EB I a-REFIHTHMPBES KU
A VAUV SBRIGGEFE YT 22 Bi)
»‘[ﬁ‘i. A R A e W
e 19.240.6: 19.4:0

8 7762661171475

(R 3 & 4 BIMA)

Twb, IO Sinclair b 0L, FWLTDH
FTH6 BHZTThHoTh, xFrERtsd

5 one carbon metabolism 2§53 % FEREFEAM |

FHELBWEARR, 4 v 7Y ¥ M fETFox
¥V 2547 AEIHE LD 2 L 2 BRITR
THOTHB, PERECHET A, £
LTI BEERNBRKZ FIMRATECH
BB ZED THRETSH 5,

AT AR EERONLTEY,
W|ERL BV, LALSLEOTHEMR, AKX
MLz R & LTRTIMTbRLTwid, 5
FOYBBHRCERShTETREAL D60
BEIBTO, FBmMY ARESHELT, 4
V7Y v Vil IGF-2 - H19 Badf & vt wn
5 (3 4), Heijmans 5, FWMAEHRC
4 7)Y ETFTHBIGF20 7T €~

% —3%, CpG (CpGl~CpG5) D, A F NALOH
% Uiz ZTORE, ZRRNINCERIEICRE
BRLAADHRIT, 0RBETD, THE—
7 —IROD CpG TR A F LA H SN T Wi,
EZAH, TRUBECIUREFICRE S TE
FRAAAL TR, COBRAFMEIZEDTWE
Molze &AL 7Y Y MHEFTH B HIO
THBERTLTOERBED bNLh o7,

ThbbLERHABMOERRETE~ 0L VT
YV MREFRIY Vi 7 4 7 ABAERS
Y, TRE—EFERL TR I LAALRZD
ThbH, LPLALALT, IL-10, V757,

ATP-binding cassette Al, guanine nucleo-
tide-binding protein, maternally expressed 3
(megd) R EDTUE—F —IRTEAFIALE
PRICTHET % &V I RENIRERT B,

LB, TOEBEIFHETHLEVAED, K
WIEERORRE, FUEFIECREsT
EYVxi5 4o AEEE LTEAFE) %
RIL, ZhAMPHEE SR TRBRBELTWSL
EwE b, ZEY ATHETHREELL
T, Bk, ¥4I A ¥FZ3I VD, BK
b8, WERTE, LKA FNVEEFRSTLIRA
(one carbon metabolism) 253 % g, ¥
FIVBELRENRBTONTVS, TRIETIC

FSUFOUEENT, SHELHICEENERRCBESNTER

LTeti &R IGF-2 B{EF DMR O CpG X

FINLE

BEESREY 5
¥ 0488 | (0.047) | 0515 | (0.0585) | —5.2 0.58
CpGt 0436 | (0.037) | 047 (0.041) | —6.9 15
CpG2, 3| 0.451 (0.033) | 0473 i(0.055) | —4.7 41.0
CpG4 0577 | (0.114) | 0591 {(0.112) | —2.3 | 4,100
CpG5 0.491 (0.081) | 0529 ; (0.068) | —7.2 14.0

DMR : differentially methylated region, # 5> ¥ OIBEGHBOHO

1) —EE 1 400~800 keal/day.

KAFMD IGF-23BEF O 7 O E— 2 —80 CpG L (1~5) O X FIL{LEE
IR & LBk U oo CoG4 B THBZEED o TXFILMEIETLT
WB, FEHEOMBIHERCO FeRTHERTHILNPO P L L >

Fo TOIEY T RT 1 7 XBLIERFCHAEB A THFEHET S (Transgen-

erational effect) o
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ZHELMMORBEDOEIAEIIR o

4. Y ITHIRERIHEOEREL
BRE

EREPYERE, BETEITWRENE
FENTWD, T Y IYEHEKE L
EBRETH 5% ACHETE B2EPER
WThENBNT 5. Y VOEEMNNI
145~150 HCH 5. RN 60 H»HEM 30 H
HETHBMEERE BRI THELZW
AT 60 kg DA T 51 kg I0REE) . €08
%, ey Y OEENNIZ, 146 BT L 139
H(p<005) L&, TobbREENEI-L
(B5)e &Y ¥OFBRBEZI NGV — VB
fHLab, BRBOBMEIREATETLIL SR
Twd, TITHFCIF—FLEGE LT
WFV—, ACTH 2L LIz, TOEE, 7
BRofFe Y VTR, INFY RN
I EAAE S o T (cortisdl surge) (B 6)o

1.0
2 0.84
2
g 0.6+
3% 0.4-
B
Eo2-
o- i
125 130 135 140 145 150
ERRE R
BB HEICRBE Y YOGEERDEERE
SRR (Kaplan-Meier £#7)
s - Ranit=d
R R (X6 LWEE

272 ACTHORMoXn¥H D, BRTHT
RARFEEEPA) MO RMEBFRKENFELT
TwBIEHFHELPE R o, b PHERIM
30 H AR 2R R ENE N, B
DORFURERE (B EEALE NI D. B

(ng/ml)
45+

30+

Cortisol

0~ =% r r T ,
125 130 135 140 145 150
EERRE)

10- ; T 7
125 130 135 140 145 150
EHEAH(E)

O 3IEREE o I RBRBRL 2Bl TARE
X¢ VA0 I REHRL BB

EED TREE CBBRAESERE URFE Y Y0 Cortisol & ACTH QIIEEREDER

BFENF—-T IV EBELTRIRARET .

