLRs
upon exposure to asbestos [13]. However, after 7 days of
the MLRs, the amount of IL-2 was very low in all culture
supernatants assayed, and there were no differences in the
production of IL-2 between the control culture and the
culture with CB asbestos. We hypothesized that IL-2 may
play an earlier role in the MLRs. Therefore, in the present
study, we examined the production of IL-2 at the early period
during MLRs. Additionally, IL-2 was added at 1 ng/mL on the
second day of the MLRs to examine the effect of IL-2 addition
on suppressed CTL differentiation in cultures exposed to CB
asbestos.

2. Materials and Methods

2.1. MLRs. Peripheral blood mononuclear cells (PBMCs),
isolated from heparinized blood by using a Ficoll-Hypaque
density gradient (Separate-L, Muto Pure Chemicals Co.
Ltd., Tokyo, Japan), were suspended in RPMI 1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
heat-inactivated fetal bovine serum (Medical and Biological
Laboratories Co., Ltd., Nagoya, Japan), 100 ug/mL strepto-
mycin, and 100 U/mL penicillin (Meiji Seika Pharma Co.,
Ltd., Tokyo, Japan). For the MLRs, 1.5 x 10° PBMCs were
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cultured with 5.0 x 10* allogenic PBMCs, which had been
treated with irradiation of 40 Gy according to a previous
method [16], and CB asbestos at 5 yg/mL. Following 2 days of
the MLRs, IL-2 (Peprotech, Rocky Hill, NJ, USA) was added
at 100 pg/mL or 1ng/mL for 5 days. International Union
Against Cancer (UICC) standard CB was kindly provided
by the Department of Occupational Health at the National
Institute for Occupational Health of South Africa [17]. All
blood samples were taken from healthy volunteers who
provided informed consent. The project was approved by the
Institutional Ethics Committees of Kawasaki Medical School.

2.2. Enzyme-Linked Immunosorbent Assays (ELISA). After
2, 4, and 7 days of the MLRs, the culture supernatants
were collected and assayed for the production of IL-2 using
Quantikine ELISA kit (R&D Systems, Inc., Minneapolis, MN,
USA). Four independent experiments were performed from
three individuals.

2.3. Measurement of Cytotoxicity. Cytotoxicity against allo-
genic target cells was evaluated using FCM as previously
described [8]. Allogenic PBMCs were stained using Vybrant™
DiO Cell-Labeling Solution (Molecular Probes, Inc., Eugene,
OR, USA) during incubation for 20 mins at 37°C. After DiO-
stained cells were washed with phosphate-buffered saline
(PBS), effector cells (PBMCs harvested after MLRs) were
incubated with 5000 DiO-labeled allogenic PBMCs in 96-
well round bottom plates at several different effector/target
(E/T) ratios for 5h at 37°C in 5% CO,. Three wells were
prepared for each experimental group. Following incubation,
cells were collected and stained with propidium iodide (PI)
and then analyzed for the percentage of PI" cells among the
total DiO-labeled cells (representing the percentage of lysed
cells) using FACS Calibur™ (Becton Dickinson, Franklin
Lakes, NJ, USA). Two independent experiments were per-
formed. In part of the experiments, CD8" lymphocytes were
stained and sorted with phycoerythrin-cychrome 5- (PC5-)
conjugated anti-CD8 antibody (Ab) (Beckman Coulter, Inc.,
Brea, CA, USA) and FACSAria™ (Becton Dickinson) and
then purified from the cells harvested after 7 days of the
MLRs and assayed for cytotoxicity as described above. Two
independent experiments were performed.

2.4. Assay for Expression Level of Cell-Surface and Intracellular
Molecules. To examine the expression level of molecules
on the cell surface, cells harvested after the MLRs were
washed with PBS containing 2% FBS and then stained with
the following Abs: PC5-conjugated anti-CD8 and fluores-
cein isothiocyanate- (FITC-) conjugated anti-CD3, FITC-
conjugated anti-CD25 (Becton Dickinson), phycoerythrin-
(PE-) conjugated anti-CD45RA, or PE-conjugated anti-
CD45RO (BioLegend, San Diego, CA, USA) at room tem-
perature in the dark for 30 min. Cells were then washed
with PBS containing 2% FBS and resuspended in 0.3 mL
of PBS containing 2% FBS for FCM analysis. To examine
the expression level of intracellular granzyme B, cells were
harvested after the MLRs and surfaces were stained with
PC5-conjugated anti-CD8 Ab as described above. Surface
stained cells were washed with PBS containing 2% FBS and
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FIGURE I: Production of IL-2 during the MLRs upon exposure to asbestos. After 2, 4, and 7 days of the MLRs, culture supernatants were
harvested from the three groups, representing no stimulation (open circle), allostimulation (closed circle), and CB-exposed allostimulation
(open triangle), and assayed for the production of IL-2 by ELISA. Data (a-d) from one of four independent experiments using PBMCs from

three individuals.

then fixed with 3.7% formaldehyde for 15 min. Fixed cells
were washed with PBS containing 2% FBS. Fixed cells were
permeabilized with 0.1% Triton 100 and stained with R-
phycoerythrin- (RPE-) conjugated anti-granzyme B Ab (AbD
Serotec, Oxford, UK) at room temperature in the dark for
30 min. Cells were then washed and resuspended as described
above. The percentage of cells positive for each parameter was
analyzed using FCM. Four independent experiments were
performed.

2.5. Analysis of Granzyme B Production in Proliferating and
Nonproliferating CD8" Lymphocytes. To examine the effect
of IL-2 on the expression level of intracellular granzyme
B in proliferating and nonproliferating CD8" lymphocytes,

PBMCs were stained using carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) (Molecular Probes) and then washed
and used for MLRs. After MLRs, cells were harvested and
stained with PC5-conjugated anti-CD8 and RPE-conjugated
anti-granzyme B Abs as described above. The percentage
of granzyme B" cells in proliferating CFSE-negative CD8"
lymphocytes or nonproliferating CFSE* CD8" cells was
analyzed using FCM. Four independent experiments were
performed.

2.6. Statistical Analysis. Significance of difference (p <
0.05) was determined using an analysis of variance with the
post hoc test of Student-Newman-Keuls or paired Student’s
t-test.
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FIGURE 2: The percentage and number of CD3*CD8" cells in PBMCs stimulated with allogenic PBMCs upon exposure to CB with IL-2.
Freshly purified PBMCs were cultured with irradiated allogenic stimulator PBMCs in the presence of CB and the absence ((+)/CB) or presence
((+)/CB/IL-2) of IL-2. PBMCs were also cultured with allogenic PBMCs as a control group ((+)) without asbestos and IL-2. The percentage
(a) and number (b) of CD3*CD8" cells were measured by FCM in PBMCs harvested from 10 wells after culturing. Data represent the mean
+ SD from four independent experiments using PBMCs. Significant differences are indicated by asterisks (**p < 0.01). (+), the culture with
allogenic PBMCs without CB; (+)/CB, the culture with allogenic PBMCs with CB; (+)/CB/IL-2, the culture with allogenic PBMCs with CB

and IL-2.

3. Results

3.1. Production of IL-2 during MLRs upon Exposure to
Chrysotile B Asbestos. To examine the production of IL-2
at days 2, 4, and 7 after the MLRs, the supernatants from
cultures of PBMCs stimulated allogenically in the absence
or presence of CB asbestos were harvested. For part of the
cultures, PBMCs were cultured alone and the supernatants
were used as a group without allogenic stimulation. In 3 of
the 4 experiments, the production of IL-2 tended to increase
following allogenic stimulation to reach a peak at day 4
(Figures 1(a), 1(c), and 1(d)). Some of the CB-exposed cultures
showed a decrease in IL-2 compared with the control culture
without CB at day 4 (Figures 1(a) and 1(b)). In contrast, in the
other CB-exposed cultures, the level of IL-2 production was
the same as the control culture (Figures 1(c) and 1(d)). Thus,
there were no differences in the production of IL-2 between
trials involving the absence or presence of exposure to CB.

3.2. Effect of IL-2 on Percentage and Number of CD3"CD8"
Cells in PBMCs Stimulated upon Exposure to Asbestos.
Although there were no significant differences in the produc-
tion of IL-2 among the culture groups, the consumption of
IL-2 by expanding T lymphocytes would mask the difference
in IL-2 production. If insufficient production of IL-2 caused
suppressed proliferation of CD3"CD8" cells upon exposure
to asbestos, exogenous IL-2 should restore such suppressed
proliferation. Therefore, IL-2 was added to the asbestos-
exposed culture at day 2 after the MLRs, and cells were
harvested at day 7 to measure the percentage and number

of CD3"CD8" cells, since our previous study showed that
the number of CFSE-negative cells, proliferating or going
to the end of proliferation, increased markedly in CD8"
lymphocytes by stimulation with allogenic PBMCs from day
6 to day 7 of the MLRs [13]. There was no statistically
significant difference in the percentages of CD3"CD8" cells
between cultures with and without CB, which was similar
to our previous report [13] (Figure 2(a)). The percentage of
CD3"CD8" cells in the IL-2-treated culture was the same as
that present in the CB-exposed culture. It was also recon-
firmed that exposure to CB causes a significant decrease in the
number of CD3*CD8" cells. Furthermore, the addition of IL-
2 did not restore the asbestos-caused decrease in the number
of CD3"CD8" cells (Figure 2(b)). These results indicate that
the addition of IL-2 to CB-exposed cultures did not affect
either the percentage or the number of CD3"CD8" cells.

