SREDE

FREAL
FRPR L
B B REsE
Br BER AR ES ST E LTS A RE) FRERIEH] (B EL SR SERFRT - R VI U YD,

LS (s sk s RE SRR ATy BASARRERSES (FHE - RAVIUTy IHE)
EEERES RS THER{R— (FEERASERES LY 7 —FRH)
BHES (EaERASRBS Ve REREY 9 — RIS

[EREDESEIF (MICS) [CBO B HIEE
—BERAR R/t —

I 2T, EEBLLEAEEA (MICS) ICB W ARIBRERIC oW THERT 5. ik
Tk, 19984 & b MICS # B L, 550 BBl Lo fEFICR LiT- CT& 7z, MICSICH
WTIETEE R AAVER OIS, MBI L ) bEETH D, FODITEHRIE
Bt BEREEOEENEETH L.

5 8 E HETIE [ERTERE
BREBRASESIHR (DRME) BRSSP ERNERENE SR ASRRER LR Y 5~
FEA B NEMOTO, Atsushi I EW YAMADA, Tatsuya W& R MATAYOSHI, Toru

IR RS YOZU, Ryohei

e

i (MICS) 1515 2 MBS A

KEAEENHERATEEL 5. SUMIEFH
PR TIHERED LA & BHiAREROER

AR IR ORS VR

I 1 \ﬁféﬁé{%’mg#‘r?ﬁﬁl:jmt

)y F RO XY B E k% e 2L, BEGERHELLETRERILERA
(mitral stenosis : MS) OFEFELHEAIMET LT Ha T L TEEOERARPHEAL, £l
WAH—FT, BREPEWMREE AR LB S OILHFABEER T & A ARER, OAEE
FHAEAEOEMNZIHEMO—EZ 2> T K275,

b BAE, MIEAHASEASOEMICBTIRIEL

MS ¢k, EE»SOMBEOWEIHHTHN A ¥ O FE BT IE FIE K AT (mitral valve
Lz CBERICEZZEL, MEOMEFO L plasty : MVP) #"W ek 2 )00 h, fIEF
DICERENLERT . LI ERLAEERRE FSEAN AR B BRI DS, AR R
PHERICED D, MBMEEZE2T 5. TOKk VSR L EMIEIFEERT - A CBIRETE v
IO EREE R4 L, SRR E & L3, kY RMTORMCBTT 2ERCH
U5, fEERBE#EALTIE, EZOMEO—ER 5. 53 MVP OB#FEESTIEd & LD, Fl
PERBICHEEhE, 200, EBEOHEKX, DEEBLE VI MELEETHSH. 1997 4
EREDER, KBk~ AEEOET, 1= Chitwood & &, %t sk @ standard MICS
RIS ERAUTR LR EENES Z & (minimally invasive cardiac surgery) & 9 &
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IR E BB L7 o 2 9B OB %
174 % > portaccess DFFEE Y ANz, £
AN TORBEET MVP 235 L7
LEETH 1998 4F L Y MICS MG L, BEE
TIC 550 PI DL E o fEBNCH LT o T & 72 4%
WD R R HRE, EIEREEBICH L TR
MICS % # — IR & LTH Y, KAETIR,
MICS 2B} 2 EIBFFMHICOWTHRHET 2.

2 LR (C BT BIESEEERFM DR

2-1 FEEUIED SENBREILERT

BT IEAGL, BEARSMLE L, JFREHTE
FEOFEMELRTS. SHERREHAOL =Y
FFa—T7%FALTWE. GHEHIR LY
[F)Ey 7CVAFVA M) —hTF—F 2]
(ZF7 =54 7% 4LV (HFR)), s
Za—VIFABRISFrolYy—24 v o
Fa——] (EHL - 257147V H#)) 2H/HA
LTwa, %, EEUEITEHARTE 4D
HTH S cm OUZIT I 25, KEEETIESE
AETHZWAREE L, FLBRARE L5 IR
LEBIcE A BETElLTYwA P, Fliifs
TICHhBARe:, BiE X DO E % O JEE)
BHRTICHERE L, BEF2MEd &5 L) Thhud kb
T EB L HDWE & MkE R THER L CHLE
IR .

ARAVEER 1L BREERIR 2> © OFEEZ 1L il Bl
7 2 (percutaneous cardiopulmonary support :
PCPS) D s = = — VL, B X OHRETHRM»
SOBLIM A = 2 — VU THNT A, %S
—a—-lVfiAEZThEREEE LT O~
(transesophageal echocardiography : TEE)
EZF TICHEEICIT o T 5. (RIMEBRBI 1A,
BERENR I U 72 3R R ME SR T O ARTE T % 1)
BL, (DB X ORI 2 R M 1235 | LR R
IZ[EE§ % (endoclose technique) & & ¢, 4
¥ B X 0" working space ® BB #4795 . i
FEFEERS MR EZRELTE Y, L
M IARDORIM A =2 — L DA TITo TV
A, BRETERNEHIR» ooy =2 -1 %
BIMLTEY, ETREFROT-EY 7% LT
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1 [Adams-Yozu Mini-Valve System®]
(UNIMEDIC Ltd.)

b, FELEHGEIRY & ORFEAS T E THRE
BRI 2 2 &30 <, BEHRMERES
n5.

REPIRUERTERT- & LT, BEHEOR S &1
%84, [Cosgrove Flex Clamp®] (= F
T— X547 LR (BR)) 2B REINE
L, £ LTHBTORMEICR ) ZH) REER
¥ Modified Cosgrove Flex Clamp®] % #7
BUADHE P SHWAZ EE LTS,
2-2 1BRAORR

BIF 280 R 2 R S 57200
VELETHY, AR « EEOEMREH
KPP ZEFNnIETHRWV. £IT, 7aHNR
EIEF 2 IEMH S 572012, HER~0IE
%@E@EE@%%EWKLTWé.EEWﬁ
DB, BfEDatdal V b5 5 — (F) &
FEICT T EAICESIL, 4%‘}@3’%“%&55’5‘%,
SOV LTy — o B
AESCULAP Inc. D 7H AR g KDL
= vy )M F o Ta VAT ARRHWT
Wiz HAEIEF 4 A3 UNIMEDIC Ltd. & B %
L 7z [Adams-Yozu Mini-Valve System®] % H
WTWh, ZDYAFADF S, WEFEHED
oIS FEFERMEICY T 7 ¥ —2i0ET
BZIENFMETHD, DHiOdD LY avsy
N RRENCH B0, BT OLNERER T
I R M T R A TH B Y (1),

ARINGES (55 4 W18 o/NETE, BT
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H2 MWmEHLDSDRE

T 505, WEOMEIEREIR X D HIESZ
EHHET A I ENTHETH 5. Tk, EEHRE -
BRI 1 B B LTI T & 5 ¢
WIU VG-V AT AEREL, E6%5
BT 5 & working space D PR AT HE &
moTwa (K2). MICSiZBIF 5 MVP Tt
MICS H D45 2 50 % Fi v 2 2%, FMIRFIEHE
EEHARBEFORE LFA/FKTH .

IS%TI%HiUﬂvtB<m¢
(2SS RN CRE U BN

3-1 WERTENEREL
EIVESITRBRINER, B L CHNSERFIRA
HEALZPCPSHD # = 2 — L THEILT %
», MICS 0¥if, && - MEFE R WRIMER O
MIBFEEICEETH S, k%@%%ib@ﬁ
EA Y P VICTHALTED,
@%42@%%I%ﬁikm&bf&mtam
5. KGR OFZDSH A E, T o KbEE)
IR & 2EIL L T B

BRI A = 2 — VI AREIZE, TEEICTHE
FEETNA K74 X OME DN TATRKEIR
HABLOHELERICH AT & 2 MEEICHERL

& HICKBEFR2 S5 LEN E TFAT 5 i
hmz—Uid, HA4 FTAY a8l L SIS
LERICHEASRTWAS Z &% TEE THEREL
Tw3. MICS TZ® & 9 s RIMEERE
T ARMEFEICT HI12E, BEERHE ORISR R

—a—1
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Tdhbd. HEETIE, MICSIZBEL TR, HARE
7 U Bl O = o — F2E (Japanese Board of
Perioperative Transesophageal Echocar-
diography : JB-POT) & &4 % & D FRELELE
WHTIHE)IEELTWS, FOizH, F
M I RERRHE 2> & TEE 28 L Tk
DEBHEEB)TNVIA KIS b3, v
NAFHTH S,

3-2 KEIRERTE - MR - FBRIGDEHRE
TR T T B A R IR BRI A L7 v —
A= a— b X YRR EA L OE R
179, ZOBEOEELL, MorOMHE TR
IR PSR 2 DRI & F85E L OF bR A2
FIHNATLZ &2H 5720, U3 REPIRIEHE
E#€=% L, 80 mmHg Ll EIZfRD X 9 I2HE
By b, S OITOPREEEEA T OKIEIR
FEHER & FRELRHE W TEE THIIL T 5 v, Tf
FENT KBRS HSEAEH L O R DIEA DT
NTWAZ LEEFWERTHAL TS, &
BT, {EIEF M OB & 1 OB IR EERE A B4
B, M ICEREZWML, BET S &) 05
TTw3
3-3 {FIMEROE

B GBI B & b O3 CO, 2 ~3 L/
min R & AN TOLERICER S ZR T %L
T A& &SI, KANRENFRIRZROZERK S I,
FMiEEz S FSELARICEHITLZ ETY—}
A a—LbRERE - EELHALLEXY |
Fa—T54Tv, BREBFEICLY TEEICT
BAEROBEOMEEZ LTH bW, B
EDWGEITBEOFM T LTH bo T
5.