***:p=0.0001, **:p=0.01, *:p=0.05(SBHRE I MEH.

DH/FPEREL THRICHESZBITIE, BFILFV—IUDFRECEITTIUFDLEL
TWEH, REMESBICOILFV—ILOERDRHSNTHRICE>TWVD. L ACTHE
ElZ, BESBULATRE—EORETHEBL, SBRALCMNITRCICERLTVS, LD
UBERIIFERE ACTH O_EENED SNTVD. SHIBROERRBRSKREFO HPAR

DERRSHEHICETHRROFEDNREND.
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FIEWY A b A4 YHWES T B4R
HONTBOTHIERICRENET LIS
RULIERTH %,

BHbIC

SR LCER LEROD TR (devel-
opmental stage) Z &4, WAD—4, HoH0
R EBA D 2 IR ERE kb
Yr ) AELE KBS IET 2 ChH B, L
b HARTEE—FIRUEIREAS 25~40% & »
bhTBY, HERDLOEROREN S5
KHEIRLT, HS, BLURiER~OHEEE
ZTCHEERZR > TR EnEYICHo
TWb, FTEbLR TR, FENE
BChb. BADHKREN, AS, Kk, FEDb,
RICEFTHRETAE2ERLT, BEORE
WEHEAMCFELICERE e L, ¥4
Iy POYRELEANCEL L EFEEL VR
o L

EERABIDRER Vol.64 No.1 2015

B =
1) Hanson MA, Gluckman PD : Early develop-
mental conditioning of later health and dis-
ease : physiology or pathophysiology?
Physiol Rev 94 : 1027-1076, 2014
Matusiak K et al : Periconception weight
loss : common sense for mothers, but what
about for babies? J Obes 20429, 2014
Sinclair KD et al : DNA methylation, insulin
resistance, and blood pressure in offspring
determined by maternal periconceptional B
vitamin and methionine status. Proc Natl
Acad Sci U S A 104 : 19351-19356, 2007
Heijmans BT et al : Persistent epigenetic dif-
ferences associated with prenatal exposure
to famine in humans. Proc Natl Acad Sci U
S A 105: 17046-17049, 2008
Tobi EW et al : DNA methylation signatures
link prenatal famine exposure to growth and
metabolism. Nat Commun 5 : §592, 2014
Bloomfield FH et al : A periconceptional
nutritional arigin for noninfectious preterm
birth. Science 300 : 608, 2003

2

=

3

=

4

pusd

5

<

6

=

| 33



A i

ERBEPIH)OBFHME

IR SRR & BE RO PRO

ARG ERIRIE & PIH DRRIERE
AR RIS ORR 5

HiRFBA™!

BRI

HFMLTOBEARFHN Chp 5 OEZORLRETHY, [BRHCREMOTENS LU RY
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BRI R > THRABPRIET 3] &5 [BRAR

ARMBELREE] MEEIA TV 3, HRE—FEOH

HHERTH WA, BIREMEERHEPIHOYXIERAFBRESHICRDOSh, —BNTYXIEDRY
V-2 TIERL A THEE S A 503, PIH FRERFLEET DRI, ROTHygEsaAME

UATEY 23549 RTEE L A FR2HAAICLY,

IATHhNBXETH B,

BFL &I

AFGEER R SO R AR RGIC R T
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BThb. EEBEHRH Y X7 ORBIEEE
BEFIERZOFELCHE LT EY, Thoi
DEIBHEETREIBIET 55O Tlhv,
BAE, TEREPBENMOTERNE X AR
WMOLZ L RvRERIE S AR
L, ThXPEmERE LY, HEROYLF X
BRER & OMEMRIC L o TRARVR/ET
Bo BARRBIO2EBERTCRETL] & v
S [RABRBMSEERRER] SREfpe L
THEH &h, DOHaD (Developmental Origins
of Health and Disease : W94 B A%HE HA
DOHaD e & cHiEi ) 23 i8R - B L C
WBY, MAKTIZIAPIRIE R A S EEE < —
H—TdhY, BEREOETIKERRYE, B
BEALEWHE, BREA P VAR E~NDRHF
XoT, BEPAMENALRECTHY, =¥
V747 ABAEEAUTHRAR (EHEH