3.3. Effect of IL-2 on Differentiation of Naive CD8" T Cells into
CTLs. To examine the effect of IL-2 addition on asbestos-
caused suppressed differentiation of naive CD8" T cells
into effector/memory cells, we analyzed the expression of
several cell-surface molecules on CD8" lymphocytes in the
culture of PBMCs exposed to CB supplemented with IL-2.
The percentage of cells positive for CD45RA and CD45RO,
expressed on naive and effector/memory cells, respectively
[18,19], as well as CD25 cells, expressed on activated cells [20],
in CD8" lymphocytes was measured after 7 days of the MLRs,
the time point that had also been utilized to confirm the
differentiation of effector/memory cells in our previous study
[13] (Figure 3(a)). The decrease in CD45RA™ naive cells in
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upon exposure to CB with IL-2. PBMCs were harvested from the three groups, representing allostimulation, CB-exposed allo-stimulation,
and CB-exposed allostimulation with IL-2, and assayed for the percentage of cells positive for CD45RA, CD45R0, and CD25 using FCM. (a)
Representative histograms of cell-surface CD45RA and CD45RO expressed on CD8" lymphocytes. Representative dot plots of CD25 versus
CD8 on PBMCs. (b) Cumulative data showing percentage of CD45RA-, CD45RO-, and CD25-positive cells in CD8" lymphocytes. Data
represent the mean + SD from four independent experiments using PBMCs. Significant differences are indicated by asterisks (*p < 0.05,
**p < 0.01). Allo(+), the culture with allogenic PBMCs without CB; allo(+)/CB, the culture with allogenic PBMCs with CB; allo(+)/CB/IL-2,
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F1GURE 4: Cytotoxicity of PBMCs or CD8" lymphocytes stimulated with allogenic cells upon exposure to asbestos with IL-2. PBMCs were
harvested after the MLRs and assayed for allogenic cytotoxicity using FCM. (a) Dose-dependent allogenic cytotoxicity of cultured PBMCs.
PBMC:s cultured alone (open circle) or with allogenic PBMCs in the absence (closed circle) or presence of CB (open triangle) or with CB
and IL-2 at 100 pg/mL (open diamond) or with CB and IL-2 at 1ng/mL (closed triangle) as effectors are shown. The percentage of specific
lysis induced by effector cells was calculated as follows: (percentage of lysed cells — percentage of spontaneously dead cells)/(100 — percentage
of spontaneously dead cells) x 100, where the percentage of spontaneously dead cells represented the percentage of dead cells in target cells
harvested from the well without effector cells. Representative data from one of two independent experiments using PBMCs. Data represent
the mean + SD from three wells at each E/T ratio. A significant difference is indicated by asterisks (**p < 0.01). (b) Cytotoxicity of CD8"
lymphocytes purified from PBMCs cultured with allogenic cells (closed circles), or with allogenic cells in the presence of CB (open triangles),
or with CB and IL-2 at 1ng/mL (closed triangle). The percentage of specific lysis induced by effector cells was calculated in the same manner
as in (a). Representative data from one of two independent experiments using PBMCs. Data represent the mean + SD from three wells at each

E/T ratio. A significant difference is indicated by asterisks (** P < 0.01).

CD8" lymphocytes, resulting from stimulation with allogenic
PBMCs, was suppressed upon exposure to CB (Figure 3(b)).
The increases in CD45RO" effector/memory cells and CD25"
activated cells in CD8" lymphocytes were also suppressed
by exposure to CB. These results agree with those previously
reported in which exposure to CB during MLRs suppressed
differentiation into CTLs [13]. In the present study, the
addition of IL-2 did not restore the suppression of increased
levels of CD25" and CD45RO" cells in CD8" lymphocytes or
the suppressed decrease in CD45RA™ cell levels. These results
indicate that exogenous supplementation of IL-2 did not lead
to appropriate differentiation of CTLs upon exposure to CB
during the MLRs.

3.4. Effect of IL-2 on Asbestos-Caused Suppression of Allogenic
Cytotoxicity. To examine for the effect of IL-2 addition on
asbestos-caused suppressed cytotoxicity, we analyzed the
cytotoxicity of PBMCs or purified CD8" lymphocytes derived
from cultures with allogenic PBMCs and CB supplemented
with IL-2. Figure 4 shows the allogenic cytotoxicity of PBMCs
(a) and sorted CD8" lymphocytes (b) in an E/T-ratio-
dependent manner. PBMCs cultured with allogenic cells
showed obvious cytotoxicity, whereas decreased cytotoxicity
was observed in PBMCs exposed to CB during the MLRs.

Contrary to our expectation, PBMCs cultured in media
supplemented with 100 pg/mL IL-2 exhibited significantly
increased allogenic cytotoxicity. Moreover, cells cultured in
1 ng/mL IL-2 showed the same degree of cytotoxicity as those
of the allogenic control culture without IL-2 and asbestos
(Figure 4(a)). Thus, as shown in Figure 2(b), although
exposure to CB regardless of IL-2 treatment resulted in a
decreased number of total CD8" T cells in PBMCs, the
addition of IL-2 restored the suppressed allogenic cytotoxicity
of PBMCs exposed to CB. To remove the difference in the
number of total CD8" T cells among the cell groups within
PBMCs and to clarify the effect of IL-2 on the allogenic
cytotoxicity of CD8" lymphocytes themselves, we purified
CD8" lymphocytes from cultured PBMCs and examined the
allogenic cytotoxicity of CD8" T cells after the MLRs. CD8"
cells purified from PBMCs exposed to CB during the MLRs
showed decreased cytotoxicity compared with CD8" cells
from PBMCs after the MLRs without CB, which was similar
to the results in our previous report [13] (Figure 4(b)). Similar
to the results obtained concerning the cytotoxicity of whole
PBMCs, CD8" lymphocytes from a 1ng/mL IL-2-treated
culture with asbestos showed the same degree of cytotoxicity
as those of the control culture without IL-2 or asbestos
(Figure 4(b)). These results indicate that the addition of IL-2
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FIGURE 5: The percentage of granzyme B-positive cells in CD8"lymphocytes stimulated with allogenic cells upon exposure to CB with IL-2.
PBMCs were harvested from the three groups, representing allostimulation, CB-exposed allostimulation, and CB-exposed allostimulation
with IL-2, and assayed for the percentage of cells positive for intracellular granzyme B using FCM. (a) Representative histograms of
intracellular granzyme B in CD8 lymphocytes. A nonstained control (gray) is shown in each panel. (b) Cumulative data showing the ratio
of each group to the allostimulation control was calculated and compared among the groups. Data represent the mean + SD from four
independent experiments using PBMCs. Significant differences are indicated by an asterisk (*p < 0.05). No significant difference (N.S.) is
also indicated. (+), the culture with allogenic PBMCs without CB; (+)/CB, the culture with allogenic PBMCs with CB; (+)/CB/IL-2, the culture

with allogenic PBMCs with CB and IL-2.

to CB-exposed cultures led to recovery of the cytotoxicity of
CD8" lymphocytes for allogenic targets.

3.5. Effect of IL-2 on Percentage of Granzyme B-Positive Cells
in CD8" Lymphocytes. We analyzed the percentage of CD8"
lymphocytes positive for intracellular granzyme B, a repre-
sentative mediator of target cell death accomplished by CTLs,
since our previous study showed that CD8" lymphocytes
from PBMCs exposed to CB during the MLRs displayed
suppressed cytotoxicity with a decrease in percentages of
granzyme B cells in our previous study [13]. It was again con-
firmed that the percentage of granzyme B* cells in CD8" lym-
phocytes increased following allogenic stimulation, whereas
the percentage of granzyme B* cells in CD8" lymphocytes
was significantly lower following exposure to CB during the
MLRs (0.5 + 0.2 ratio (mean + S.D.)), which was similar to
the results in our previous report [13]. In accordance with the
increase in cytotoxicity of CD8" lymphocytes (Figure 4(b)),
the addition of IL-2 partially, but not fully, restored the
asbestos-caused decrease in the percentage of granzyme B*
cells (0.8 + 0.2 ratio) (Figures 5(a) and 5(b)).

3.6. Effect of IL-2 on Induction of Granzyme B in Proliferating
or Nonproliferating CD8" Lymphocytes. As mentioned above,

the number of CD8" lymphocytes following exposure to
CB did not increase by the addition of IL-2, whereas the
cytotoxicity and granzyme B* cell levels increased. Therefore,
we set out to determine whether the restored increase in
granzyme B cell levels induced by the addition of IL-2 might
be accompanied by a recovery of cell proliferation. PBMCs
were stained using CFSE before the MLRs to detect CFSE-
negative proliferating cells. After 7 days of the MLRs, PBMCs
were collected and stained using granzyme B and CD8
antibodies. As shown in Figure 6(a), addition of IL-2 did not
restore the asbestos-caused suppressed proliferation of CD8"
lymphocytes during the MLRs. As shown in Figures 6(b)
and 6(c), the percentage of CFSE-positive (nonproliferating)
and granzyme B-positive cells in CD8" lymphocytes was
35.2% in asbestos-exposed cultures with exogenous IL-2,
which tended to be higher than that observed in cultures
without IL-2, being 19.3% (p = 0.057). In contrast, the level
of CFSE-negative (proliferating) and granzyme B-positive
cells did not increase with the addition of IL-2 in 3 of
the 4 experiments. These results, together with the results
mentioned above, indicate that exogenous addition of IL-
2 did not result in appropriate CTL differentiation with
cell proliferation but improved asbestos-caused suppressed
cytotoxicity and partially restored intracellular granzyme B.
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4. Discussion

Previously, we demonstrated that asbestos exposure sup-
pressed the differentiation of mature CTLs and was accompa-
nied by a decrease in the proliferation of immature CTLs [13].
However, the mechanism responsible for the effect of asbestos
fibers on the differentiation of cytotoxic T cells has hitherto
remained unknown. In this study, IL-2 addition partially
recovered the percentage of granzyme B and the same degree
of cytotoxicity as those of the control culture without IL-
2 or asbestos, although it did not restore the number of
CD3"CD8" cells, the proliferation of CD8" lymphocytes,
or the percentage of CD45RA", CD45RO", and CD25"
cells in CD8" lymphocytes after the MLRs. These findings
indicate that IL-2 addition did not restore the asbestos-caused
suppressed differentiation and proliferation of CD8"* lympho-
cytes by stimulation with allogenic PBMCs. The present study
suggests a potential for improvement of such suppressed CTL
functions, whereas it demonstrated that IL-2 insufficiency is
not the main cause for the suppressed induction of CTLs with
decreased proliferation of CD8" lymphocytes upon exposure
to asbestos.