4

WEIZBWTIE, Wiy v 7 7 Ly AEAE
&, LIEAVEHELERRERRE, BRISE L, F
WEBLMARO T TiioTWa. BEOMHE
ZoWnTiE, F—2THHBOERET D o THFM
D S EABERTRTHS L Bbs,

BHOIC
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MmeﬂmLtﬁwﬁ

l1%zuww

MICS & 1995 4F, KEA N A7) —7
SYFryZvrThRHON, TOEFRIE, O
HIEEE v, @QERENHZ TR v,
@FOWH, DVWIFhro&fziil-Thbot
ENTV5S, BT, FIAMEREHEVS)S
&N EEIB & 47 % VR IEE TR R SR R M R
BoOFME, ®IMERZ AV 2V.OHEETED
IREEM 2 EMHEH. FRTHE, HRTITbh
TWAEBBEICL 2 BIEFFHICESTH
T, COFHHESRRE & REFERLIC O W GRNS.
Hs

MICS D MBI, TEROOIME: & B,
RS TR RVEREE OB IO W TIRICK & 7%
WiE e <, OBREPAIMERRIEH 2 & D4
WEHZERPREERAASH. MICS TiZ, 1§
BIEWR LW L/MIBEZITY, WREEETIC
FHEITI 0, HHEZRTHENTHZ
R, GEDREeOMEORMERZT). o
2, FTWVN—AvFa—7, b LERE
F¥7Ouvh—Fa—T (=R Y b Fa—T%
) ERWTHEINRREZIT) S EPERS R
5. BRETRMBRICRENT 2 — 7TICANLER
LD A7 R BT, SEX Ty H—
Fa—TEHNTWVWS,

l3 [ﬁs&ﬁ@%ﬁﬁ@aﬁ Ty

DEEME RN 2 207 5 BE T, BIIRTE/LIR
BRETHIEDNE . WETo CT H{R A
O TEE E&IC & D, KEIROBIRIELR AR
bDRRE, Wit 7 5 — 27, TR O
2TV, KERD B = 2 — Vi ARG M 7 28
MOEEZITH. EATRKEPIR O M B AL I,
TEE T blind zone & 7% % 72%, kAT REIR
FALER, REMIRSER, FATKEMRICEE 2R
WLREITEET 2561, BT REIIRICESR
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BEREMFZ S TANT o — CTERMI 21T
5. %7- FEEIC IABP (intra-aortic balloon
pump) Z T B &b b B, BIRTEALHIZ
PHRNBETEERELS. INOORELHE
PIEBRBICHER T 5 2 &, REREOTFIHIC
BETHH Y. ¥z, EEAME, IPFFLEITE,
EEREIRERZ & WA owTni
PolRERENHFEEZ RN T A LT, #4
BROBXRPHREZLEETL 55 Y.
l4ti£ﬁﬂ7’] a—bEREMAZa—0D

MICS T, /NS Z%BEMURIIC & 5 Fdre T
BB A 720, il Wilih=o—LEEHO
KIMEPSTFEAL, H7—TIWVIEIC L MO
REZET L., EATRBRANOA =2V —T 3
YO D ICKBEEIARICEI S = 2 — L &2HFA
L. BED S ORIMLE BRI 2> & R AR
MA=a—VEERICHEATL LEISLT,
ERSEFHRS> 5O ERERY =2 -1V &, KB
BIRP SO TRERY =2 —VICL 5 2K
Mme35.

P, BitA = o—LoifiAlk, TEETT
TREIR L - TRERZRBB LT, ¥4 Y
AYPELCMERNICHFET A I 2R L
) ZTITH . KEEER> O DM A = 2 — LS
AR ICEA U720, LB RAIEILL IS
BEEZANLTCEBICEATAI LD D, T2,
B A == —LHFFE7 )3y h7—2" s
Do T, TRKERIPOFEEICETZVEED
H5BH. TNHOfTRIE TEE THERFPTRETH
5. ELK#EREBEIBD LN BEHT
bridge vein 282 WA EE YT Z-w?
DEE, BERKEA~ND 3 RKBORMY =2 —

1 FT7URxybT—7

TREFIROAFE OO > 55 LEERLFE
G & 5 SRAHEIRS 5 W BUIROER T, BF
PIlES; & Bz G NB T EMh D, FIHILEFR
CEPREZEHFTH I LS.



K3 DHRENTTHELEDHEE

VITABLEE 5.
l5 IDEREE

RN 4 & 7 B REE, OO iR
HORETAE L, @UHRHERD wash out @
2ok e ns. BEMICE, OXBIIRSH
BAE, QOUBRRE, QOUHRIERIEAT 4
YOREE, QRMNAR, OFEE%KIIRE
B, 7 &WH D, KEIRFHGEAREE, BRIk
AN LR OFE AR O & 22 OB pE
& OEREROERAE LB . RLAR
i, EEOBMECMA, OHR#ER T wash
out LTLZESH (M3). ThooREDRESE
REBERLHPLTIENEETH L.

N T AR 72 & DN DR EFR DR E
EREFHTHENT, LAY VRERE, &
=, JERE SCEAT A5, BEFAFA TR
RY M a— T ERRERICESITIAY
5. RV N a— TR0 ERREERORER,
BRI B E SR T M EHET 5 £
TEZEAFRDEBRLEZEOBMERZTHTA
HiTHEWbNA, STHESHERE, Bk
B R REIRFRETITONE Y, £
FREIREFEDRD S NAER TIE, HTHE
HERIEMNTH B,

I6 DEEPEEZER

B O/ 0 BB L RBIIRERT A3 ER S hrz
2, DEREERZEREBRET S, DEROEEK
BRI, LA TXTORLH TRD LM,
A EEIR, ERERNE, OE, LSO0RE
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T ELERAOBWE ZAIEFE LT, &
B A O, B % B ORFRETH
B, EENEBHIRICEALT, LERLEST
B L EOBEIRE N HET 5 2 L 2D b
B, LIS < HERE 2 B IR0 & & THET
B FRGEETY, LEEET 520 LT,
TEE 12 & ) BB ZEROME L FLEFIT VD
5, KR EENY FORBIRERN Y MK
DIRET 5. BLTHOREFTO CO, A%
SEEERLT ) ATHATH S,

I7 ESMEERD S DB

BIMEZ & OEBLICIE LT, IR
COREED, EILE D] T TEEE R e,
SPEFHRE o TR VPR Y, FHAHEROE
MidEATLTHD. HRCEREADNF = v 7%
T, LER, BIRE. WHIRE, OBIRE
B EDAREE = ¥ TOBREOEESHRTE
b, A DIICERENE 2T, BTOHIC
BITL TV, ERENICE D P EIRE AR
%< FRL, FAnBIREASE S a4,
Vo 72 AL LT AL & A B EER 24T
v, LOBER R ER LT, SRREOREE
o HEHVIETRS & OUER AT EE 23, 2 -
HEOWAN, I, BSEE, &0k
YE, BEOR—ATA Y ERET I ENE
HEHOERRENVPY L% D,

l8’§t&b

HHEROBHEEIEICITH) 2L, BaR
FHERLETH)ATEETH L. BHRE=S
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DOFTH TEE IEKE 2EETZHSTEBY, i
ROEERLFMAEROFMZT TR L, BHHE
DEFRFHOWEDHFTE, MICSITHHE
DEDERoTWDE Y D EHITRFEHTIE

MICS {23517 2 KAV

R THE L Da3azr—3 a3 YHPWET
HY, BRERE, OBEARE, BRI
BT FMER T EG T2 TR, BHD
ETFHRICHDEETILEEZD.