RORREEATH Z BT 28000 5 OBRFENR

FOREI AN BB L VA D, F1iE
RIEHEREFT2PELOENRBTL D
Y, BMFEFREAH 3B IR e R
MEPH)ZRELLT 25, PIHE, BESR
F2HETHEREBATHINFORIC, FOHEHC
#7=Y DOHaD A Sk & BOMEOTHE
BEBHE L 200 BRERRT 5. Thb
5 PIH O HIE PIH L6 0 R A W BB s 3k
FTEEIXFPODONA VAL EDAZ Y~
7, PIH 289E L= BFICH L, =¥y 4
F AT AH DRI RBERNRELIT, R
MAAEFD LT, ROSRREIBE 2RI
THEEDEZNTHD, £ THRAFMKEINZE
EHEBHRL, TOREAPSOPIHNL VA
oMM omWikicowTo—E, PIH &
DN REEORT BT,

1. BAMRRREARETIRE

TEATE, &< &0 HAEGTOET & 5miE
B ORI DV TR RSN xR
TEED, ThidNN—H—3, SSERBLT

#1 Hideoki Fukuoka STEERASHSAHIZRIEN
*2 Shinji Mukal EIXAREHEEHNER € L » —EEEER
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DOHaD 3 & LTRBMLTwaY, ik
LROFTHEFBIAOFEEREY 2 A
7 AETH B, TN DEKREIL, non
communicative disease(NCD : WHO) & 4 2%
FREBESTALRTED, 8% L N
LTw{, BFNERINHFINTYWLETHE
ML Tw L BBAEN, HiERBCE DR
HEPBRENDIOT, FREXRLTLOR
CERVEFBFNLERZETHEFH LY
NCD #3355 L BEER T3, FHER
BHT HIEEICH LR —HoAwHRET
HoC, EBZHTHHETOERIEELL
BFv, MAEEREAVNE Do R, Thbb
FEATREFIIR S TE Th e g
BEBROLEELF L TOATREAS GV, Al
{EFRLEEMIHERETORREHTH0
T, EREREY AL, BWETLHRLE
&, KRN S o iFEHE PIH ORIEY
AT TOWFPLHEEEO TR — MEFC
20T, BEALR TR E2HR5,

2. HEFEOETLSBRARERORD, &
MESEEE

HAEERONE VAL, BIEERETHH
DENTENRFLN TS L LEEMRIC
1, MELETATATHHEIRCERER
ERALNTVEY, LS AHHRBHEBELE
MEDZBEFALL TV, BREEEEHL
T THERZME R L THECHRY e
Ao Tnd LBEEN D, HEAEDO/NE
WA, FECRREOEI DR . I TH
REBORLD & ERREEENEEOFRTH
BETE [TV yi—dil ARREsR T,
Barry M. Brenner {C & 5, [ASHEYER M 12,
TRCRIRE - A7 O VEOBIIE VAT S,
FRUFEE LS v REN T EPIRY (R,
A MU A, {REHERE, METER, BET
oo DY i N = N S IN IR P S SEN) LN
FRIL, RHRTHME, CKD, WikiE, ¥
TEERIET HICES LS H19894F) TH 5,

B TNROMRIT, HHABRMAREH
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BENICRE LA BWRORME T T, i
AAEOKTRHERRGHOBET2EI &8
NTW A Fa -2 b0HE L IRT 572,
HAEREA3000 g LT IC 2 B &, WRGRIRGE
BOETHFRD L, BEAHEN L BRI
PR ENHEERLTWA(E DY Wi
HIREEIP L 2D E, REIMICHERSRRE
APIBEALTBL T 5D TH B (compensa-
tory glomerulomegaly and hyperfiltration 3
%), WHHZ, MEIESMEN D 34~36 M THIE
BEART Ho £O 2/3 RIERMICERL,

HAERRFEAREOEBR I Tbh 2w, £

B HAERRC SRR R g, 2
Al UCH A OFFRGREMEIIZR B AR
POEGFAHT L ERB, HERPSTTRR, Y
A2 EBoT—HEEZRISNTL SRR B,
DJ Barker #%, N—A—@ERRALLETL S

C b, RE - REITHEBC, SRR

TREABERMBESAAREICEE LD
IRFRE Y, 304 R0 LARAE, Al
DEFEZFERBENOIY V=35 1 7 AL
RhHIEMFELIIRD 00D Y, AaEe
DFFELEEYEbNS,
ZEMUHCTIEE L2 Bk (36~58 #) Ok
BT, ATERIIE & ERRERICOT U
FERGERARSLECS, BRERCTRES
PR AEROBE T S o7 TAWESR
BRADEHEROBLE EHITHMLTVE
(®2)¥, FHeHET, HEA R TR IR
Hd:, WMALLFRIZED x’o:h:“. AR
TILEAD i o oW BN & 0 BRAUR
EhTBY, Vv F—FERHETsmREL
THRECER SR HETHo

3. HEFEETE PIHEE

FERNRSE B U R —HOAMRET
Y, BIERRETHIEELD S E, HRC
LY BMENRIET B Y A ZHF 0. IAEKT
L PIH OFEIEY A 7 &Rl L7cH 2% Seattle
and Tacoma A ¥ 7 4 (1998~2001) %*&% 5 DT
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AR IER
SMEHR  MEH