CD8" lymphocytes from IL-2-treated cultures with
asbestos showed the same degree of cytotoxicity as those
in cultures without IL-2 or asbestos, although IL-2 addition
did not restore the suppressed proliferation of CD8" lym-
phocytes and CTL differentiation upon exposure to asbestos.
Therefore, there remains the possibility that the increase
in cytotoxicity is not specific against the allogenic target.
However, it is known that noncognate antigen or some
cytokines such as IL-2 without any antigens can bystander-
activate polyclonal memory phenotype cells, but not naive
CDS8 cells. Another group also reported that cultures with
IL-2, and without antigen, induced the cytotoxic capacity in
CDS8" T cells by anti-CD3 antibody redirected lysis of Fc IgG-
receptor-bearing P815 cells [21]. These findings indicated that
bystander-activated CD8" T cells could kill targets if they
make contact with target cells. Thus, in this study, polyclonal
memory CD8" T cells included in PBMCs before the MLRs
might be bystander-activated and kill targets by the addition
of IL-2. It is noteworthy that asbestos-exposed CD8" lympho-
cytes showed a potential to recover cytotoxicity, although this
was not accompanied by appropriate proliferation and CTL
differentiation. The results of our present study can contribute
towards the development of a strategy for the improvement
of antitumor immunity in asbestos-exposed patients to avoid
the development of malignant mesothelioma.

Thus, the partial recovery of granzyme B expression and
enhanced cytotoxicity in CD8" lymphocytes by IL-2 addition
indicate that memory CD8" T cells were activated in a TcR-
independent manner (bystander activation), as described
above. With such bystander activation, some memory CD8"
T cells are known to be activated to engage in cell division
[21]. However, in our present study, IL-2 addition did not
restore the suppressed proliferation of CD8* lymphocytes
exposed to asbestos during the MLRs. This question might
be explained as follows. Tamang and coworkers reported that
CD8" T cells can be partially activated to express granzyme
B without being activated to engage in cell division by IL-2 in

the absence of antigens [21]. Recently, Arneja et al. reported
that the proliferation of CD8" T cells requires continuous
Janus kinase (JAK) signal transduction from IL-2 receptor,
but not its signal strength [22]. In contrast, cell size and
metabolic activity increased with increasing cytokine dose
(JAK signal strength) independent of time period in culture
with IL-2 [22]. Although we have no data to account for
the fact that IL-2 addition did not restore asbestos-caused
suppressed proliferation of CD8" lymphocytes, it is possi-
ble that such incomplete recovery caused by IL-2 addition
might be due to a mechanism related to the aforementioned
findings.

5. Conclusion

Our present investigation demonstrated that the suppressed
induction of CTLs upon exposure to asbestos is not attributed
to IL-2 insufficiency, whereas addition of IL-2 improved the
cytotoxicity of asbestos-exposed CD8" lymphocytes, even
though in an incomplete manner. The former motivates us
to explore a mechanism for suppressed CTL differentia-
tion upon exposure to asbestos, in which secretory factors
other than IL-2 in addition to membrane-bound stimulatory
molecules might play a role. This approach could facilitate
delineation of asbestos-caused suppressed CTL function.
These issues will be examined in future studies.
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Abstract. Asbestos exposure causes malignant tumors such
as lung cancer and malignant mesothelioma. Based on our
hypothesis in which continuous exposure to asbestos of
immune cells cause reduction of antitumor immunity, the
decrease of natural killer cell killing activity with reduction
of NKp46 activating receptor expression, inhibition of cyto-
toxic T cell clonal expansion, reduced CXCR3 chemokine
receptor expression and production of interferon-y production
in CD4* T cells were reported using cell line models, freshly
isolated peripheral blood immune cells from health donors as
well as asbestos exposed patients such as pleural plaque and
mesothelioma. In addition to these findings, regulatory T cells
(Treg) showed enhanced function through cell-cell contact
and increased secretion of typical soluble factors, interleukin
(IL)-10 and transforming growth factor (TGF)-f, in a cell
line model using the MT-2 human polyclonal T cells and its
sublines exposed continuously to asbestos fibers. Since these
sublines showed a remarkable reduction of FoxOl1 transcription
factor, which regulates various cell cycle regulators in asbestos-
exposed sublines, the cell cycle progression in these sublines
was examined and compared with that of the original MT-2
cells. Results showed that cyclin D1 expression was markedly
enhanced, and various cyclin-dependent kinase-inhibitors were
reduced with increased S phases in the sublines. Furthermore,
the increase of cyclin D1 expression was regulated by FoxOl.
The overall findings indicate that antitumor immunity in
asbestos-exposed individuals may be reduced in Treg through
changes in the function and volume of Treg.
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Introduction

Asbestos exposure causes lung fibrosis known as asbestosis,
one of the most typical forms of pneumoconiosis, as well
as pleural plaque (PP), benign pleural effusion, and diffuse
pleural thickening (1-3). In addition to these benign diseases,
the occurrence of malignant tumors such as lung cancer and
malignant mesothelioma (MM) is an important consideration
for the understanding and development of disease prevention
methods, early diagnosis and treatment (4-6). The carcino-
genic potential of asbestos fibers has been recognized. Initial
DNA damage caused by production of reactive oxygen species
(ROS) mainly derived from iron-including asbestos such as
crocidolite (CRD) and amosite is considered the dominant
cause of asbestos-induced carcinogenesis (7,8). Next, physi-
ological DNA damage caused by asbestos fibers to pulmonary
epithelial cells and pleural mesothelial cells is the other cause
of malignant transformation because of the rigid and thin
physical features of fibers with more than a 3 aspect ratio for
fibers defined as a ‘fiber’ (9,10). In addition to these causes,
the easy absorbance of other carcinogenic substances inhaled
into the lung, such as tobacco smoke and air pollutants on the
surface of asbestos fibers, may enhance the synergistic effects
for malignant transformation, especially for lung epithelial
cells, since the odds ratio for lung cancer caused by asbestos
inhalation and tobacco smoking showed synergistic effects
according to various epidemiological studies (9-11).

We have been investigating the immunological effects
of asbestos fibers because asbestos is a mineral silicate
possessing Si and O as the core chemicals, and silica (SiO,) has
been shown to affect immune competent cells. The evidence
of dysregulation of the immune system caused by silica was
confirmed epidemiologically by frequent complications of
autoimmune diseases, as well as cell biological investigations
which revealed chronic activation of responder and regulatory
T cells (Treg; CD4*, CD25* and forkhead box P3 (FoxP3)
positive inhibitory cells) caused by silica particles (12-14).
Considering the malignant complications in asbestos-exposed
patients, it is possible that asbestos exposure promotes the
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reduction of tumor immunity in these patients (15,16). It is
on the basis of this viewpoint that we examined the effects
of asbestos on human immune cells. Investigations involving
human natural killer (NK) cells, a cell line and freshly isolated
NK cells derived from healthy donors (HD) and stimulated
ex vivo, showed reduction of NK cell killing activity with
decreased expression of some NK cell-activating receptors
such as NKG2D and 2B4, with the suppression of the mitogen-
activated protein kinase (MAPK) signaling pathway (17,18).
In addition, the most remarkable reduction among these acti-
vating receptors was NKp46 when comparing its expression
to freshly isolated NK cells derived from HD, PP and MM
patients (17,18). The expression of NKp46 on the surface of
NK cells was well correlated with NK cell killing activities in
these patients. Differentiation and clonal expansion of CD8*
cytotoxic T lymphocytes (CTLs) were inhibited when chryso-
tile asbestos was co-cultured in a mixed lymphocyte reaction
(MLR) assay with reduction of cell attacking molecules such
as granzyme B and perforin (19,20).

Experiments involving T cells have been developed using
cell line models with continuous exposure to chrysotile A
(ChA), chrysotile B (ChB) or CRD for more than one year
in vitro, with cells derived from the human T cell leukemia/
lymphoma (HTLV)-1 virus immortalized human polyclonal
cell line, MT-2. The original MT-2 cells (Org) showed apop-
tosis with activation of pro-apoptotic MAPK, mitochondrial
apoptotic pathway and ROS production, when exposed
transiently to ChA, ChB or CRD with relatively high doses
of these fibers (21-24). However, when Org cells (MT-2
cells that never encountered asbestos fibers) were exposed
continuously with relatively low doses of fibers (doses that
do not yield apoptosis in less than half of the cells) for more
than one year, these sublines (designated as CB1 to 3, CAl to
3,and CR1 exposed to ChB, ChA and CRD, respectively, and
established independently) exhibited changes in cell features
(15,22,24). The cells showed acquisition of asbestos-induced
apoptosis, alteration of cytokine production, excess produc-
tion of interleukin (IL)-10 and transforming growth factor
(TGF)-p, reduced production of interferon (IFN)-v, resis-
tance to TGF-f3-induced growth inhibition, and enhanced
phosphorylation and expression of -actin on their cell
surface (15,22-25). In addition to these alterations, the cell
surfaces in these sublines showed reduction of C-X-C motif
chemokine receptor 3 (CXCR3), which is known to be impor-
tant to attract IFN-y-producing and tumor attacking T cells
near tumor cells (26-28). Coupled with reduced secretion of
IFN-v, these sublines were characterized by reduced anti-
tumor immunity. These findings were confirmed in freshly
isolated CD4* T cells derived from patients with PP or MM
(26-28). Thus, considering these results and those obtained
from NK cells and CTLs indicated that asbestos exposure
causes reduction of antitumor immunity in asbestos-exposed
individuals.

Since it was reported that MT-2 cells possess Treg func-
tion (29) and exhibit excess production of typical soluble
factors such as Treg, IL-10 and TGF-f in CB1-3, CA1-3 and
CR sublines continuously exposed to asbestos fibers such as
ChB, ChA and CRD (15,22-25), it was thought that asbestos
exposure of the MT-2 cell line causes enhanced Treg function.
This possibility was investigated together with the increase in

Treg function of sublines through cell cell contact, as well as
the reported excess production of soluble factors (30).

It was also found that sublines continuously exposed to
asbestos showed remarkably reduced expression of forkhead
transcriptional factor 1 (FoxO1) (31). We reported that this
reduced FoxOl1 caused reduction of pro-apoptotic molecules
such as Puma, Bim and Fas ligand in exposed sublines
(CBI1-3, CA1-3 and CR1), in addition to Bcl-2 overexpression
induced by phosphorylation of signal tranducer and activator
of transcription 3 (STAT3) caused by autocrine usage of
overproduced IL-10 (31). FoxOl1 is known to regulate various
cell cycle regulators such as cyclins and cyclin-dependent
kinase-inhibitors (CDK-Is) (32-36). Therefore, in this study
we analyzed the expression of these cell cycle regulators and
the status of cell cycle progression in sublines continuously
exposed to asbestos, and compared the results with those
obtained for Org cells.