[J DIBLERNESVEERE

LIETORNIMERIZ TR TELR Y 73
m, F& = W 5] % By B i (vaccum assisted
venous drainage : VAVD) TiToCTw3 ¥ F
7z, BRRIFILAG S A S ZAEBA DY, HRIEER
BELRR IR A O A OB L, SR
MAENA N A EFE 2 R 5 2 &I X0 SRR
&Y, BEBBEEZESICL TS, DR
i 12 12 [MPS®| (QUEST Medical Inc.) %
BwT, BEOOEROREBICEDE I OHHR
HEFToTWA (F4).

N=T5 >

WRBAIES B

l2 ] MICS TORIHERDEE

MICS CTOERIMESR & HEROLIEFH TOA
PEBRICK & it v, 22, Aoz b—
Va vAKMME»L ELD
2-1 {RSMEREE

WERH =2 b—3a & ACT (activated
coagulation time) fEA 480 & B2 /-2 & &%
MRTELL, FIMERZHKAT A, MICST
&, FOMERRBE, OBEURS TS, O
D& EWMEEDPIMIT & 0 0B & BRI LRI
T %. VAVD COREOMEIE® - ) &4T
dIrHavThs . jE m@ﬁ~mﬁ%¢m
MAATE WA, Rillh=2—LOfE

DEEAED TS WEF D

F‘?‘J%nﬁ "‘%?’

j@ife] o

! FEERE AT
ENEEER 1%
(Post Oxy) B8
BT LS B 4E

= h%ﬁé‘z:ﬁ%ﬁ?x
(Pre Oxy)

T OBMRLT KT KT RS s

Neb $Ivar¥oa UHRER

4 BEZARPFERICSIDATORY AT A
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FEET 5.
2-2 RENGERT, DBMREREA
KEREFRRFIEIATLOBOMBERZET S
#, EEERE wo K Y LMTERERT.
D&, LHREREZEANT 5. MICS Ti34I5
Bl o RERASR 720, OHRERFEAS
Za—LVOREZ15cm»520cmicL, #*
A, RV b, EHENFTELY =2 %2 ER
L7z, OHREEREAPIZEAES 80 ~ 90

mmHg 2% 5 &5 IcHBEAMT 5. BAE

PEVHEICE, KERAUERSEBEL TS
TEEENDH 5. WEICHE L, TEE CH#ils
ROPHERTS Y,

2-3 IDREROFAER

LEPRBEREBES TIX VAVD TORBENT
TERETRERE ) MBEHPHEFICHAL, £
MBFIE SN, BT X5 L ENHEE
bbAS, BMERRICKBEOFESEAL, M
BICEREZE2 5. BYLEER, EODHET
PELN, RBER~NOFEREAPRELZER
DRECHEG T L THD. F01DITIXH
BEF+ =y, BARROERFEETHS.
—RMICHmERRICARBE S 2E8EFL, A8
PEALZVWEBEICBEZRASHTAIZLED 1D
DHETH 5.

HEFER TR, HFEHBRTLIOIK, £
LERY EFS athdal Y 525 =) kb E
LEZEFTA, COLEARMARICRZT L
AHsY, FoBe, HHFCHEL AOVE
TFTHOMEBR =2 —VORBE2EZLTHS
9. F7x, HRB 2 HEEREARICEAE
PLEALZWEEXHAE. hik, ELBEOE
FHC & O KEVRAVERL, BRPREL10
TH5 2 LHRBREABRICEAESLSA
LRWHEICE, ELBEDES| % —RICER
L, OHREREAR BESITS.

2-4 KRENERERERER

DABREORTHEEF VWA SHRZHAHRT
5. LAREBREDRD, EE - EENXYV L,
KERERR PP TELLHICLTHL. &
WBRRFICIImMER2ET €5, #RE o
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MBEZWo KD LBRIERMES, £E - £%
NV b, RERESRRY M 2FEBT 5.

2-5 @&SERD S OB
BELZKBBREIER IS, ITEE -
EEXY MaRETH. 20%, EHE (ILE)
250 mmHg BRI 2 5 F THRM%ZTV, X
BIREIAR Y P RKET S, RERSIRHEE
EMENTHWEZLEHERLED, ®ol bt
BEFMEIT). MTHBIRELZOHELIZ
MIERZTITTHE, EHERIHERT 5.

I3“WCSEBH%@%@%®$4UF

MICS I BT 2 6HNERDORA » Mg, TEE
HhAzal—va el HREL CARERE
Ths.

3-1 AzZab—yay

MICS CoOXBRIMEFMIZ, BEF2AET %R
T 5D KREOME (KEBRER, KBEBIR,
NEBERE L) XEHwORE, 20D, #
—a—VIEPCPSTHWONARERA I = a—
VHERSND., FEMEPAIZKEBBIR TS 5.
Am—alb—YaryidAhy b¥y ¥ (direct cut-
down insertion) Cfibh b, F4 FIA Y&
AR, BECTITRERICEAIRATYRSD,
NRHE, BREPHE, BRT25+5TEE 28
BLTHERTAS.

A= a—VidkHICEILHH SFEM I |
(ZFT—=X54 7LV R (¥R)) ZRWT
W3, ¥4 X, EEERILSm UTOER
Tk 16Fr, 1.7m* LT CiZ18Fr, #hil
ETCR20Fr2BnwCTns, MERHMNSL/
min L EDQFERTIE, Rz 2RI, W .
HoORKBER~NI8Frd L iZ20Fro
—a—-VEBEALTELEZIT). T/, KEH
IRASM K 16 Fr XA TE L2 VWEFTIE, WHE
OKRBER~N14Frod=a2—V (NEH) 2
BALTEMZTS. HSKAAEXLAEOHE
BERT.

B ERA7 13 1 B Cid RBRERIR, 2 A<Bim
TIINEERE KBERTHSL. h=al—

¥ a ¥t direct cutdown insertion 7 percu-
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X5 MEkXmADEE
a) it 5 L/min Bl E O34
BI6FrOH = a—LAMFATE 2 WA

taneous insertion TiThN 5. EHL L OHHE
bHTAFIAY, FAL=—FEHANTHZ 2
L—3a vafT). HA4 P74 VAR, ffE
WALDEIIASRTYAD, SEHE, FREE
&, BRILSH LA TEE 2 8% L CTHERT .
F72, BVAXDTA VLV —% ZHWTHEEICE
i, MELEZIREE S, H=a2— LML
%<, B&765cmd»B[VFEM] (= F7—
A4 T7HA YA GR) xHeTwS, ¥ A
243, KRR 1.5 m® LT O T 18 Fr,
16m? BLF Tl 20 Fr, L7 m* BLF Tld 22
Fr, #hl LT3 24 Fr z vwTwads, B
72 BRIUIRTE % AR5 A 72010, TTREZRRY K
WHZa—-LEFATS. Fo, BoA=a—
VoM@ DEETH L. HIC1IARRMLDOEA
= 2= L OSENED ERERIRNE TRA S vk
iz baw, [VEEMIICHELTWS ¥
AV—=%F 16 Fr s TL» w7z, 18Frkl
Ltz a2 -V ERVBREAIIEE, MELD
WRPAT 45 THBH. £0iz8, 18Fr, 20
Fr, 22Fr, 2dFro ¥4 L —F 2 FE L.
Zhick ), METRER 2L —Ta U
TREE & o 7.

3-2 LVER{REE

MICS ToOLHREEE L, w0, BRI
ITHICHE ST AHENERTH 07228, BAET
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WEEMNOFMOIT) 720, IEITHERPHITHEL
EBREORBIZEDELHEEN 2 LHREL
ToTwd., Fi2, TAAARTy Va2l &% A
WTRENFEIEZ T Th, ELEOWEIIFT
Z 7¢ . non-coronary collateral flow (2 & 9
REWNRERTRE T S GIEPICIEAS B, EiRA
HERDEE, OHPROOLNTLE). £0
7o, OHARED B2 bR E 28 ~ 30T D
AR ARASMER T V5. BHICEERZO
PEABIC) 2 —VOEREB LU TEE €
W% ENB VPR T A I ETH Y, [EER
DREEATS .