GERD FEERMTEOBERAMIEORE(AH

BRI LIZBME(36~E8 ) T, ABIERIEREDSH ZPEH
WBIZNZEN 10 BIOBIHAT, B RURBES b0, MHT
[SEASDMCERRIREY, FRICENFEL TV, BERORMEHGE

MEICHET BB ERTBOENZ B,

B, 18® BMICHIELTRE LD TH
Bo TORE, 2,500 g KT O ARG,
2,500~3,000 g KD HAFEBICHS, F v
Ik 227(95%CI 2 097-527) & Y 2 7 HEis,
AT A 3,000~3999 g L KEL 25 L,
A 0.56(95%CI : 0.39-0.94) LIET LTw
Bo LA 4000 g BLECRERMOV X7 %
HILHBPREoTLBEEDNE, Ok
IEIR BRI % Wik 2 AWRBTH
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LHIZEERLTWD, £hwx, PIH 254 L
BB, BLEXRRZETLOT, BHROTF
BERETDH2OTEREMAA - BIHRRESD
BThHbo MMBOEFTR, BMoBkes
Wiy 7TOBERERRIC LAY EEELT
b ow, FRPEL T BEND B, Thid
EHEORELREE VR 5. HIBERBRE
KT 2HULRLTH 5o

JERE PIH OB EL Y A7 BFTH B, 2
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HEGECERSMEERBEOUAS (V7
MU - #9255 1)

BEE(RE S HEIRE BMI DS B et iREIIIE
SERBUR D

Ay IH* | (95%CI)

<2, 227 (0.97~5.32)
BEOp~2999" 100 Ref.
30 096 | 0.56 (0.34~0.94)

0.46 (0.17~1.21)

* Eﬁ% ME %F‘lilit WEME, 188D BMI
THIE, (k5 & W3BIA)

(Seattle and Tacoma study, in Washington, 1998~2001}

T, S 5CHHRU S TN & BAEKE
L OEREAME SR (F 2)Y, 2500 g kT
A, KRN BMI 25 B Lo NiEE T,
2500 g BLLcaFh, BMI 25 BLT DI
WCHHENEF v X i, 28.85(95%CI : 5.91-
9627) E VI D THWI AT EZRLTWS,
NS EFNTHREL R, BRRE
VAT HFE LWL RBILFAPRE, &
ZAH2500 g PLETHEEFR-BETS, N
WHECIHEIR L& 13, # v XIR588(95%CI:
344-1003) LBV AZ ERL TS, REH
W1 oDV A7 EFTHB, 0BBET,
NS EFTRGETY, BRBIIEBTRY
BEE, Fy A 204(95%CI: 078-5.36) & U
AZEEWA, B L TERLAEE A
“C, ZDY R 7 EHS LRV, MAKREOET

¥, BIEERIETHVAZFEEVE B,
Hi&ﬁxiﬂ){&? ARG EOET 245 0
TH 1), ZOEFERES 7L v F—BEETE
THEHOLEI LN,

Y Lo RIES%, EROWBREITMES
B, EE0ME, EREMEOREDF =y 778
PIHDAZ ) —= v LEOHHE 2B E
THHIELZRLTWS, FRICL Y FIRERO
EHOMIEATREE WfFs b,

4. BIESRHAHORHE

AT DARHAEIRIE T & 5 BRRREB OB
Wi, RBYWEHETRW, PIH TR, RN
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e | BTy e (o500

25< | 2385 [(591~96.27)

<2500 g :
<25 204 |(0.78~5.36)
) 25< | 588 |(3.44~10.03)
2,500 g<. -
<25. 1 Ref.
* SRS, ATE, BERH, HEE 18HEOBMI
THH1E, (X5 &4 31H)

(Seattle and Tacoma study, in Washington, 1998~2001)

BREA VAL EPRRBICAN S, L=
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tem ; RAS)FR) 0¥, #MA&A b L RAMC
KBTIV NF AL FAOMBRGERE, 78
P=Y2DRHELE VS 3OOBEIFERZE R
T, BRFREEOBWLIR B,
f RAS %O

FTYEFTF VY VARBEMRITEATL, AT
D2MHBFEEL T D Ty MIER 1AM
BHARREOBRATbR DT, MEFS v
MIZ1MEY, ThEhoZBREERACTHE T
FNy v, PDI23319 iS5 LAz 25, ATL
FLEAIC & D, FH LTI, HREROK
T, DNA GO H bRl EDDHE
) AT 284624 U TEHARGIBR S h
HESNTEEN, TOWHh, AT2%HEEZNT
% Pax-2 OFRDFHARAEERICHEL T3
S ENFE LR ENTz. TR OEN T
&, ATL, AT2 O3B, R AT2 BIHFHL
RSB AW LPE 7% ST,
F M ER D IZIK (nephrogenesis) AR, 40
WA DERICEE WS 2 LT AETFT
% % Pax2ORBUL, AT2ZALTREE LS,
ZRW R, AN OERERE T ATL AT2%
E I RASRGHC AT2) oA S T,
ERRBABRSIRH S M L ELON TS,
A BRLEFLIATNF I FAORE
BREERLTERRS » McRETHZE
T, HRECHEMLEINBT Do I, Tk
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Bel-2 MBERING  Bax ORBEIMM
IGF-1 OFHIMGE  Caspase-3 DA
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BRARAEORD