Materials and methods

Cell lines and asbestos. Details of MT-2, Org and the asbestos-
induced apoptosis resistant sublines (CA1-3, CB1-3 and CR1)
have been reported previously (22-24). These cells were
maintained in a humidified atmosphere of 5% CO, at 37°C in
RPMI-1640 medium supplemented with 10% fetal calf serum
(FCS), streptomycin and penicillin. Seven asbestos-resistant
sublines, CA1-3,CB1-3 and CR1, were generated by continuous
exposure to ChA, ChB, and CRD, respectively. As previously
reported (22-24), the doses of asbestos fibers for continuous
exposure were 5-10 pg/ml. These doses induced less than half
of the cells to proceed to apoptosis when transiently exposed
(22-24). The International Union Against Cancer standard
ChA and ChB were kindly provided by the Department of
Occupational Health at the National Institute for Occupational
Health, South Africa. In addition, ChA, ChB and CRD were
kindly provided as standard fibers from the Japan Association
for the Study of Fiber Materials. The mineralogical features of
fibers used have been reported previously (37).

Real-time RT-PCR. The expression levels of various cell cycle
regulators such as CDK-Is including p21°P!, p27¥iPt p57Kip2,
plei"k p15inkae piginkie "and p19'™4, and cyclins including
cyclin A, B, D1, D2 and E, were analyzed in Org and continu-
ously exposed sublines (CA1-3, CB1-3 and CR) using the
real-time RT-PCR method. All the primers used are listed in
Table 1. Total cellular mRNA from ORG, CA1-3. CB1-3 and
CRI1 cells was extracted using the RNeasy Mini kit (Qiagen
GmbH, Hilden, Germany). After synthesis of the first strand
of cDNA, real-time RT-PCR was performed using the SYBER
Green method (Takara Bio Inc., Kusatsu, Japan) with the
Mx3000P QPCR System (Agilent Technologies, Inc., Santa
Clara, CA, USA) according to the manufacturer's instructions.

Western blotting. The procedures for western blotting were
performed according to the previously reported methods (31).
Briefly, MT-20rg cells and cells from asbestos continuously
exposed sublines were lysed in 20 mM Tris-HCI (pH 7.5)
containing 1| mM EDTA, 1 mM EGTA, 10 mM 2-mercap-
toethanol, 1% Triton X-100, 1% sodium deoxycholate,
0.1% sodium lauryl sulfate, 150 mM NaCl and 1% protease



68 INTERNATIONAL JOURNAL OF ONCOLOGY 50: 66-74, 2017

Table I. Primers used for real-time RT-PCR.

Sequences
Gene Forward Reverse
GAPDH 5'-GAGTCAACGGATTTGGTCGT -3' 5'-TTGATTTTGGAGGGATCTCG-3'
Cyclin A 5'-ATGTGTGCAGAAGGAGGTCC-3' 5'-GAAGGTCCATGAGACAAGGC-3'
Cyclin B 5'-CGAAGATCAACATGGCAGG-3' 5'-CTTGGAGAGGCAGTATCAACC-3'
Cyclin D1 5'-ATGTGTGCAGAAGGAGGTCC-3' 5'-CCTTCATCTTAGAGGCCACG-3'
Cyclin D2 5'-TGCAGAAGGACATCCAACC-3' 5'-AGGAACATGCAGACAGCACC-3'
Cyclin E 5'-TAAATGTCCCGCTCTGAGCC-3' 5'-ACGTTTGCCTTCCTCTTCCT-3'
p21Cipl 5'-AGCAGAGGAAGACCATGTGG-3' 5'-AGGCAGAAGATGTAGAGCGG-3'
p27Kipl 5'-AACGTGCGAGTGTCTAACGG-3' 5'-CTTCCATGTCTCTGCAGTGC-3'
p57Kip2 5'-AGAGATCAGCGCCTGAGAAG-3' 5'-TTGCTGCTACATGAACGGTC-3'
ploinkda 5'-ACCAGAGGCAGTAACCATGC-3' 5'-CACATGAATGTGCGCTTAGG-3'
pl5inkee 5'-CGTTAAGTTTACGGCCAACG-3' 5'-CATCATCATGACCTGGATCG-3'
pl8inkse 5'-AGTTCCTGGTGAAGCACACG-3' 5'-GGCTAACAACCTCATTCCTCC-3'
pl9inksd 5'-ATGTCAACGTGCCTGATGG-3' 5'-GGAGATCAGATTCAGCTGCC-3'

inhibitor cocktail (Sigma) and briefly sonicated. After
centrifugation at 18,000 x g for 10 min, the supernatant was
collected and measured using a BCA protein assay kit (Pierce,
Rockford, IL, USA). Cell lysate containing 50 ug protein was
boiled in SDS-sample buffer and then subjected to SDS-PAGE
separation. The resolved proteins were subsequently elec-
trotransferred onto Immobilon P membranes (Millipore,
Bedford, MA, USA). After initial blocking with Tris-buffered
saline containing 0.2% Tween-20 (TBS-T) supplemented with
5% BSA for 2 h membranes were then incubated with each
primary antibody in TBS-T containing 1% BSA at dilutions
recommended by the manufacturers for 1-2 h at room tempera-
ture (RT). Thereafter, the membrane was gently rinsed with
TBS-T and then incubated with horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit secondary antibodies in TBS-T
at dilutions recommended by the manufacturers for 1 h at
RT. After a final set of rinsing with TBS-T, the presence of
the proteins of interest was evaluated using a chemilumines-
cence reaction mediated by an ECL Plus chemiluminescence
detection kit (GE Healthcare, Little Chalfont, UK) and each
was then visualized with Chemi-Stage (Toyobo, Osaka,
Japan).

Western blotting for some of the cell cycle regulators
was performed using mouse anti p21<*" (F-5) (Santa Cruz
Biotechnology), rabbit anti p16"* (C-20) (Santa Cruz
Biotechnology), rabbit anti-cyclin D1 (M-20) (Santa Cruz
Biotechnology), and rabbit anti--actin as the control (Cell
Signaling Technology, Danvers, MA, USA).

Flow cytometric analysis of the cell cycle. The individual cell
cycle phases in logarithmically proliferating ORG, CA1-3,
CBI1-3 and CR1 cells were analyzed using flow cytometry.
For the continuously exposed sublines CA1-3, CB1-3 and
CRI1, supplemented asbestos fibers were removed using
density gradient centrifugation and cells without fibers were

then cultured for one week before the analysis. All of these
sublines and the Org MT-2 cells were cultured with bromode-
oxyuridine (BrdU) for 30 min, and after being washed twice
with PBS the cells were incubated with fluorescence-labelled
anti-BrdU antibody and 7-amino-actinomycin D (7AAD) for
detection of DNA indices. The G1 phase in the cell cycle was
then determined as BrdU-negative, DNA indices = 2n frac-
tion, the S phase was BrdU-positive, and DNA indices = 2n<
<4n fraction, while the G2/M phases were BrdU-negative and
DNA indices = 4n fraction.

Knock-down of FoxOl in the MT-20rg cell line. Procedures
regarding knock-down of FoxOl in MT-20rg with lenti-
virus have been described (31). Lentivirus plasmid vectors
pLKO.1-puro-Control having scramble shRNA sequence and
pLKO.1-puro containing shRNA sequence targeting human
FoxO1 (TRCN0000039579 and TRCN0000039580), and
the packaging plasmids kit of pLP1, pLP2 and pLP/VSVG,
were obtained from Sigma and Invitrogen (Carlsbad, CA,
USA), respectively. Recombinant lentivirus was produced
in HEK293T cells and MT-20rg cells were infected with
recombinant lentivirus. Sublines having the shRNA expres-
sion cassette with puromycin resistance were established after
culture with medium containing 1 gg/ml puromycin (Sigma)
for 2 weeks. Resultant cell lines were designated Org-Ctrl
(Scramble), Org-KD#1 (TRCN0000039579) or Org-KD#2
(TRCN0000039580). The amount of FoxOl protein was
determined with immunoblot analysis using anti-FoxOl1
monoclonal antibody (Cell Signaling Technology).

Results
mRNA expression of cell cycle regulators. As shown in Figs. 1

and 2, various cell cycle regulators in the cells of Org, CA1-3,
CBI1-3 and CR1 were analyzed. FoxOl transcription factor is



LEE et al: ENHANCEMENT OF CELL CYCLE IN Treg CAUSED BY ASBESTOS 69

°T
gg CyclinD1
(=]
'5980
wn —
© 0 60
g <
S 40
>
20
89 20 Ii
md—f
v 2 0 -
Cellnes ST 2 mmadx
OO0 00000

T T
8
§< CyclinD2
20 2 y
28
%§1.5
[&]
> 1
2°
© 9
EE%
0
Cellnes §3< I 2@ @K
o —
> I .
Kl CyclinE
5% 14
o< I
29 12
ou
g5 08
o O 06
Z g 04
£ 8
o ® 02 I
x= 0
E)‘—NM‘—NC')‘—
Cellines 0533583885

o —
> T
20 .
- Q . CyclinA
23 12 -
8 1
o
O £
= 08
CEE-3
o © 06 )
2 =
E% 02 I Ii il
o8 02 i
m‘\-v-’
0 i
D~ N 0 ~— O 0 —
Cell lines S g << mO00nx
OS5 JSJ0C0O0O0
2T CyclinB
35 yclin
g .
5 <
29 40 [ ]
o 0 ‘1
O =
53C 08
o & 06 ‘
_‘:0‘2 -
cEPC MR amll na
i 22332008 x
Cell lines O333D01068

Figure 1. The gene expression of various cyclins in MT-20rg and sublines. The mRNA expression of cyclin D1, D2, E, A and B was analyzed using real-time
RT-PCR in MT-2 Org and its sublines CA1-3, CB1-3 and CR1 continuously exposed to ChA, ChB and CRD, respectively. Graphs show mRNA expression level
relative to MT-2 Org cells with a value of 1.0. Asterisk indicates a P-value (significance) <0.05.

known to negatively regulate cyclin D1 among the various
cyclins. In addition, the sublines continuously exposed to
asbestos (MT-2 Org, CA1-3, CB1-3 and CR1) showed remark-
ably reduced expression of the FoxOl gene. As expected,
cyclin D1 expression was remarkably enhanced in all the
sublines by ~20-60-fold when compared with that of Org cells.
For other cyclins, expressions of cyclin D2 and E showed no
differences between Org and sublines. Although cyclins A
and B showed decreased expression in sublines compared to
Org cells, the reduction rate was 0.2-0.5-fold in the sublines.
The excess expression of cyclin D1 in the sublines was a
remarkable finding among the cyclins examined.