3-3 DAKUARRE

MICS T, EHrRRE O ORI HFR
DB X B LAFIEBREEATRTH
B FD7z, LEYIIHEED SLFERIZ 2 ~ 3
L/min @ CO, 2% L, OHICIKRTET 5 EK
MR ThRELLIL, FHitgTVAVALRE
EVVTHRAEIR L 2030, AFE - EEXV T,
RINNRIEERA >V b2 6 3 & T TEIakk
RERTH)IEDPEETHL DY F, Mk
2TV, COEICERAIL, MR E T
Binsgs &k, ERNOTKEIRE
SN, ki TEE T&RES v & 2%
RT&5ET, KukrEzir).
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Xenografted Human Amniotic Membrane-Derived
Mesenchymal Stem Cells Are Immunologically Tolerated
and Transdifferentiated Into Cardiomyocytes

Hiroko Tsuji,* Shunichiro Miyoshi, Yukinori Ikegami,* Naoko Hida, Hironori Asada, Tkuko Togashi,
Junshi Suzuki, Masaki Satake, Hikaru Nakamizo, Mamoru Tanaka, Taisuke Mori, Kaoru Segawa,
Nobuhiro Nishiyama, Junko Inoue, Hatsune Makino, Kenji Miyado, Satoshi Ogawa,
Yasunori Yoshimura, Akihiro Umezawa

Rationale: Amniotic membrane is known to have the ability to transdifferentiate into multiple organs and is
expected to stimulate a reduced immunologic reaction.

Objective: Determine whether human amniotic membrane-derived mesenchymal cells (hAMCs) can be an ideal
allograftable stem cell source for cardiac regenerative medicine.

Methods and Results: We established hAMCs. After cardiomyogenic induction in vitro, hAMCs beat spontaneously, and the
calculated cardiomyogenic transdifferentiation efficiency was 33%. Transplantation of hAMCs 2 weeks after myocardial
infarction improved impaired left ventricular fractional shortening measured by echocardiogram (34+2% [n=8] to
39%2% [n=11]; P<0.05) and decreased myocardial fibrosis area (18=1% [n=9] to 13+1% [n=10]; P<0.05), significantly.
Furthermore hAMCs transplanted into the infarcted myocardium of Wistar rats were transdifferentiated into cardiomyo-
cytes in situ and survived for more than 4 weeks after the transplantation without using any immunosuppressant.
Immunologic tolerance was caused by the hAMC-derived HLLA-G expression, lack of MHC expression of hAMCs, and
activation of FOXP3-positive regulatory T cells. Administration of IL-10 or progesterone, which is known to play an
important role in feto-maternal tolerance during pregnancy, markedly increased HLA-G expression in hAMCs in vitro and,
surprisingly, also increased cardiomyogenic transdifferentiation efficiency in vitro and in vivo.

Conclusions: Because hAMCs have a high ability to transdifferentiate into cardiomyocytes and to acquire
immunologic tolerance in vivo, they can be a promising cellular source for allograftable stem cells for cardiac
regenerative medicine. (Circ Res. 2010;106:1613-1623.)

Key Words: cardiomyogenesis m human mesenchymal stem cell m immunologic tolerance m myocardial infarction
m cell-based therapy

Ithough embryonic stem cells! and induced pluripotent

stem (iPS) cells? can be differentiated into cells of various
organs, including cardiomyocytes, there are many underlining
problems to overcome before clinical applications can be used,
eg, tumorigenicity.3 Autografts of iPS cells may not cause
immunologic rejection; ironically, however, possible neoplasm
formation would cause a serious problem because the neoplasm
would not be rejected by the withdrawal of immunosuppressive
agents. On the other hand, mesenchymal stem cells (MSCs) have
recently been used for clinical application, and their safety and
feasibility in cardiac stem cell-based therapy have been demon-
strated.* Thus, MSCs are a more important cellular source for
stem cell-based therapy from a practical point of view.

The efficacy of human bone marrow—derived MSCs
(BMMSCs) was still limited,> however, because of low
efficiency for cardiomyogenic transdifferentiation.6 We pre-
viously reported that non-marrow-derived mesenchymal
cells had higher cardiomyogenic transdifferentiation effi-
ciency, eg, menstrual blood—derived mesenchymal cells
(MMCs),” umbilical cord blood—derived mesenchymal stem
cells (UCB-MSCs),? and placental chorionic plate—derived
mesenchymal cells (PCPCs).® These cells are thought to be
used by an allograft; therefore, problems of immunologic
rejection arise. However, an allograft may be superior to an
autograft in several ways. Taking into account the back-
ground condition of the patient (eg, metabolic disease or age),
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Non-standard Abbreviations and Acronyms

AP action potential

BMMSC bone marrow—derived mesenchymal stem cell

EGFP enhanced green fluorescent protein

FISH fluorescent in situ hybridization

IL interleukin

hAMC human amniotic membrane—derived mesenchymal stem
cell

hANP human atrial natriuretic peptide

HLA human leukocyte antigen

iPS induced pluripotent stem

MHC major histocompatibility complex

Mi myocardial infarction

MMC menstrual blood—derived mesenchymal cell

MSC mesenchymal stem cell

PCPC placental chorionic plate—derived mesenchymal stem
cell

PD population doubling

UCB-MSC umbilical cord blood—derived mesenchymal cell

stem cells obtained from young and healthy volunteers are
expected to have a better efficacy in stem cell therapy.!0-11
Previously, mesenchymal cells did not express HLA-DR6-%12
and are believed to resist immunologic rejection to some
extent. Shake et al'3> showed that xenografted mesenchymal
cells were immunologically tolerated in the host heart. These
cells, however, failed to show clear cardiomyogenic differ-
entiation, and the mechanisms of tolerance were not well
investigated. Unlike other mesenchymal cells (BMMSC,
MMC, UCB-MSC, PCPC), only human amniotic membrane—
derived mesenchymal stem cells (hAMCs) do not express the
major histocompatibility complex (MHC) class I molecule
and may be expected to show immunologic tolerance.
Recently, amniotic membrane—derived cells were reported
to have potential for transdifferentiation into cells of various
organs. Zhao et al,’* and Miki et al,'> reported evidence of
possible cardiomyogenic transdifferentiation ability, but
failed to show functioning cardiomyocytes. Fujimoto et al,!6
reported significant recovery of cardiac function by the rat
amnion-derived cell transplantation in rat myocardial infarc-
tion (MI) model, however, they failed to show clear evidence
of cardiomyogenic differentiation in vivo. Therefore, in the
present study, we attempted to show: (1) the powerful
cardiomyogenic transdifferentiation potential of our isolated
hAMCs, and the beneficial effect of transplantation of
hAMCs on cardiac function in vivo; (2) the induction of
immunologic tolerance so that hAMCs can be a powerful
allograftable stem cell source without either the administration
of immunosuppressive agents or matching of MHC typing; (3)
the mechanism of induction of tolerance; and (4) the close
relationship between the cardiomyogenic transdifferentiation of
mesenchymal cells and the process of immunologic tolerance.

Methods

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Isolation and Culture of Human Amniotic
Membrane-Derived Mesenchymal Cells

Human amniotic membrane was collected, with informed consent
from individual patients, after delivery of a male neonate. The study
was approved by the ethics committee of Keio University School of
Medicine. The precise methods for culture have been described
previously.>17 Detail is shown in the Online Data Supplement.

Coculture With Murine Fetal Cardiomyocytes
Cardiomyocytes were obtained from hearts of day-17 mouse fetus-
es.6- The isolated cardiomyocytes were replated at 5X10%cm? on
top of a floating atelocollagen film,”8 or on the bottom of a culture
dish. The human amniotic membrane—derived mesenchymal cell
(hAMCs) were infected with enhanced green fluorescent protein
(EGFP)-expressing adenovirus.5~® The hAMCs were harvested and
seeded on top of the cardiomyocytes (Figure 1H and 1I; Figure 2A,
2B, and 2H through 2M; Figure 3; Online Figure III) or on the
bottom of the atelocollagen film (Figure 2D through 2F; Online
Figure III) at 3X10%cm? For blocking experiments, neutralizing
antibodies directed to HLA-G (clone 87G; Exbio) and IL10
(ab22771; Abacam) were added at a concentration of 20 wg/mL
every day from 1 day before coculture till day 7. To prove the effect
of immunologic reaction to the coculture system, we used the
following immunosuppressive agents from one day before the coculture
to day 7: FK506 (tacrolimus, 20 ng/mL, F4679, Sigma-Aldrich) and
hydrocortisone (1 ug/mL, H0396, Sigma-Aldrich). In some experiment
we used EGFP transgenic mouse fetuses (C57BL/6'$).