@B 5 v MERNOEZEBIRSIC LD HEF
Bi&D GR, 118HSD2 MIGFHIE
HRS v MUERRREER LT, HEFOBRE
DERINATIVF I+ REBIF) & 118HSD2
(11 Bhydoroxysteroid dehydrogenase type
2)DEETFRROLERFTolcb0, EEAKE
DEF T GR OBRISIR, 11 8HSD2 DIESREH
H#5ND, FICEBREZILIDILF O RICKE
BENDIRENELTWVD. (it 7 & v Bifkr)

DFNVIINVF AL FIEEAFHELD 118
HSD2(118 hydroxysteroid dehydrogenase
type 1) DRBHIH &, F 118HSD2 ©
BBEIE S VT I NF a4 FEEEGR) O
BRIAET 2 (@37, CoB{bizzv v
74 7 AOZEL (11 HSD2 O 7T & — ¥ —if;
DEAF VAL, GR 7T E—F —BOEAF I
LD CHs, FYVaanFal Fi

EMALOMWE, FraanF ol FEAED

WINARE 5 2 OB TOEIE, Mo r N
TJANFaL FRERRILTHo/E LTS,

HBE, Tl orvaansal Fade
ByaZL2BWT 5, HEIBRER Vvax
Faf FRBHEENSZ LT, T RAS
FRICHE L 2 BE TR E N b, B
AT2 #0§ % Pax-2 BB 0T, BhR
BREERRIHEhs b, BETR
RDS D FPicffkic 7 vaanFasf P
51T, RRIiloREZRT BRITbOR
%, JEBIZIZ 11 BUSD2 AL TV B 7201,
BROBETHLOF EF A VR PSS
Nad, RGEIFEVE, HEKROET, ¥
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WEROET, WE ZAR, AH0ONag
BoWMeEEFET B FEAREEOB b
P -

B 7Fb—-2A00#

TR VADIODOFKELTEHAND
%o Phan Bk, RS v FCIHIR IS HICTFE
TIRAALIC X B IEPHRSER 250, B
BTDT R M= ZAOTE & TR IREH DR
BPOETHIEEMWELT, TOBFERFL
720, B, T3 DNA KX FUERBESES
B3 (DNA methyl transferase 1) QB3
DIRTARI Y, ZOHE, p53EETF O
FNALPE CCBERERT 5. p53 OHMFHRR
&Y, HYMET <TH 5 Bell, IGF1 DR
AP Eh, ABET7R -T2 2882F
Bax, Casparse-3 DI WMT 5. 2D 2o
DRBLY, TR APFLLToHET
Bo TORE, HRENTOLHERREBICT
b - Y ZAPR Y BERRGEORSHEL T
ElDTH b,

5. NBRERBEIEYIRF 40X

ARES L AN T AW ER T, RER

W, AR, WRTH-TERA-RWER, 0
15, WAL ETOYY ) AE{LORTAHEA
Twado, Lo LR CERR (R URAM) H2REL
Th, PP ZOoRBPELTCHOLE Y )
ABLERE - TWAT LB E TV 5,

FUEFETY, flckh =¥y ) Aon{bizi
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FRTHT X FF =2 fCHFT X FNEEZT
VSAM X
4TMP DHF —~_ Methicnine
T (D
dUMP. / Dimethylglycine
VB8 VB2 Zn SAH
510 b_#si;w!ene nglecihn Betaine
VB2
5 Methy! THF Homocysteine
Serine Adenosine
Cysteine Cystathionine

EED MET OBEEENY 5 XF ILEORH(One carbon metabolism)
EEDSBRESCORBRTRENICAFIVEIERENIEY 1 RF« D AZEEHT
2. TORBBEEN X L—XICHHMEVWEBEICHREYRTA VHEEELS,

BRoTWbHOT, ANOERBEREORYIC
i, ATORBHLETHL. ATHHTED
AEREE, FHNSVTIR, I AR BW
LHEENTED, BHAFfLY. LL, ¥
DABAHEA T & 7o BFIL Hey 2RO B E
Linel #{EFOEA F b2z 2BE, B
D RXRaERETF, [F 5 ¥ ¥ OLOHMIL T
BELSNIADEKBLT, 4 Y79 ¥ FMHETF
TP 5 IGFL B ETOIES ) AEEIRIT X
RTWVDe ‘
AFNIEADNA, LA YIEEETLHILE

KEYZE Y2474 7 AFELRTE, =¥

V2 i74 7 ADRBHAO 1 DELT, AFNW
EHDNA TR X P VERACERT 2HE
(one carbon metabolism) #& b, FOEBE
BB » BIAT 5, TRICY ¥ 3 VB2, B12,
AFF=v, NIy, W& ENEORIIC
B53 HEERICHREEE LTIRA LT, S
121 s-adenosy!l methionine (SAM) AUER S v
TAFNEFMES SR, €5 AR
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SRBELEOVIECHFRRMNFEET H I LA,