In contrast to results for the cyclins, various CDK-Is exhib-
ited reduced expression in sublines compared to MT-2 Org
cells. As shown in Fig. 2, p21°P!, p57%iP?_ p18ink4c and 9\p19k+
showed significantly reduced expression in the sublines.

Protein expression of cyclin DI and CDK-Is. The representa-
tive protein expression of p21°P!, p16™* and cyclin D1 are
shown in Fig. 3. Similar to findings for mRNA expression,

cyclin D1 was expressed highly in sublines when compared
to that in MT-2 Org cells. In addition, expressions of p21°iP!
and pl16™** were reduced in the sublines. Although p16™
mRNA was not representative because of the lower quality of
real-time RT-PCR, it was clear that the expression of pl16™
decreased remarkably in sublines at the protein level.

Cell cycle phases in MT-20rg and sublines continuously
exposed to asbestos fibers. As shown in Fig. 4A, cell cycle
phases in MT-2 Org cells and the seven sublines continuously
exposed to asbestos fibers (CA1-3, CB1-3 and CR1) were
analyzed using staining with anti-BrdU antibody and DNA
indices using 7AAD. The percentages of the S phase (cells with
BrdU-positive and 2n< <4n in DNA indices) were then divided
by the percentage of the G1 phase (cells with BrdU-negative
and 2n in DNA indices). The results for all cell lines and MT-2
Org are shown in Fig. 4B, and S/G1 phase-population ratios
are relative to a ratio of 1.0 for MT-2 Org. All sublines showed
a higher ratio ranging from 2.6 to 4.3. This indicated that the
cell cycle in sublines had progressed rapidly compared to that
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Figure 2. The gene expression of various cyclin-dependent kinase-inhibitors (CDK-Is) in MT-20rg and sublines. The mRNA expression of CDK-Is including
p216Pt p27Kiel p57Kip2 p1ginkte ‘and p19'"kd was analyzed using real-time RT-PCR in MT-2 Org and its sublines CA1-3, CB1-3 and CR1 continuously exposed
to ChA, ChB and CRD, respectively. Graphs show mRNA expression level relative to MT-20rg cells with a value of 1.0. Asterisk indicates a P-value

(significance) <0.05.
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Figure 3. The protein expression of cell cycle regulators. Representative
data regarding protein expression of p21°P!, p16™* and cyclin DI analyzed
by western blotting for MT-2 Org and its sublines CA1-3, CB1-3 and CR1
continuously exposed to ChA, ChB and CRD, respectively.

s

Control

of MT-2 Org cells, as suggested from the data of cell cycle
regulator expression, the remarkable excess expression of
cyclin D1, and the reduced expression of CDK-Is.

Cyclin DI expression in MT-2 Org knocked down forcibly by
FoxOl. The sublines of MT-2 Org, which were continuously
exposed to asbestos fibers, showed a remarkably decreased
expression of FoxO1 as we reported previously. In addition,
cyclin D1, which is negatively regulated by FoxO1, showed
recovered expression in the sublines, and a similar pattern was
observed for CDK-Is, which are positively regulated by FoxO1
and showed reduced expression in the sublines. To confirm the
direct effects of reduced FoxOl in MT-2 Org for the expres-
sion of cyclin D1, lentivirus-derived shRNA for FoxOl was
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Figure 4. Cell cycle analyses. Cell cycle phases were analyzed using BrdU incorporated cells in MT-2 Org and its sublines CA1-3, CB1-3 and CR1 continuously
exposed to ChA, ChB and CRD, respectively. (A) Representative flow cytometry findings for all cell lines examined. (B) The S phase population (percentage)
divided by the G1 phase population (percentage) in individual cell lines including MT-2 Org, CA1-3, CB1-3 and CR, with ratios being relative to a value of 1.0

for the MT-2 Org line.

induced in MT-20rg, and the expression of cyclin D1 in MT-2
Org and the knocked-down subline was analyzed. As shown
in Fig. 5A, two of the knocked-down cells (KD#1 and KD#2)
showed reduced expression of FoxOl. Additionally, the mRNA
expression of cyclin D1 was assayed using KD#1 cells and
scrambled sequence transfected cells. Although the expression
level in KD#1 was not enhanced remarkably, as we observed in
sublines continuously exposed to asbestos fibers for more than
one year, the expression of cyclin D1 was significantly upregu-
lated in KD#1 compared to that in scrambled transfected cells.

Discussion

Asbestos-exposed patients show complications comprising
malignant tumors such as lung cancer and malignant meso-
thelioma (4-6). In addition, these individuals might have an
increased risk of developing other tumors such as laryngeal,

gastrointestinal and bladder cancers (38,39). Pulmonary
regions are also affected by carcinogenic activities such as
ROS production, physical impairment of cellular DNA due to
the mineralogical features of the asbestos fibers, and absorp-
tion of other carcinogenic substances inhaled into the lung, all
of which may lead to the development of malignant tumors.
However, a consideration of other cancers and the long latent
period (30-50 years) for pulmonary and pleural occurrence of
cancers suggest that reduction of antitumor immunity may be
an important factor in the development of asbestos-induced
tumors (4-6). It is from this viewpoint that we have been
investigating the immunological effects of asbestos fibers on
immune competent cells. Our results showed that NK cells
exhibited reduced killing activity and expression of various
activating receptors, as well as a decrease of MAPK signaling
in experiments involving an asbestos-exposed human NK cell
line, freshly isolated NK cells exposed to asbestos in vitro, and
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performed using lentivirus-mediated shRNA transfection. The reduction of
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ting. (B) Cyclin D1 mRNA expression assayed using real-time RT-PCR in
MT-2 Org and the KD#1 clone silenced by shRNA for FoxOl. The relative
expression level of cyclin D1 was enhanced significantly in KD#1 cells.
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Figure 6. Schematic summary of the effects on Treg following continuous
exposure to asbestos fibers, the ‘enhancement of Treg function’. The func-
tion of Treg was enhanced through cell-cell contact and excess production
of typical soluble factors such as IL-10 and TGF-p. In addition to these func-
tional enhancements, the volume of Treg may increase following asbestos
exposure through the remarkable reduction of the FoxOl transcription factor.
Both effects of asbestos exposure on Treg reduces antitumor immunity in
asbestos-exposed individuals.

in NK cells derived from asbestos-exposed patients with PP or
MM (17,18). CTLs showed reduced differentiation and clonal
expansion when CD8* T cells were put into the MLR assay
with reduction of cell attacking molecules such as granzyme B
and perforin (19,20). Investigation of T helper cells showed
that CXCR3 expression and IFN-y production were reduced
in trials involving the cell line model, freshly isolated cells
from HD and continuously exposed to asbestos in vitro, and in
CD4" cells derived from patients with PP or MM (15,26,27).

The other immune cell that plays an important role in anti-
tumor immunity is Treg. If the function and volume of Treg are
enhanced, the activity of tumor-killing T cells is suppressed,
particularly in the area surrounding tumor cells, and antitumor
immunity is subsequently reduced (40-42). To investigate the
possibility of enhanced Treg function following its continuous
exposure to asbestos, we investigated Treg function using MT-2
cells, which were reported to possess Treg function (29,30).
Our findings indicated that MT-2 cells exposed continuously
to asbestos with a relatively low dose did not exhibit apoptosis
when exposed transiently, showed enhancement of Treg func-
tion via cell-cell contact, and revealed an increase of soluble
factors to function as Treg, namely, IL-10 and TGF-f3, as we
reported previously (22,24,30).

The next goal was to determine how asbestos alters cell
proliferation or cell cycle progression in Treg. A key fact for
this investigation was the remarkably reduced expression of
FoxOl transcription factor found in MT-2 sublines exposed
continuously to asbestos fibers such as ChA, ChB, and CRD.
These sublines showed resistance against the asbestos-induced
apoptosis via upregulation of IL-10, increased phosphorylation
of STAT3 by autocrine usage of IL-10, and subsequent upregu-
lation of Bcl-2 located downstream of STAT3 (22). Moreover,
our recent study revealed that reduced FoxOl caused reduction
of other apoptosis-related molecules such as Bim, Puma, and
Fas ligand, which are known to be regulated by FoxO1 (31).

FoxO1 is known to regulate various cell cycle regulators,
such as cyclin D1 and CDK-Is. Since cyclin D1 is negatively
regulated and CDK-Is are positively regulated, it seems that
FoxOl1 control of the cell cycle does not proceed quickly.
However, if continuous asbestos exposure causes massive
downregulation of FoxOl, the cell proliferating activity
might be accelerated in such cells. Therefore, the expres-
sion of cell cycle regulators in MT-2 Org and its sublines
was examined. Results showed an overall tendency toward
acceleration of cell cycle progression, since cyclin D1 was
highly expressed, CDK-Is showed reduced expression, and
the S phase in sublines increased in comparison to MT-2 Org
cells. The increased expression of cyclin D1 was regulated by
FoxOl, since artificially silenced cells from MT-2 Org showed
increased cyclin D1 expression.

A consideration of the overall results and our previous
findings reveals that MT-2 sublines continuously exposed to
asbestos fibers such as ChA, ChB and CRD showed enhanced
Treg function via cell-cell contact and excess secretion of
typical two soluble factors, namely, IL-10 and TGF-f3, and
examination of Treg in the asbestos-exposed population may
reflect enhancement of function and proliferation, quality and
volume (Fig. 6). However, it is difficult to examine these facts
in asbestos-exposed patients because the function and volume
of Treg needs to be analyzed in the tumor-surrounding area
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instead of peripheral blood. This evaluation therefore needs
time. Notwithstanding these considerations, our cell line model
clearly showed that asbestos causes a reduction of antitumor
immunity in asbestos-exposed individuals and makes them
more sensitive to the development of tumors after a long-term
latent period following the initial exposure to asbestos.