Immunocytochemistry and Immunohistochemistry

A laser confocal microscope (FV1000, Olympus) was used for
immunocytochemical analysis. Samples were stained with anti—
cardiac troponin-I antibody or anti-sarcomeric a-actinin antibody
and anti—connexin 43 antibody, as described previously.’ In the
present study, we used anti-FOXP3 antibody (IMGENEX, IMG-
5276A), anti-HLA-G antibody (Abcam, ab7758), and anti-hANP
antibody (YLEM, MCV928) according to the manufacturer’s rec-
ommendation. The cells were isolated and stained immunocyto-
chemically, and then observed by confocal laser microscope. The
cardiomyogenic transdifferentiation efficiency was calculated as the
fraction of cardiac troponin-I positive cells in the EGFP-positive
cells. Detail is shown in the Online Data Supplement. The methods to
evaluate in vitro transdifferentiation potential to the noncardiac organs
are provided in the Online Data Supplement.

Reverse Transcriptase-Polymerase Chain Reaction
RT-PCR was done as described previously.5-° PCR primers were
prepared such that they would amplify the human but not the mouse
genes. Primers for cardiomyocyte-related genes were used (see also
Online Table I).

Western Blot and ELISA

Western blot analysis for hAMCs was done by iBlot dry blotting
system (Invitrogen) according to the manufacturer’s recommenda-
tion. Proteins were extracted from 1X10° hAMCs, placenta-derived
mesenchymal cells, and menstrual blood—derived mesenchymal
cells. Cellular lysates were electroblotted and probed using the
anti-HLA-G IgG monoclonal antibody (1 pg/mL; EXBIO). Col-
lected images were analyzed by the Image J software (http:/
rsbweb.nih.gov/ij/). The calculated data were normalized by the data
of b-actin. Soluble HLA-G was measured by enzyme-linked immu-
nosorbent assay (ELISA) in plates coated with the captured antibody
MEM-G/09 (sHLA-G Kit; Exbio, Czech Republic), according to the
manufacturer’s recommendation. JEG3 (GeneTex, GTX14841) was
used for the positive control of HLA-G.

Fluorescent In Situ Hybridization

The CEP X/Y DNA Probe Kit (Vysis) was used to determine the
proportion of XX and XY cells according to the manufacturer’s
recommendation.® The Alu probe (BIOGENEX, PR-100101) was
used according to the manufacturer’s recommendation.
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Figure 1. Cellular phenotype, surface marker, and expression of cardiomyocyte-specific genes. A, Macroscopic view of amniotic
membrane. B, Phase contrast microscopic view of hAMCs. C, The representative growth curves of hAMCs as a function of time after
the culture. D, Numbers of collected mesenchymal cells obtained from 1 g of placental tissues at 2 weeks after the start of culture are
shown. n indicates number of delivery. E through G, Laser confocal microscopic view of immunocytochemistry of hAMCs in culture
with anti-pancytokeratin (green; F) and anti-vimentin (red; G) antibodies. H and I, RT-PCR was performed with PCR primers with
specificity for human genes encoding cardiac proteins but not for the corresponding murine genes (Online Table I) before (—, white
box) and after (+, black box) the coculture. H, RT-PCR for stem cell markers was performed. hAMCs express Oct-4 and c-kit at the
default state. I, Human heart cells and mouse heart cells were used as a positive control and negative control, respectively. Most
human cardiac genes were expressed after the coculture. Scale bars: 20 um (B and G).

Physiological Analysis

Functional analysis was performed at 1 week after the cardiomyo-
genic induction. The method of action potential (AP) recording was
as previously described.®—® Alexa 568 was injected into cells via
recording microelectrodes to stain the cells and confirm that the AP
was generated by EGFP-positive cells (Figure 1B). Contraction of
the cells was measured by the video image of EGFP-positive cells as
described previously.”?

hAMC Transplantation in Myocardial Infarction
Model In Vivo

Myocardial infarction (MI) was induced in the open chests of
anesthetized Wistar rats (8 weeks of age) or of F344 nude rats (Clea
Japan Inc) (6 weeks of age), as described previously.”-1® Two weeks
after the MI, 1 to 2X10° of EGFP-labeled hAMCs were injected into
the myocardium at the border zone of the MI’; they survived without
using an immunosuppressive agent. In some experiment EGFP-
transgenic mouse'® was uses as recipients. To examine the effect of
hAMC transplantation in vivo, we selected nude rats as recipients.”
Two weeks after the first operation, nude rats with MI were
randomized in a blind study of the following groups: the control MI
group (MI), the MI+hAMC transplanted group (MI+hAMC), and
the sham operated group (sham). Randomization occurred immedi-
ately before echocardiogram. Immediately before cell transplanta-
tion, 2D and M-mode echocardiographic (8.5-MHz linear transducer;

EnVisor C, Phillips Medical System, Andover, Mass) images were
obtained to assess left ventricular end-diastolic dimension and left
ventricular end-systolic dimension at the midpapillary muscle level.
Two weeks after the transplantation, a similar echocardiogram was
performed again. ECG and left ventricular pressure were measured
as previously described.” Tissue samples were obtained by slicing
along the short axis of the left ventricle, for every 1 mm of depth.
After Masson’s trichrome staining, the area of fibrosis was digitized
from each slice, and then the percentage of fibrosis area in the left
ventricular myocardium was calculated, as previously described.” To
test the potential induction of immunologic tolerance, hAMCs were
transplanted into the Wistar rats. Hearts and sera were obtained at
between 2 days to 56 days after hAMC transplantation, and then
analyzed by immunohistochemistry, fluorescent in situ hybridization
(FISH), and ELISA experimental methodologies. The survival rate
of EGFP-positive cardiomyocytes was calculated by fluorescent
microscope (details are shown in the Online Data Supplement). In
some experiments, hAMCs were pretreated with 10 ng/mL of IL10
(Sigma 19276) or 10 ng/mL of progesterone (p7556; Sigma-Aldrich)
for 2-days before the transplantation to observe the efficacy of survival
of hAMCs in vivo. Enzymatically isolated EGFP-positive cardiomyo-
cytes?02! were selected by glass pipette driven by a manipulator
mounted on the inverted fluorescent microscope, then used for the FISH
experiment to determine the origin of EGFP-positive transdifferentiated
cardiomyocytes. See also the Online Data Supplement.
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Figure 2. Cardiomyogenic differentiation of hAMCs in vitro. A, Still image (left) and detected fractional shortening (%FS), along the
white lines between the white arrows, are shown in the right panel. B, EGFP-labeled hAMCs were injected with Alexa 568 solution
(red) through microelectrodes to confirm that the recorded signal was obtained from hAMCs. C, Representative AP traces are shown
(horizontal line denotes 1 second). The vertical line denotes 50 mV and the dotted horizontal line denotes 0 mV. D through F, Laser
confocal microscopic view of immunocytochemistry of differentiated hAMCs with anti-cardiac troponin | (Trop-) (D), anti-human atrial
natriuretic peptide (hANP) (E), anti-sarcomeric a-actinin (a-actinin) (F) (see also Online Figure Ill), and anti-connexin 43 (Cx43) (F) anti-
bodies. EGFP-positive (green) hAMCs expressed troponin | (red), hANP (red), a-actinin (red), and Cx-43 (white). Nuclei were stained
with DAPI (blue). Scale bar: 20 um. Clear striation pattern of troponin | and a-actinin, and diffuse dot-like staining of connexin 43 and
hANP were observed. G, Cardiomyogenic transdifferentiation efficiency before (—) and after (+) the coculture of hAMCs. H through M,
Representative immunocytochemical images of troponin | for enzymatically isolated differentiated hAMCs with and without coculture.

Scale bar: 20 um.

Statistical Analysis

All data are shown as the mean value = SE. The difference between
two mean values was determined with a Student ¢ test. The difference
among more than 3 mean values was determined with one-way
ANOVA test or one-way repeated measures ANOVA test and
Bonferroni post hoc test. Statistical significance was set at P<<0.05.