AL—ZHREERERCLETH D, TRLHEH
B FREEIIEEP IR BETH B, T Th

196 |
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B Tlp R e Y ¥ 74 ¥ & Linel 85+
QE—F —RO A FLOREEHE L, Hey
BIERERTDEAFNMLEDETHED SN
BE L. SOFHIXLine LBETICOAELH
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LT aTigthdid 5. SOL 3 ICHEDRRE
BLUROFHHOBRER, Boxd V=3

FA4 Y ARELATRECRBTHMRFES

no0hb, PIHZRBRE WS hbEE
#%% ¢, one carbon metabolism {Z[HE L7z 3
BRERFUEETRE 2 WA B,

6. One carbon metabolism b 5 o T RS

PIH &, BoRFHIHENRLIOTIE YV
FF AT ABEFELTH D, ThD ZFC
YVxd54 7 AT HREHELWEL,
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tally using clinical data.

Materials and methods

Four hundred and twenty-eight singleton mothers were recruited. Clini-
cal data including the levels of white blood cell count (WBC), C-reactive
protein (CRP), amniotic fluid interleukin-8 (AF-IL-8) at Cesarean sec-

tion, and maternal body temperature {MBT) were collected.
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Histological choricamnionitis was present in 45.3% of the cases. Poor
Citation neonatal prognosis was highest (59.1%) in cases with h-CAM stage IIL
voneda s, Shiozaki A, lto M, Yoneda N, Inada K, A1y .8 (odds ratio: 8.5, 95% CL: 5.1-14.8, P < 0.0001) and MBT (odds
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ratio: 2.3, 95% CL: 1.13—4.1, P = 0.0192) were independent risk factors
for h-CAM. The cutoff value of AF-IL-8 for predicting each stage of
h-CAM (stage I or higher, stage II or higher, and stage III) were

29.9 ng/mL, >17.3 ng/mL, and 255.9 ng/mL, respectively.

d0i:10.1111/aji.12360
Conclusion

The stage of h-CAM was able to be predicted accurately by the level of
AF-IL-8 before delivery.

Introduction

Histological chorioamnionitis (h-CAM) is an antena-
tal inflammatory state of the intrauterine environ-
ment strongly associated with preterm delivery.
Around 33-83% of infants born before 30-32 weeks
of gestation have been exposed to h-CAM,'™® which
often is a clinically silent process. Exposure to
h-CAM is known to induce several organ failures in
the fetus.® Its presence in placentas from preterm
infants increases the incidence of bronchopulmonary
dysplasia  (BPD),””  necrotizing  enterocolitis
(NEC),>'® periventricular leukomalacia (PVL),'"'?
and cerebral palsy (CP).'*>"'” These are recognized as
symptoms of fetal response inflammatory syndrome

American Journal of Reproductive immunology (2015)
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(FIRS).'#-2° These effects have been generally shown
to be more pronounced when additional signs of
fetal inflammation, such as funisitis, are present.?'"**

Histological chorioamnionitis is classified into
three stages according to Blanc's classification:
stage I (deciduitis), stage II (chorionitis), and stage
Il (amnionitis).*®> van Hoeven et al.>® reported that
the risk of FIRS becomes higher with an increase in
the severity of h-CAM. However, the associations
between h-CAM and inflammatory markers in
maternal circulation have not been fully clarified.
On the other hand, clinical CAM was defined by
Lenki et al.?” as maternal fever (238.0°C), elevated
white blood cell count (=15,000/pL), uterine tender-
ness, maternal or fetal tachycardia, and malodorous
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vaginal fluid. Although clinical CAM may be clearly
diagnosed before delivery, neonatal ouicomes may
already be deteriorated by that point in time, #2427
suggesting that clinical CAM is a final stage of CAM.
Park et al.>® reported that the involvement of the
amnion in the inflammatory process of the extra-
placental membranes is associated with a more
intense fetal inflammartory response than chorionitis
alone. Therefore, an accurate prediction of h-CAM
and its degree are needed 1o manage mothers with
pre-clinical symptoms of clinical CAM before the
appearance of clinical symptoms.

To overcome this problem, the ability of biological
markers to detect h-CAM before birth has been
investigated. There have been some reports evaluat-
ing h-CAM during pregnancy by biological markers,
such as maternal body temperature (MBT),*"3!
maternal white blood cell count {WBC},*™*! mater-
nal C-reactive protein (CRP), %% maternal or
ammniotic interleukin (IL)-6,>*77 and amniotic 1L-8.%%
However, there have been no reports predicting
antenatally the severity of h-CAM by biological and
clinical markers.