Future studies are needed to evaluate Treg function and
volume in the surrounding areas of asbestos-induced tumors,
and to develop preventive procedures to neutralize asbestos-
induced enhancement of Treg through the use of natural
products in foods or plants. These approaches may be helpful
for chemoprevention of asbestos-induced tumorigenesis.
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Asbestos exposure causes lung fibrosis and various malignant tumors such as lung cancer and malignant
mesothelioma. The effects of asbestos on immune cells have not been thoroughly investigated, although
our previous reports showed that asbestos exposure reduced anti-tumor immunity. The effects of
continuous exposure of regulatory T cells (Treg) to asbestos were examined using the HTLV-
1 immortalized human T cell line MT-2, which possesses a suppressive function and expresses the
Treg marker protein, Foxp3. Sublines were generated by the continuous exposure to low doses of asbestos
fibers for more than one year. The sublines exposed to asbestos showed enhanced suppressive Treg
function via cell-cell contact, and increased production of soluble factors such as IL-10 and transforming
growth factor (TGF)-31. These results also indicated that asbestos exposure induced the reduction of
anti-tumor immunity, and efforts to develop substances to reverse this reduction may be helpful in
preventing the occurrence of asbestos-induced tumors.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Asbestos exposure causes not only lung fibrosis, which is a
typical form of pneumoconiosis known as asbestosis, but also
malignant tumors such as lung cancer and malignant mesothelio-
ma (MM) (Brody, 2010; Jamrozik et al., 2011; Liu et al,, 2013;
Stayner et al., 2013). In addition, cancers of the larynx, gastro-

Abbreviations: MM, malignant mesothelioma; ROS, reactive oxygen species; SLE,
systemic lupus erythematosus; SSc, systemic sclerosis; Teff, effector T cells; Treg,
regulatory T cells; DcR3, decoy receptor 3; HTLV, human T-lymphotropic virus; PP,
pleural plaque; IL, interleukin; TGF, transforming growth factor; STAT3, signal
transducer and activator of transcription 3; CXCR3, C-X-C chemokine receptor type
3; IFN, interferon; NK, natural killer; CTL, cytotoxic T lymphocytes; MLR, mixed
lymphocyte reaction; FCS, fetal calf serum; PBMCs, peripheral blood mononuclear
cells; FITC, fluorescein isothiocyanate; Tresp, responder T cells; iDCs, immature
dendritic cells; GM-CSF, granulocyte macrophage-colony stimulating factor; CBA,
cytometric bead array; ELISA, enzyme-linked immunosorbent assay; DC, dendritic
cells; PLSD, parametric least significant difference; TCR, T cell receptor; SMRP,
soluble mesothelin-related peptide.
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intestinal tracts and bladder have frequently been found in
asbestos-exposed individuals (Friedman, 2011). The causes of
asbestos-induced cancer are thought to include (i) DNA damage
induced by reactive oxygen species (ROS) and produced mainly by
the Fenton reaction due to the iron present in asbestos fibers, (ii)
direct chromosomal and genomic injury caused by the firm and
rigid physical characteristics of asbestos fibers, and (iii) adsorption
of various carcinogenic substances around asbestos fibers inhaled
into the respiratory system (Barrett et al., 1989; Kamp et al., 1992;
Toyokuni 2014).

The core chemical component of asbestos fibers is silica (SiO,).
It is well known that exposure to silica particles also causes a type
of lung fibrosis known as silicosis, another typical form of
pneumoconiosis, as well as various disorders of autoimmunity
such as rheumatoid arthritis (known as Caplan’s syndrome),
systemic lupus erythematosus (SLE), systemic sclerosis (SSc), and
ailments detailed in many recent reports involving complications
of anti-neutrophil cytoplasmic antibody-induced vasculitis/ne-
phritis in silicosis patients (Steenland and Goldsmith, 1995;
Wichmann et al., 1996; D’Cruz, 2000; Mulloy, 2003; G6émez-
Puerta et al., 2013). Although silica-induced dysregulation of
autoimmunity has been considered an adjuvant disease, we have
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been investigating the direct effects of silica particles on
immunocompetent cells and found unbalanced levels of effector
T cells (Teff) and regulatory T cells (Treg). Silica particles induce
chronic activation of both Teff and Treg. Activated Teff showed
escape from Fas/CD95-mediated apoptosis by producing inhibitory
molecules such as soluble Fas and decoy receptor 3 (DcR3) that
resulted in its long survival. As a consequence of the chronic
activation of Treg, these cells enhanced their Fas/CD95 expression
and experienced early death. Finally, the unbalance of Teff/Treg
leads to subsequent dysregulation of autoimmunity (Hayashi et al.,
2010; Lee et al., 2012, 2014).

Given that silica affects immunocompetent cells, it is supposed
that asbestos fibers, which possess SiO, as the core chemical, also
affect immune cells. Considering the above-mentioned complica-
tions exhibited by asbestos-exposed patients, exposure to asbestos
is likely to decrease anti-tumor immunity. It is on this basis that we
have been investigating the immunological effects of asbestos
fibers on human T cells using the human T-lymphotropic virus
(HTLV)-1 immortalized polyclonal T cell line MT-2 as Treg-like cells
(Chen et al., 2006), and freshly isolated human T cells from healthy
volunteers, as well as cells from asbestos-exposed patients such as
those with pleural plaque (PP), who only show the plaque without
any clinical evidence of cancers, and patients with MM (Otsuki
et al., 2007; Maeda et al., 2010).

The results of our investigations revealed apoptosis of MT-
2 cells through production of ROS, activation of the mitochondrial
apoptotic pathway by transient high-dose exposure to asbestos
(Hyodoh et al., 2005), acquisition of asbestos-induced apoptosis by
continuous and low-dose exposure to asbestos in MT-2 cells
through Src-activation, enhanced production of interleukin (IL)-10,
activation of signal transducer and activator of transcription 3
(STAT3), and upregulation of bcl-2 located downstream of STAT3
activation (Miura et al., 2006). Furthermore, asbestos-resistant
strains of MT-2 cells produced transforming growth factor TGF-31
at high levels (Maeda et al., 2014). Continuously exposed MT-2 cells
showed reduction of C-X-C chemokine receptor type 3 (CXCR3)
expression with reduced production of interferon (IFN)-y (Maeda
et al,, 2011a,b). These reductions of CXCR3 and IFN-y were also
found in patients with PP and MM (Maeda et al, 2011a,b).
Furthermore, the natural killer (NK) cell line, freshly isolated
peripheral blood NK cells, and NK cells isolated from asbestos-
exposed patients showed decreased expression of NK cell
activating receptors. In particular, reduction of NKp46 was the
significant effect of asbestos exposure and caused a decrease in the
tumor-killing function of experimental asbestos-exposed NK cells
and of patient NK cells (Nishimura et al., 2009a,b, 2013). Moreover,
asbestos exposure caused inhibition of differentiation and
proliferation of CD8+ cytotoxic T lymphocytes (CTL) in vitro when
CTL from healthy volunteers were examined in a mixed lympho-
cyte reaction (MLR) with or without chrysotile asbestos (Kumagai-
Takei et al., 2013, 2014). The overall findings indicate that asbestos
affects human immune cells and causes a reduction of anti-tumor
immunity.

In this study, we assessed whether exposure to asbestos affects
Treg function. We have independently established six asbestos-
resistant sublines as a model of continuous (more than one year)
and low-dose (10 g/mL) exposure to asbestos in the MT-2 cell line
(Org), which has Treg functionality and has never been exposed to
asbestos fibers. The asbestos-resistant sublines were designated
CA 1,2 and 3, which were exposed to chrysotile A,and CB 1,2 and 3,
which were exposed to chrysotile B. The difference between
chrysotile A and B concerns the amounts of mineralogical minor
components such as TiO,, Al,03 and Fe,;05 (Kohyama et al., 1996).
Finally, we compared the Treg suppressive function regarding the
cell-to-cell contact manner, as well as soluble molecules such as IL-
10 and TGF-B1 as typical soluble factors that reflect Treg

functionality (Horwitz et al., 2003; Chattopadhyay et al., 2005;
Linehan and Goedegebuure, 2005; Taylor et al., 2006).

2. Materials and methods
2.1. Cell lines and asbestos

MT-20rg and the asbestos-resistant sublines were cultured as
reported previously (Miura et al., 2006; Maeda et al., 2011a,b, 2014).
These cells were maintained in a humidified atmosphere of 5% CO, at
37 °Cin RPMI-1640 medium supplemented with 10% fetal calf serum
(FCS), streptomycin and penicillin. The International Union Against
Cancer standard chrysotile-A and -B were kindly provided by the
Department of Occupational Health at the National Institute for
Occupational Health of South Africa. The mineralogical features of
these fibers were reported previously (Kohyama et al., 1996). Six
asbestos-resistant sublines (CA 1-3 and CB 1-3) were generated by
continuous exposure to CA or CB (10 pg/ml, for more than eight
months) of MT-20rg, as described previously. 293FT cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) supplemented with 10% FCS.

2.2. Lentiviral transduction

IL-10 and TGF-31-targeting double-stranded oligonucleotides
5’-  GATCCCCGCCTACATGACAATGAAGATTCAAGAGATCTTCATTGT-
CATGTAGGCTTTTTGGAAA -3’ (IL-10) and 5- GATCCCCGGAGGT-
CACCCGCGTGCTATTCAAGAGATAGCACGCGGGTGACCTCCTTTTITG-
GAAA-3' (TGF-31) were subcloned into pSUPER digested by BglII-
HindIll (Brummelkamp et al., 2002). Resulting constructs were
digested with BamHI/Sall, and short hairpin RNA (shRNA)
containing human H1 RNA polymerase III promoter subcloned
into the BamHI-Sall site of the lentiviral vector pRDI292 that
expresses SshRNA and a protein associated with puromycin
resistance as described previously (Naldini et al., 1996). The
vesicular stomatitis virus G protein (VSV-G)-pseudotyped HIV-1-
based vector system was generated as described previously (Bridge
et al., 2003). The replication-defective lentiviral vector particles
were produced by transient cotransfection of the second-genera-
tion packaging construct pCMV-DR8.91 (Zufferey et al., 1997), the
VSV-G envelope plasmid pMDG2 and the lentiviral vector into
293FT cells with FuGene6 (Roche Diagnostics, Mannheim,
Germany). The supernatant containing the virus was collected
48 h and 72 h after transfection. The lentivirus-containing super-
natants were added to MT-20rg or the subline CB 1 (0.5 x 10° in
2 mL of medium) in a six-well plate. After 3 days, cells were treated
with 1pg/mL of puromycin to select stable clones expressing
shRNA.