Results
This study was approved by the institutional ethical commit-
tee. With informed consent, human placenta and amniotic
membrane were collected after delivery of a male neonate.
The amniotic membrane was pealed off from the maternal
placenta (Figure 1A) and hAMCs (Figure 1B) were collected
by the culture method, as described previously.>'7 The
hAMCs proliferated at 18 to 22 population doublings (PDs)
(Figure 1C), and experiments were performed on hAMCs at
2 to 9 PDs unless otherwise mentioned. The number of
mesenchymal cells at 3 days after the primary culture per 1g
tissue samples from the amniotic membrane, umbilical cord,
and placenta® are shown in Figure 1D. This suggests that the

amniotic membrane is a rich cellular source of mesenchymal
cells. FISH analysis for human chromosome X and Y
revealed that 100% of the obtained cells were of male infant
origin. Immunocytochemical analysis revealed that hAMCs
expressed both pancytokeratin and vimentin, suggesting
hAMCs have both epithelial and mesenchymal phenotypes
(Figure 1E through EG). Surface marker analysis (Online
Figure I) revealed that hAMCs did not express hematopoietic
linage markers, eg, CD14, CD34, CD45, CD117, and CD309,
and did express mesenchymal linage markers, eg, CDI0,
CD29, CD44, and CD105. It is noteworthy that hAMCs were
positive for SSEA4,22 an embryonic stem cell marker.
hAMCs were negative for HLA-ABC, HLA-D, and HLA-
DR. The RT-PCR was performed with primers that hybrid-
ized with human-specific genes but not with the murine
orthologs.6-8 The hAMCs expressed Oct-4 and c-kit (Figure
1H) and did not express Nkx2.5 before cardiomyogenic
induction (Figure 1I). Almost all cardiac-specific genes were
expressed after cardiomyogenic induction (Figure 1I).
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Cardiomyogenic induction of hAMCs was performed by a
coculture system with fetal murine cardiomyocytes, as de-
scribed previously.—-* EGFP-labeled hAMCs started beating
within a few days after the induction and about half of the
hAMCs spontaneously contracted in a synchronized manner
(Figure 2A); the averaged percentage of fractional shortening
(%FS) was 6.220.6% (n=8). The recorded AP from EGFP-
positive hAMCs (Figure 2B) showed pacemaker-like poten-
tial (n=7) and cardiomyocyte-specific long AP duration
(Figure 2C). Averaged amplitude was 71.5+2.2 mV, maxi-
mal diastolic potential was -52.7%£1.9 mV, AP duration at
90% repolarization was 161.629.3 ms, and beating cycle
length was 1.06=0.1 s (n=7). Cardiomyogenic transdiffer-
entiation could be observed when the murine cardiomyocytes
and hAMCs were separately cocultured by the atelocollagen
membrane (Figure 2D through 2F; Online Figure III) that is

Mi+hAMC
(n=11)
M! (n=8)
Figure 3. Effect of hAMC transplanta-
tion on heart function in vivo. A, Rep-
: resentative traces of M-mode echocar-
diogram from the control Ml of nude rats
4 week and MI+hAMC transplanted nude rats

(MI+hAMC) are shown. The contraction
of the left ventricular anterior wall was
improved by transplantation of hAMCs
(white arrows). B, The hAMC transplan-
tation significantly increased in mea-
sured percentage of left ventricular frac-
tional shortening (%LVEF) at 4 weeks
after the first operation. C and D, Repre-
sentative Masson’s trichrome staining of
the heart at the papillary muscle level is
shown. The digitized data were mea-
sured and calculated in E. The hAMC
transplantation significantly decreased in
percentage of fibrosis area. Scale bar:

1 mm. F, Merged image of confocal
laser microscopic view of immunohisto-
chemistry with anti-cardiac troponin |
antibody (Trop-l) (red), DAPI (blue), and
EGFP (green). The EGFP-positive
hAMC-derived cardiomyocytes were
observed at the margin of the Ml area of
the nude rats. Scale bar: 50 um.

"'“.“l(.i'

permeable for only small molecules (less than 5,000MW).7:8
In another experiment murine cardiomyocytes were stained
with MitoTracker Red (Invitrogen, M7512) and cocultured
with hAMGCs, then we confirmed that almost all EGFP
positive cardiomyocytes were MitoTracker negative (Online
Figure II, A through E). On the other hand hAMCs were
stained with the MitoTracker Red and cocultured with EGFP-
transgenic murine cardiomyocytes, then we confirmed that
almost all MitoTracker positive cardiomyocytes were EGFP
negative (Online Figure II, F through J). Thus, we concluded
that the observed EGFP-positive cardiomyocytes were caused
not by cell fusion between murine cardiomyocytes and
hAMCs, but by transdifferentiation of hAMCs. Immunocy-
tochemical analysis revealed a clear striation pattern of
cardiac troponin-I (Figure 2D), dot-like pattern of human
atrial natriuretic peptide (hANP) (Figure 2E), clear striation
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Figure 4. Survival of xenografted hAMCs transdifferentiated into cardiomyocytes in vivo. EGFP-labeled hAMCs were transplanted
into the myocardium at the margin of MI of Wistar rat hearts (white arrow in the inset of A) and survived for 2 weeks. A and B, Fluo-
rescent microscopic view of immunohistochemistry of left ventricle at 2 weeks after the transplantation with anti~cardiac troponin-I
(Trop-l) (red) (B) EGFP (green) and (A) merged image with EGFP and troponin 1. Significant numbers of EGFP-positive cells were
observed at the margin of MI by lower magnification view (B) (see also Online Figure VI; Figure VII, F through J). C and D, Laser confo-
cal microscopic view of immunohistochemistry of differentiated EGFP-positive hAMCs (4 weeks after transplantation) with anti-sarcom-
eric a-actinin (a-actinin) (red; C), anti-connexin 43 (Cx43) (white; C), and anti-troponin | (red; D) antibodies (see also Online Figure VII,
A through E). E through H, Phase contrast image (E and H) and fluorescent image (F and G) in the same visual field of cardiomyo-
cytes immediately after enzymatic isolation (E and F) and after selection of EGFP-positive cardiomyocytes (G and H). I through Q,
FISH analysis for human Y chromosome (green; | and J), rat X chromosome (red; K and L), and human-specific Alu (green; P and Q)
of EGFP-negative (I, K, M, and P) and EGFP-positive (J, L, O, and Q) cardiomyocytes. Nuclei staining by DAPI (blue) in the same
visual filed of P and Q are shown in M and O, respectively. EGFP-positive cardiomyocytes were of human origin. Scale bars: 1 mm
(B); and 50 um (C, D, F, and H); 20 um (P and Q).

pattern of c-actinin, and dotted staining of connexin 43 fibrosis area was significantly decreased by hAMC transplan-
(Figure 2F and Online Figure III). The percentage of cardiac tation (MI n=8, MI+hAMC n=11, P<0.05). The EGFP-
troponin-I positive cells in the EGFP-positive cells was positive cells of hAMCs (Figure 3F) observed at the MI area
defined by immunocytochemical analysis (Figure 2G through expressed a clear striation staining pattern of cardiac
2M) and calculated to determine the cardiomyogenic trans- troponin-I, suggesting in situ cardiomyogenic transdifferen-
differentiation efficiency.’= The efficiency was significantly tiation ability for hAMCs. The rate of survived EGFP-
increased up to 33*£3% (n=8) by the cocultivation. positive cardiomyocytes was 1.125£0.470% (n=6).

The hAMCs were transplanted into the hearts of nude rats We tested whether xenografted hAMCs may be immuno-
with chronic MI, in vivo, and the effect on cardiac function logically tolerated to survive for more than 2 weeks and
was examined. Echocardiography showed a significant in- differentiate into cardiomyocytes in situ. Isolated hAMCs
crease in the left ventricular fractional shortening (%LVES) were injected into the MI zone of female Wistar rats (Figure
at 2 weeks after transplantation (Figure 3A and 3B; see also 4A, inset, white arrow). A significant number of EGFP-
Online Figure IV). The heart section was stained with labeled rod-shaped cardiomyocytes were observed (Figure
Masson’s trichrome (Figure 3C and 3D) and the MI area was 4A and 4B), even 2 weeks after the transplantation (at least 80
digitized and measured (Figure 3E). The percentage of days; Online Figure V). Immunohistochemistry revealed that
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Figure 5. Role of HLA-G and regulatory T cells in immunologic tolerance of xenografted hAMCs. A, Western blot analysis of
HLA-G in the mesenchymal cells obtained from amniotic membrane (hAMCs), umbilical cord, and placenta. Densitometry analysis of HLA-G,
normalized by p-actin. B, Laser confocal microscopic view of immunohistochemistry of host myocardium (2 weeks after transplantation) with
anti-HLA-G antibody (red). The transdifferentiated EGFP-positive cardiomyocytes did not show any membrane biding isoform of HLA-G in
situ. C, Concentration of the soluble form of HLA-G (sHLA-G) in the sera of hAMC transplanted Wistar rats detected by ELISA as a function
of time in weeks after the transplantation is shown. There is no correlation between the survival of EGFP-positive cardiomyocytes and
SHLA-G concentration. D, Immunohistochemistry with anti-FOXP3 (red) antibody. E, Expansion of area within the white box in D (see also
Online Figure IX). A significant number of FOXP3-positive regulatory T cells have migrated beside the hAMC-derived cardiomyocytes. F, The
effect of agents related to fetomaternal immunologic interaction on the HLA-G expression in the hAMCs was tested by Western blot analysis.
Densitometric data were normalized by b-actin. Both IL10 and progesterone (prog) markedly increased the HLA-G expression in hAMCs.
Concordant with F, pretreatment with progesterone and IL10 significantly increased the survival rate of xenografted hAMC-derived cardio-
myocytes in the Wistar rat heart (G). Scale bars: 50 um (B,D, and E).