Information about the severity of h-CAM during
the antenatal preterm period may be clinically useful
for the management of cases at risk for preterm
labor or with cervical incompetency. Additionally,
with detection of strong intrauterine inflammation
before clinical CAM, early termination of the preg-
nancy may be considered. On the other hand, no
detection of inflammation or weak inflammation in
the uterus would allow an extended period of preg-
nancy by maintenance tocolysis. Therefore, the
degree of uterine inflammation should be evaluated
before delivery, and individual strategies to improve
neonatal prognosis for each case should be devel-
oped even if there is no sign of clinical CAM.

This study is the first report to show that amniotic
fluid IL-8 levels are a good marker for estimating the
stage of h-CAM in the antenatal period.

Materials and methods

Study Population

Four hundred and twenty-eight mothers who
underwent Cesarean sections were recruited at Toy-
ama University Hospital between January 2009 and
December 2013. Two hundred and fifteen cases
delivered preterm babies and 213 cases full-term
babies. We excluded cases with premature rupture

of membranes (PROM), preterm birth within 2 days
of maternal steroid treatment leading to increased
maternal WBC, severe fetal growth retardation (less
than —2.0 $.D.), severe congenital abnormalities,
polyhydrammnios, gestational diabetes mellitus, pre-
eclampsia, multiple pregnancies, and Cesarean sec-
tions due to failure of vaginal wial labor. The study
was approved by the ethics committee of Toyama
University Hospital. All the subjects included in this
study provided informed written consent.

Definitions and Study Procedures

Gestational age was determined from the first day of
the last menstrual period, or by fetal size by transva-
ginal ultrasound before 12 weeks of gestation.

The stages of h-CAM are defined by the degree of
the newrrophil infiltration 1o the amnion-chorion—
decidua. The stage 1 s defined that maternal neu-
trophils are between the deddua and chorionic
plate. The stage 11 is defined that maternal neutroph-
ils are in the conneaive tssues of the chorionic
plate. Stage 111 is characterized by neutrophil infilira-
tion of the amnion according o Blanc's diagnostic
criteria.”” And the funisitis way defined as the pres-
ence of any vasculits in the umbilical cord. Section
of tissue blocks were stained with hematoxylin-eosin
and examined systematically for inflammation by
some pathologists unaware of the prowomic results
of the amniotic fluid in their laboratory rooms.

Demographic and clinical data {maternal data
included age, parity, gestational age at delivery, in-
wapartum fever, and mode of delivery) were col-
tected. Clinical CAM was defined as the combination
of maternal fever during labor {more than 38°C)
with any one of the following: maternal tachycardia
(=100 beats/minj, uterine tenderness, malodorous
amniotic fluid, or maternal leukocytosis (215,000
white blood cells/mLj.

Poor neonaial outcome was defined as neonatal
death or diagnosis of periventricular leukomalacia
{PVL), intraventricular hemorrhage (IVH) >grade I,
bronchopulmonary dysplasia (BPD), and necrotizing
enterocolitis {NEC) during hospialization in the
NICU. PVL was defined by de Vries,”” the classifica-
tion of IVH was defined by Papile et al.*® moderate/
severe BPD was defined as an oxygen requirement
at 36 weeks of gesiational age according to the
NICHD consensus conference paper,’“ and NEC was
defined according to modified Bell’s criteria® with
2stage 11 considered to be significant.
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Sample Collection and Preparation

Maternal body temperature was measured just
before Cesarean section. In preterm delivery, blood
tests {maternal WBC and CRP) were performed
within 48 hr before Cesarean section. In the case of
elective Cesarean section, which was usually
planned at about 39 weeks of gestation in full-term
delivery, the blood test was performed within
2 weceks before the Cesarean section. However, in
cases with high maternal fever before elective Cesar-
ean section, levels of WBC and CRP were examined
again just prior to Cesarean section. Amniotic fluid
was extracted directly from the amniotic cavity just
before delivery.

Management of Preterm Labor

When the patients are diagnosed as preterm labor,
they are immediately hospitalized for bed rest and
recommended the treatment of maintenance tocol-
ysis (continuous intravenous infusion of ritodrine
hydrochloride  or magnesium  sulfate)  until
36 weeks of gestation to prevent the preterm
birth.***  During the long hospitalization, the
clinical symptom would go on severer such as bag
formation in the cervix, maternal WBC >15,000/
pL, or maternal CRP >1.0 mg/dL; intravenous anti-
biotics (beta-lactam antibiotics 2-3 g/day or EM
800-1500 mg/day for 7 days) are empirically
considered by obstetricians. Therefore, we could
often use the antibiotics for preterm labor in long
hospitalization.

Detection of AF-IL-8

The IL-8 is a chemokine produced by a variety of
cell types, and various diseases related as a pro-
inflammatory marker were reported.*>™” We consid-
ered that it was a very good marker for the carly
stage of inflammation in the amnion, and routinely
measured amniotic IL-8 level since 2001. In our pre-
vious study, amniotic IL-8 level was most reflected
at each stage of h-CAM among the level of amniotic
IL-8, TNFo, and IL-17."®

About 10 mL of amniotic fluid was obtained
before delivery. AF-IL-8 was measured by an
enzyme-linked immunosorbent assay (ELISA) as
previously reported.®® The detection limit of AF-IL-8
by ELISA was 32 pg/mL. On average, intra-assay
and interassay coefficients of variation were 4.8%
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and 7.5%, respectively. The remaining sample of the
amniotic fluid was stored at —80°C.