2.3. Purification of monocytes and primary T cells

Human peripheral blood was obtained from healthy donors
after informed consent was received in accordance with proce-
dures approved by the human ethics committee of Kawasaki
Medical School, Kurashiki, Japan (#883). Peripheral blood mono-
nuclear cells (PBMCs) were isolated by density gradient centrifu-
gation (Separate-L®, Muto Pure Chemical Co., Ltd., Tokyo, Japan).
CD14" monocytes were isolated by positive selection using anti-
CD14-coated beads (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) in accordance with manufacturer’s instructions. The
remaining cells were labeled with anti-CD4-phycoerythrin (PE)
(clone RPA-T4) and anti-CD25-fluorescein isothiocyanate (FITC)
(clone M-A251) for 30 min at room temperature. After washing,
CD4*CD25 responder T cells (Tresp) and CD4*CD25"&" Treg were
sorted using a FACS Aria cell sorter (BD Biosciences, San Jose, CA)
(Fig. 1A).
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2.4. Treg functional assays using the allogeneic MLR

Purified Tresp cells (5 x 10®) were stimulated with irradiated
allogeneic PBMCs (5 x10%) in the absence or presence of an
increasing number of irradiated MT-20rg or the sublines CA 1-
3 and CB 1-3. Cell culture in 96-well U-bottom plates was
performed in 200 .l of RPMI 1640 supplemented with 10% FCS,
streptomycin and penicillin for six days. 10 wL of *H-thymidine
(3.7KBq, 0.1 wCi) (G.E. Healthcare UK. Ltd., Buckinghamshire,
England) was then added to each well and incubated for 16 h. The
3H-thymidine incorporation was measured using a liquid scintil-
lation counter (LSC-5100, Aloka, Japan).

2.5. CFSE-based suppression assay

Purified Tresp were labeled with 1M CellTrace™ CFSE
(Molecular Probes, Eugene, OR) according to manufacturer’s
instructions. The CFSE-labeled Tresp (1 x10°) were stimulated
with 1pg/mL of plate-bound anti-CD3 monoclonal antibody

(mAb) (clone UCHT1) and 1 pg/mL of anti-CD28 mAb (clone
CD28.2) (Beckman Coulter, Inc., Fullerton, CA) in the absence or
presence of an increasing number of irradiated MT-20rg or the
subline CB 1. Cell culture in 96-well flat plates was performed in
100 L of RPMI 1640 supplemented with 10% FCS, streptomycin
and penicillin for three days. Cell division was analyzed using a
flow cytometer (FACSCalibur™; BD Biosciences, Franklin Lakes, N.
1)
For stimulation through cell-cell contact, CFSE-labeled Tresp
(1x10%) were stimulated with 1ug/mL of plate-bound anti-
CD3 mADb and irradiated autologous monocyte-derived immature
dendritic cells (iDCs) (1 x10%) in the absence or presence of an
increasing number of irradiated MT-20rg or the subline CB 1. Cell
culture in 96-well flat plates was performed in 100 WL of RPMI
1640 supplemented with 10% FCS, streptomycin and penicillin for
five days. Cell division was analyzed using a FACSCalibur™. The
differentiation from CD14" monocytes to iDCs in a 6-well plate was
performed in 3mL of RPMI 1640 supplemented with 10% FCS,
streptomycin and penicillin under 50ng/mL of granulocyte
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Fig. 1. Invitro assay of Treg suppressive function. (A) Treg and Tresp were defined by surface expression of CD4 and CD25, and were isolated by a FACS Aria cell sorter. (B) Tresp
were stimulated with irradiated allogeneic PBMCs. These cells were cocultured with Treg at Tresp:Treg ratios of 1:1,1:1/4,1:1/8,1:1/16,1:0 (Tresp only), 0:1 (Treg only) and
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p<0.01.
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macrophage-colony stimulating factor (GM-CSF) and 50 ng/mL IL-
4 for seven days. Before being applied to the culture, the
differentiation of iDCs was confirmed by surface expression of
CD14 using a FACSCalibur™.

2.6. Soluble cytokines in culture supernatants

Levels of IL-10 were quantified by a BD™ cytometric bead array
(CBA) assay and an enzyme-linked immunosorbent assay (ELISA)
using a CBA Kit (BD Biosciences, San Diego, CA) and an Endogen®
Human IL-10 ELISA Kit (Pierce Biotechnology, Inc., Rockford, IL),
respectively. Levels of activated TGF-[31 in the culture supernatant
were quantified by ELISA using the Quantikine Human TGF-
1 Immunoassay kit (R&D Systems, Minneapolis, MN).

2.7. Transwell assay

CFSE-labeled Tresp cells (1x10°) in 24-well plates were
stimulated with plate-bound anti-CD3 mAb (1 pwg/mL) and
irradiated autologous dendritic cells (DC) (1 x10*) as described
above, and non-irradiated control subline CB 1, IL-10 or TGF-
B1 knocked down cells (2 x 10°) were cultured using a transwell
assay. After six days of culture in 1 mL of RPMI1640 containing 10%
FCS, cell division was analyzed using a FACSCalibur™.

2.8. Flow cytometry

Cell surface antigens were detected with anti-CTLA4-PE (clone
48815) and anti-GITR-PE (clone 110416) antibodies (R&D Systems).
Intracellular FOXP3 was stained using the Human Foxp3 Buffer Set
and anti-FOXP3-PE antibody (clone 259D/C7) (BD Biosciences
Pharmingen, San Diego, CA) according to manufacturer’s instruc-
tions. Cells were analyzed on a FACS system.

2.9. Statistical analyses

Fisher’s parametric least significant difference (PLSD) test, the
unpaired t-test, and Dunnett’s test were used to determine the
statistical significance of differences between experimental
groups.

3. Results

3.1. Exposure to chrysotile-B enhances the suppressive function of MT-
20rg

To determine the effects of asbestos exposure on Treg cells, we
investigated the suppressive function of MT-20rg and the sublines
(CA 1-3 and CB 1-3). To evaluate the suppressive function of these
cells, we used an allogeneic mixed lymphocyte reaction (allo-MLR)
system. Cultures of MT-20rg and the sublines were purified using
the Ficoll density gradient method to remove dead cells and
chrysotile completely, and then cultured for two to four days in the
absence of chrysotile before the allo-MLR assay. After irradiation,
MT-20rg and the sublines were cocultured with Tresp cells under
allogeneic irradiated PBMCs. After 6 days of culture, the prolifera-
tion of Tresp cells was measured using [>H]-thymidine incorpo-
ration. Results showed that all cell lines exhibited a potent
suppressive function compared with that of autologous Treg, and
fully inhibited the proliferation of Tresp cells at the ratio of 1:4,1:2
and 1:1 (Fig. 1B and C). This result suggests that the enhanced
function of MT-20rg and the sublines is due to immortalization
and culture over a long period. Interestingly, all three CB sublines
(CB 1-3) and CA 3 presented a greater potent suppressive function
compared with that of MT-20rg, while CB 1 and CB 3 were
significant at the ratio of 1:64 (p=0.0057 and p=0.0015,

respectively). On the other hand, CA 1 and CA 2 showed a poor
suppressive function compared with that of MT-20rg. Given that
chrysotile-A contains 2% fibrous anthophyllite, and that chrysotile-
B does not contain any fibrous impurities, it seems that chrysotile
itself enhances the suppressive function in MT-20rg. Furthermore,
the standard deviation was relatively large.

3.2. The subline CB 1 does not exhibit a greater potent suppressive
function when Tresp cells are stimulated with anti-CD3/CD28 Abs

To determine the effect of chrysotile-B on MT-20rg, we
evaluated the suppressive function of the subline CB 1 in regard
to the proliferation of Tresp cells with T cell receptor (TCR)-based
simulation using the CFSE-based assay. To assess the suppressive
function of CB 1, irradiated MT-20rg or CB 1 cells were co-cultured
with CFSE-labeled Tresp cells stimulated by plate-bound anti-
CD3 mAbs and soluble anti-CD28 mAbs. After three days of culture,
cell proliferation of Tresp was measured using FACSCalibur™, and
the suppressive function was assessed by determining the
percentage of non-proliferated cells. Results showed that both
cells exhibited a suppressive function of the same intensity in
contrast to the results of allo-MRL, and fully inhibited the
differentiation of Tresp at the ratio of 1:4 and 1:1 (Fig. 2A and
C). These results suggest that cell-cell contact may be necessary for
the strong suppressive function of CB 1.

3.3. The enhanced suppressive function of the subline CB 1 depends on
cell-cell contact

Given that there was no significant difference in suppressive
function between MT-20rg and the subline CB 1 when TCR on
these cells were stimulated with antibodies, Tresp were stimulated
with plate-bound anti-CD3 mAbs and iDC to investigate the
suppressive function via cell-cell contact, such as allo-MLR. After
5 days of culture, cell proliferation of Tresp was analyzed. In
contrast to the outcome following stimulation with anti-CD3/
CD28 mAbs, the results showed that the suppressive function of CB
1 was higher than that of MT-20rg, and was significantly high at
the ratio of 1:64 and 1:16 (p=0.04 and p=0.037, respectively)
(Fig. 2B and D). These findings suggested that exposure of Tresp to
chrysotile-B enhances the suppressive function by stimulation
through cell-cell contact.

3.4. Expression of Foxp3, CTLA-4 and GITR in MT-2Cells

Foxp3 is well known as the master transcription factor of Treg.
CTLA4 and GITR are cell surface molecules that can be used to
monitor the suppressive function of Treg. These Treg molecular
markers were therefore examined using FACSCalibur™ since
exposure to chrysotile-B enhanced the suppressive function of the
sublines (CB 1-3). Results showed that intracellular expression of
Foxp3 and cell surface expression of GITR were high in MT-20rg
and the sublines (CB 1-3), although there were no significant
differences (Fig. 3). On the other hand, cell surface expression of
CTLA4 tended to increase slightly in the sublines (CB 1-3) (only
significant in the CB 3 subline), although the expression was not as
high in MT-20rg (Fig. 3). It seems that cell surface expression of
CTLA4 in the sublines (CB 1-3) may be involved in the suppressive
function via cell-cell contact.