they were positive for sarcomeric a-actinin, connexin 43, and
cardiac troponin-I (Figure 4C and 4D; Online Figures VI and
VII). Host hearts were enzymatically isolated (Figure 4E
and 4F), then EGFP-positive cardiomyocytes were selected
(Figure 4G and 4H). FISH analysis to detect the human-Y and
the rat-X chromosome revealed that the EGFP-negative
cardiomyocytes express the rat-X chromosome and no
human-Y chromosome (Figure 41 and 4K), whereas the
EGFP-positive cardiomyocytes express the human-Y chro-
mosome and no rat-X chromosome (Figure 4] and 4L). FISH
analysis to detect Alu,?®> which is a human-specific short
interspersed repetitive element, revealed that the EGFP-
negative cardiomyocytes were negative for Alu (Figure 4M
and 4P), whereas the EGFP-positive cardiomyocytes were
positive for Alu (Figure 40 and 4Q). From these findings, we

concluded that neither cell fusion nor nuclear fusion was the
major cause of generation of EGFP-positive cardiomyocytes,
but that the hAMCs transdifferentiated into cardiomyocytes and
were immunologically tolerated, surviving more than 80 days in
situ. In some experiment non—-EGFP-labeled hAMCs was trans-
planted into the MI zone of EGFP-transgenic mouse, and
observed EGFP-negative sarcomeric a-actinin positive hAMCs
derived cardiomyocytes was observed (Online Figure VIII).
Before the transplantation, HLA-G was consistently de-
tected in hAMCs by western blot analysis, and was also
detected in mesenchymal cells obtained from other placenta-
related organs (Figure 5A). After transplantation, however,
HLA-G was detected only inconsistently in situ. No
membrane-binding isoform of HLA-G was detected in the
surviving hAMC-derived cardiomyocytes in Wistar rat hearts
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Figure 6. The effect of IL10, progesterone, and immunosuppressive agents on cardiomyogenic transdifferentiation efficiency of
hAMCs. The effect of IL10 (A) and progesterone (prog) (B) on the cardiomyogenic transdifferentiation efficiency was measured. These
agents were administered 2 days before the cocultivation (pretreat) and/or after the cocultivation (posttreat), and the conditions of
administration are denoted below each column. Pretreatment with IL10 markedly increased the efficiency of cardiomyogenesis; proges-
terone, modestly, but significantly, increased the efficiency. C, IL10-induced increase in the cardiomyogenic transdifferentiation effi-
ciency was significantly attenuated by the administration with FK506 or hydrocortisone (COR). D, IL10-induced increase in cardiomyo-
genic transdifferentiation efficiency was completely blocked by the administration of anti HLA-G antibody and anti-IL10 antibody.

(Figure 5B) by immunohistochemical analysis. There was no
correlation between continuous secretion of the soluble
HLA-G in the sera (ELISA) and survival of hAMC-derived
cardiomyocytes (Figure 5C). On the other hand, adjacent to
the surviving hAMC-derived cardiomyocytes, FOXP3-
positive regulatory T cells were constantly detected by
immunohistochemistry (Figure 5D and SE; Online Figure
IX), whereas they were not detected in control myocardium.
The effects of IL10 or progesterone on the HLA-G expression
in hAMCs were examined. Western blot analysis showed that
IL10 and progesterone increased the HLA-G expression
(Figure 5F). Concordantly, pretreatment with IL10 or proges-
terone before the hAMC transplantation significantly in-
creased the incidence of survival of EGFP-positive hAMC-
derived cardiomyocytes in vivo (Figure 5G).

Furthermore, the effect of IL10 or progesterone on the
cardiomyogenic transdifferentiation efficiency of hAMCs
was examined. IL10 or progesterone was administrated to the
hAMCs (PDs=13) before and/or after the cardiomyogenic
induction, then cardiomyogenic transdifferentiation effi-
ciency was measured (Figure 6A and 6B). Surprisingly, both

IL10 and progesterone significantly improved cardiomyo-
genic transdifferentiation efficiency in vitro. It is notable that
pretreatment with IL10 or progesterone before cardiomyo-
genic induction is essential for this increase in cardiomyo-
genic transdifferentiation efficiency. Administration of
FK506 and hydrocortisone significantly attenuated the IL10-
induced increase in cardiomyogenic transdifferentiation effi-
ciency (Figure 6C) in vitro. Moreover, the effect of IL10 was
completely blocked by either anti IL10 antibody or anti
HLA-G antibody administration (Figure 6D).

Discussion
We isolated hAMCs in the present study. Our isolated
hAMCs can be transdifferentiated into cardiomyocytes in
vitro and vivo, without using any epigenetic agent or gene
transfer. The cardiomyogenic transdifferentiation efficiency
of hAMCs was significantly higher than that of marrow-
derived mesenchymal stem cells. Furthermore, xenografted
hAMCs transdifferentiated into cardiomyocytes and survived
more than 2 weeks (observed up to 80 days; Online Figure V);
this suggests hAMCs were tolerated in situ. Immunologic
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tolerance and cardiomyogenic transdifferentiation of hAMCs
were significantly increased by pretreatment with IL10 or
progesterone. From these findings, we concluded hAMCs can be
a ready-to-use allograftable cellular source for cardiac stem cell
therapy.

Highly Cardiomyogenic Transdifferentiation

of hAMCs

The cardiomyogenic transdifferentiation efficiency of hAMCs at
PD4 was calculated as 33%, which is higher than that of
PCPCs.® Moreover, hAMCs express OCT-4 and SSEA4, a stem
cell marker, and have a potential to differentiate into endoder-
mal, mesodermal, and ectodermal lineage (Online Figure X) to
some extent. These findings indicate that hAMCs have a ability
to transdifferentiate into cells of various organs in comparison to
other human somatic stem cells. This potential may contribute to
the high cardiomyogenic transdifferentiation ability of hAMC:s.
The surface marker analysis clearly showed hAMCs have a
mesenchymal phenotype. Despite a lack of expression of Nkx
2.5, a cardiac homeobox gene for cardiac differentiation, several
cardiomyocyte-specific genes were expressed at the default state
of hAMCs. Histological and physiological examinations re-
vealed that hAMCs transdifferentiated into matured and physi-
ologically functioning cardiomyocytes in vitro and in vivo.
Moreover, transplantation of hAMCs improved cardiac func-
tions and reduced the area of MI in vivo. The hAMCs-derived
cardiomyocytes may play a role in improvement of cardiac
function; however, antiapoptotic effect?* of hAMCs may play a
significant role in the present study. In the present study,
neovascularization?>-2¢ may not play a major role in the improve-
ment because hAMCs did not affect the capillary density
(Online Figure XI).

Evidence of Tolerance

Tolerance is extremely important for clinical application of
hAMCs, because we can use enormous numbers of hAMCs
obtained from every delivery without establishing a stem cell
bank system to match host and donor HLA-types. It is also
notable that massive numbers of hAMC-derived cardiomyo-
cytes were tolerated and survived in the xenografted host
heart without using an immunosuppressant.

It is common that either allografted or xenografted cells
could not survive for more than 2 weeks in the immunocom-
petent hosts because of rejection by the host’s immune
system. Therefore, massive survival of transdifferentiated
EGFP-positive hAMCs in the Wistar rat heart for more than
2 weeks strongly suggests tolerance. Two independent FISH
analysis clearly support the conclusion that the isolated
EGFP-positive cardiomyocytes are of hAMC origin (have
human nuclei) and are evidence of tolerance in the host heart.

The Mechanism of Tolerance

Because placenta and amniotic membrane are known to play
an important role in avoiding maternal immunologic rejection
against the fetal tissue bearing paternal alloantigens during
normal gestation, it may be possible that the engrafted
hAMCs were immunologically tolerated in the host heart. In
comparison to other mesenchymal cells, hAMCs express
lower MHC antigens; this might have importance for induc-
ing tolerance in the host, because xenografted MMCs,” which

Amniotic Membrane-Derived Stem Cell 1621

express HLA-G and HLA-ABC, were completely rejected
(n=4, data not shown). The expression pattern of HLAs
suggests that hAMCs are resistant to MHC-dependent rejec-
tion mediated by T cell immune systems, but are known to be
rejected by substitutive mechanisms. Cells that do not express
the MHC molecule may be recognized as missing self cells,
and may be attacked by natural killer cells.?’

The nonclassic MHC class I antigen HLA-G expressed on the
extravillous cytotrophoblast cells at the fetomaternal interface, is
thought to play a major role in protecting the fetus from maternal
rejection by natural killer cells.?® Furthermore, HLA-G blocks
the immunologic response of natural killer cells?® and induces
regulatory T cells,3® which play an important role in immuno-
logic tolerance.?!-33 In the present study, despite the fact that
hAMCs expressed HLA-G in vitro, there is no correlation
between the survival of EGFP-positive cardiomyocytes and
continuous secretion of SHLA-G/HLA-G in Wistar rats in vivo.
From these findings we speculated that HLA-G might play a role
in the initial process of tolerance; however, it may not play a
major role in tolerance maintenance.

A previous report showed that HLA-G—induced regulatory
T cells, defined as FOXP3 positive lymphocytes,?© also play
a significant role in tolerance maintenance. Emergence and
mobilization of FOXP3-positive lymphocytes beside the sur-
vived EGFP-positive cardiomyocytes in the present study
strongly suggest that the regulatory T cell also plays an
important role in maintenance of immunologic tolerance.
However, it is difficult to verify this hypothesis by observing
survival of hAMC-derived cardiomyocytes to evaluate toler-
ance, because the blockade of HLA-G must inhibit cardiomyo-
genic transdifferentiation efficiency in vivo. Because both toler-
ance and transdifferentiation efficiency increase the number of
hAMC-derived cardiomyocytes in vivo, it is difficult to demon-
strate direct evidence for the role of HLA-G in tolerance by
simply determining the number of hAMC-derived cardiomyo-
cytes. Further experimentation should be performed.

IL10, known as an immunosuppressive cytokine, is pro-
duced by regulatory T cells and type 2 helper T cells.3435
Progesterone and IL10, which are known to play an important
role in causing fetomaternal immunologic tolerance and
maintenance of normal pregnancy,3?3637 dramatically in-
crease the HLA-G secretion from hAMCs. Concordant with
the degree of HLA-G expression, the pretreatment of hAMCs
with IL10 significantly increased the survival rate of EGFP-
positive cardiomyocytes in Wistar rat hearts. This also
suggested the major role of HLA-G in immunologic tolerance
in the present study.

Relation Between the Immunologic Reaction and

Cardiomyogenic Transdifferentiation of hAMCs

The mechanism of cardiac transdifferentiation of hAMCs is
still undetermined; however, it is notable that the immuno-
suppressive cytokine IL10, or progesterone, dramatically
increased the cardiomyogenic transdifferentiation efficiency,
whereas FK506 or hydrocortisone attenuated the efficiency.
This finding was also associated with the fact that mesenchy-
mal cells, having significant cardiomyogenic transdifferentia-
tion ability, can be obtained from gestation-related organs, ie,
umbilical cord blood,® uterine endometrium,” menstrual
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blood,” placenta,® and amniotic membrane, and gestation is
one of the best circumstances for immunologic tolerance.

Because pretreatment of hAMCs with IL10 before cocul-
ture was essential for the increase in cardiomyogenic trans-
differentiation efficiency, the main effect of IL10 should be
on the hAMCs. IL10 increased the HLA-G expression in
hAMCs and the effect on the cardiomyogenic transdifferen-
tiation was blocked by the administration of anti-IL10 anti-
body or anti-HLA-G antibody, suggesting IL10-induced
HLA-G expression plays a pivotal role in increasing the
efficiency of cardiomyogenic transdifferentiation. Adminis-
tration of IL10 without coculture did not cause any cardiom-
yogenic transdifferentiation in vitro; therefore, the HLA-G-
dependent increase in the cardiomyogenesis required the
feeder cardiomyocyte culture. The fact that treatment with
FK506 or hydrocortisone significantly attenuated the car-
diomyogenic transdifferentiation efficiency strongly suggests
that inflammation activity in feeder cultures plays a pivotal
role in cardiomyogenic transdifferentiation of mesenchymal
cells. The different responses in cardiomyogenesis by the
same immunologic suppressant may be caused by the different
mechanisms of the agents. FK506 and hydrocortisone suppress
every immunologic process, whereas HLA-G is known to
suppress natural killer cells®® and activate immunosuppressive
regulatory T cells.3® The process of HLA-G—dependent induc-
tion of immunologic reaction may be a clue to understanding
cardiomyogenic transdifferentiation of hAMC:s in vitro and vivo.
Further experimentation should be performed.

Clinical Contributions

Amniotic membrane can be obtained at every delivery.
Because it is usually considered as medical waste, it is an
easily accessible cellular source without ethical problems.
Our established hAMCs can transdifferentiate into cells of
various organs, especially into functioning cardiomyocytes.
For safety concerns (ie, neoplasm formation), hAMCs may be
superior to the iPS cells, because hAMCs do not require any
genetic or epigenetic modifications. We did not observed
tumor and/or teratoma formation (also see the Online Data
Supplement) in the present study. The noncardiomyogenic
transdifferentiation efficiency of hAMCs in vitro was low and
hAMCs are subject to contact inhibition and anchorage
dependence during multiplication. These cellular characteris-
tics might contribute to the low incidence of neoplasm
formation of hAMCs. Regarding immunologic rejection,
hAMCs may have an equivalent potential to iPS cells.
Because pretreatment with IL10 significantly increased car-
diomyogenic transdifferentiation efficiency and immunologic
tolerance, we may be able to use hAMCs as an allograftable
stem cell source for cardiac stem cell therapy. Compared to
the other human mesenchymal cells,5- only hAMCs can be
immunologically tolerated and transdifferentiate into cardio-
myocytes in vivo. Because they can be used as an allograft,
hAMCs can be used for clinical patients immediately without
establishing a stem cell bank system.
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Novelty and Significance

What Is Known?

e The amniotic membrane is believed to play an important role in
fetomaternal tolerance during normal pregnancy.

e Cardiomyogenic transdifferentiation efficiency of human marrow-

derived mesenchymal stem cells are extremely low (=~0.3%).

There is no proven, ready-to-use cellular source for cardiac stem

cell-based therapy.

What New Information Does This Article Contribute?

Cardiomyogenic transdifferentiation efficiency of human amniotic
membrane—derived mesenchymal stem cells is ~33%.

Amniotic membrane, which can be obtained from every delivery, can
be a good, ready-to-use cellular source for cardiac stem cell—
based therapy in other patients.

It is possible that these cells will be immune-privileged.
Immunologic tolerance and cardiomyogenic transdifferentiation of
human amniotic membrane—derived mesenchymal stem cells are
significantly increased by pretreatment with IL10 or progesterone.

There is no definitive ready-to-use cellular source for cardiac
stem cell therapy. Our present study showed that xenografted
human amniotic membrane—derived mesenchymal stem cells
(hAMCs) transdifferentiated into cardiomyocytes and were tol-
erated >80 days in situ. This finding suggested that hAMCs
could be an ideal allograftable cardiac stem cell source.
Because hAMCs do not cause immunologic rejection in the host,
we do not need to adjust donor—host immunologic matching of
human leukocyte antigens. Therefore, we can use freshly
isolated hAMCs immediately in allogenic combination without
establishing stem cell bank systems. Moreover, the precise
mechanism of cardiomyogenic transdifferentiation is unclear.
We showed close relationships between the mechanisms of
cardiomyogenic transdifferentiation and the process of causing
immunologic tolerance. This may be a key to understanding of
the mechanism of cardiomyogenic transdifferentiation. Conse-
quently, we may be able to manipulate the cardiomyogenic
transdifferentiation efficiency. Our findings are important to
advance clinical cardiac stem cell therapy.
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