3.5. Suppressive function depends on the soluble factors IL-10 and
TGF-B1 produced by the subline CB 1

It is known that the soluble factors IL-10 and TGF-[31 produced
by Treg cells suppress the proliferation of Tresp cells. To examine
the production of IL-10 and TGF-31 from MT-20rg and the subline
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stimulated with plate-bound anti-CD3 mAb (1 pg/mL) and soluble anti-CD28 mAbD (1 p.g/mL) in the presence of irradiated MT-20rg or the subline CB 1. The ratios of Tresp to
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A. (D) Suppression efficiency obtained from the experiment shown in panel B. Data shown are the mean + SD from four independent experiments. The p-value was obtained

using an unpaired t-test. *p < 0.05.

CB 1, dead cells and chrysotile-B were removed using density-
gradient centrifugation. Cells (2 x 10°/mL) were cultured in 24-
well plates in RPMI 1640 medium supplemented with 10% FBS for
IL-10 detection or 10% 1x Serum Replacement 1 for TGF-f31
detection (Sigma-Aldrich, Saint Louis, MO). After three days, the
level of IL-10 and TGF-B1 in the culture supernatants was
determined using ELISA. As described in our report previously,
the production of IL-10 and TGF-31 increased significantly in the
subline CB 1 compared with MT-20rg (Fig. 4A). Consequently, to
examine the suppressive function of IL-10 and TGF-1 in the
subline CB 1, gene expression of IL-10 or TGF-31 was knocked
down with shRNA including a specific gene sequence. The
production of IL-10 and TGF-31 decreased significantly in the
IL-10 or TGF-31 knocked-down subline CB 1 compared with that of

the control CB 1 subline (p=0.013 and p <0.001, respectively)
(Fig. 4B).

These cells were then applied to the CFSE assay with transwell
to investigate the suppressive function via IL-10 and TGF-[31 of the
subline CB 1. When CFSE-labeled Tresp cells were cultured with the
control CB 1 subline under transwell conditions, the proportion of
non-divided Tresp cells was approximately 45% (Fig. 4C). On the
other hand, non-divided Tresp cells decreased to 15% or 30% by
culture with the IL-10 or TGF-31 knocked-down subline CB 1,
respectively. These findings indicated that approximately half of
the enhanced suppressive function of the subline CB 1 was due to
the increased production of soluble factors such as IL-10 and TGF-
1, whereas the remaining half of the suppressive function was
due to the mediated cell-cell contact.
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three independent experiments. The p-value was obtained using Dunnett’s test.
4. Discussion

Asbestos exposure and the subsequent development of various
cancers are an important problem not only from a medical aspect,
but also from a social viewpoint. This is highlighted by the fact that
patients with asbestos-induced malignancies such as MM and lung
cancer were exposed to asbestos approximately 30-40 years ago
(Brody, 2010; Jamrozik et al., 2011; Liu et al., 2013; Stayner et al.,
2013). The banning of asbestos or restrictions concerning its use
should have been the responsibility of manufacturers and
governments decades ago in order to safeguard occupational
health. Furthermore, it is alarming that people who lived in areas
surrounding the asbestos handling industry also exhibit a high
incidence of MM (Kurumatani and Kumagai, 2008; Kumagai and
Kurumatani, 2009). These issues still exist in various countries,
particularly in developing nations.

Since we discovered alteration of immune cells following silica
(SiO5) exposure (Hayashi et al,, 2010; Lee et al,, 2012, 2014), it is
thought that asbestos, which is a mineral silicate, may also affect
immune cells. The reduction of anti-tumor immunity may have
occurred because the most important complication exhibited by
asbestos-exposed individuals is the occurrence of cancers such as
MM and those related to the lung (Camus, 2001; Bertino et al.,
2009; Baratti et al., 2011; Frank and Joshi, 2014) with a long latency
period of 30-40 years (Fig. 5).

It is on the basis of these findings that we have been
investigating the immunological effects of asbestos fibers. As
reported previously, the human HTLV-1 immortalized polyclonal T
cell line MT-2 was utilized in this investigation (Hyodoh et al.,
2005; Miura et al., 2006; Otsuki et al., 2007; Maeda et al., 2010).
Although MT-2 progressed to apoptosis following a transient and
relatively high dose of exposure, subjecting the subline to
continuous asbestos exposure with a relatively low dose (doses
with which transient exposure yielded less than half the level of
apoptosis) resulted in certain changes that included upregulation
of IL-10, activation of STAT3 following upregulation of Bcl-2, and
acquisition of resistance to asbestos-induced apoptosis. These
cellular features were also confirmed following examination of
plasma and peripheral blood CD4+ T cells derived from patients
with MM (Miura et al., 2006; Otsuki et al., 2007).

Investigations using this cell line model revealed that asbestos
exposure caused reduction of CXCR3 expression with a decrease in
the production potential for [FN+y secretion in asbestos-exposed T
cells (Maeda et al., 2011a,b). These findings were later confirmed
using specimens from asbestos-exposed PP and MM patients
(Maeda et al., 2011a,b). As both CXCR3 and IFNvy are important
molecules for anti-tumor immunity (Musha et al., 2005; Yoon
et al., 2009; Billottet et al., 2013), individuals exposed to asbestos
may possess reduced anti-tumor immunity.

We examined Treg function in this study to determine whether
it is altered by asbestos exposure. The results indicated that Treg
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function caused by cell-cell contact and production of soluble
factors such as IL-10 and TGF-B1 was enhanced following
continuous exposure to asbestos. This also strongly indicated that
asbestos exposure diminishes anti-tumor immunity in asbestos-
exposed individuals. The overall level of anti-tumor immunity as
represented by Treg, tumor-attacking T cells, NK cells and CTL
tended to decrease. We have demonstrated that CXCR3 and IFNvy
were reduced in T cells (Maeda et al., 2011a,b), that the expression
of NKp46, the cell activating receptor, was reduced in asbestos-
exposed patients such as those with PP and MM, and that in
individual patients a positive correlation was found between the
expression level of NKp46 and NK cell cytotoxicity (Nishimura
et al., 2009a,b, 2013). In addition, differentiation and proliferation
of CD8+ CTL were suppressed by co-culturing with asbestos, and

the CTL function in peripheral blood from mesothelioma patients
was reduced (Kumagai-Takei et al., 2013, 2014). This may provide
an insight into part of the mechanisms associated with the
occurrence of malignant tumors in asbestos-exposed patients and
involving a long-term latency period (30-40 years).

We investigated the effects on Treg of silica, which is the core
chemical component of asbestos. However, the physical features of
silica and asbestos differ since asbestos is a fibrous substance and
silica comprises particulate matter. The effect of silica on Treg was
characterized as induction of chronic activation. The results of the
chronic activation indicated that Treg express Fas/CD95 earlier and
easily, which results in early cell death. Since chronic exposure to
silica particles of Tresp also induces chronic activation, and Tresp
may survive longer and acquire cellular features for resistance to
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Fas/CD95-mediated apoptosis, an unbalance (less Treg and more
Tresp) of Treg/Tresp occurs in silicosis patients, and this unbalance
may partly explain the frequent occurrence of complications
involving autoimmune diseases in silicosis patients (Wu et al.,,
2006; Hayashi et al., 2010; Lee et al., 2014, 2012).

When we focused on changes in Treg concerning the
immunological effect of silica and the mineral silicate (asbestos),
the effects caused by silica and asbestos tended to result in
opposite outcomes. Silica caused the reduction of Treg and
asbestos induced an enhancement of Treg function. Future
investigations should therefore be performed to determine how
both materials affect Treg to yield different cellular alterations,
including reductions or increases of the Treg cell population.

Investigation of asbestos-exposed patients such as those with
PP and MM did not clarify whether their circulating Treg showed
enhancement of function as revealed in the cell line model, since
Treg usually work in the surrounding area of tumors. The next step
is therefore to confirm our findings by collecting tumor-
surrounding Treg derived from asbestos-induced mesothelioma
in order to analyze their functions.

A consideration of Treg function in terms of cell-cell contact
indicates that the expression of CD103 («EB7 integrin) is
important. Although we did not investigate the expression level
of Cd103 at either the surface or mRNA level in this study, we
previously employed cDNA microarray analysis using the original
MT-2 cell line and the continuously exposed sublines (Maeda et al.,
2011a,b). The microarray data revealed that the fold changes of
CD103 expression in the six sublines were respectively 0.64, 0.75,
0.80,1.12,1.45 and 1.47 when compared with the original MT-2 cell
line. Therefore, CD103 expression did not change substantially and
showed some variation. In addition, the expression of cell surface
CD25 as a typical marker for Treg in the original MT-2 cell line and
sublines was sufficiently high to express most of the cells, and no
differences were observed between the original line and the
sublines. Additionally, it is difficult to detail a shift in the Th1 and
Th2 balance in asbestos-exposed patients using our recent findings
because we thought the high production of IL-10 may be due to

Treg, and not Th2-type helper T cells. Therefore, detailed analyses
regarding cytokines for helper T cells, as well as changes in
Th17 cells, are necessary in future investigations of asbestos-
exposed patients. Finally, since continuously exposed sublines
showed resistance to asbestos-induced apoptosis, the relationship
between FoxP3 expression and apoptosis-related genes, particu-
larly genes regulated by FoxP3, should form an interesting aspect of
future studies.

In conclusion, our studies have revealed that Treg continuously
exposed to asbestos fibers showed enhancement of function by
cell-cell contact and increased production of soluble factors, and
individuals exposed to asbestos appeared to possess a reduction of
anti-tumor immunity. These findings may be useful in modifying
the immunological status of asbestos-exposed individuals, in
whom anti-tumor immunity is reduced, by recovering their anti-
tumor immunity through physiologically active substances de-
rived from food sources or other materials such as cytokines. This
type of intervention may safeguard asbestos-exposed individuals
against the development of malignancies.
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