Statistical Analysis

To identify relevant clinical variables that varied
between the h-CAM-positive and h-CAM-negative
groups, univariate analysis was performed using the
¥* test, Student’s t-test, or Mann-Whitney U-test
where appropriate. The association between the
severity of h-CAM and lower gestational age at
delivery was analyzed by anova, and the risk factor
of poor neonatal outcome was evaluated by logistic
regression analysis. A cutoff value to predict h-CAM
was proposed by receiver-operating characteristic
(ROC) curves, and logistic regression analysis was
performed to investigate the most reliable biochemi-
cal marker for the prediction of h-CAM. Odds ratios
and 95% confidence intervals (95% CI) were also
calculated. Diagnostic values of sensitivity, specific-
ity, positive predictive value (PPV), and negative
predictive value (NPV) were estimated to predict
h-CAM. The cutoff values to predict the stage of
h-CAM were determined using the most reliable bio-
chemical marker. All analyses were performed using
statistical analysis software (JMP 9.02; SAS Institute
Inc, Tokyo, Japan). A P value of below 0.05 was
regarded as significant.

Results

The patient characteristics of this study are shown in
Table 1. There were 215 (50.2%) cases of preterm
delivery and 213 (49.8%) cases of full-term delivery.
The frequency of stage I, stage II, and stage III h-
CAM was 47.4, 35.0, and 17.6%, respectively. Clini-
cal CAM was only detected in h-CAM(+) cases, with
the frequency being very low (1.0%). Preterm birth
was more frequent, and the gestational age was
shorter in h-CAM-positive cases compared to h-
CAM-negative cases. Funisitis was observed in
32.5% of h-CAM-positive cases, while it was
observed in only 0.8% of h-CAM-negative cases.
There was a significant association between the
severity of h-CAM and lower gestational age at
delivery (anova; P < 0.0001), and the incidence of
poor mneonatal outcome, such as neonatal death
{(n=4), PVL (n=4), IVH >grade Il (n=2), BPD
(n=11), and NEC (n = 1), was highest (59.1%) in
stage III h-CAM (Fig. 1). The severity of h-CAM
(odds ratio: 2.7, 95%CI: 1.6-5.0, P = 0.0004) and
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Fig. 1 The ratio of the stage of histological chorioamnionitis (h-CAM}
to gestational age at delivery. There was a significant relationship
between the severity of h-CAM and lower gestational age at delivery.
{anova; P < 0.0001) (a) Ratio of poor neonatal prognosis including
neonatal death, PVL, IVH >stage HI, BPD, and NEC. Cases of h-CAM
stage Il have the highest incidence of poor neonatal prognosis
{59.1%) (b).

lower gestational age at delivery (odds ratio: 1.3/
week, 95%CL 1.1-1.6, P = 0.0009) were indepen-
dent risk factors of poor neonatal outcome.

Table II shows the averages of four markers (MBT,
WBC, CRP, and AF-IL-8) in h-CAM-positive and h-
CAM-negative cases. MBT [36.8 (35.1-38.8)°C],
WBC [8520 (4500-23,880)/uL], CRP [0.24 (0.02—
9.9) mg/dL], and AF-IL-8 [19.7 (0.1-566.5) ng/mL]
were significantly higher in h-CAM-positive cases
than in h-CAM-negative cases [36.7 (35.0-37.6)°C,
7600 (2490-22,940)/uL, 0.20 (0.02~4.8) mg/dL, and
2.9 (0.1-162.6) ng/mL] (P < 0.0001, P=0.0002,
P =0.0006, and P < 0.0001, respectively). The cutoff
values to predict h-CAM were >9.9 ng/mL (AF-IL-
8), 29800/uL (WBC), 20.44 mg/dL (CRP), and
237.1°C (MBT), respectively (Fig. 2). The area under
curve (AUC) of AF-IL-8 (AUC = 0.7653) was signifi-
cantly larger than those of WBC (AUC = 0.6070),
CRP (AUC = 0.5970), and MBT (AUC = 0.6251),
respectively (P < 0.0001, each) (Fig. 2).

AF-IL-8 (odds ratio: 8.5, 95% CI: 5.1-14.8,
P <0.0001) and MBT (odds ratio: 2.3, 95% CI:
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Fig. 2 Receiver-operating curves for amniotic fluid IL-8 (area under

curve = 0.7653, P < 0.0001 for each AUC of maternal BT, CRP, WBC)
for the prediction of histological chorioamnionitis.

1.13-4.1, P = 0.0192) were independent risk factors
for h-CAM among the four markers (Table 11I). The
level of AF-IL-8 predicted h-CAM with a sensitivity
of 57.7%, a specificity of 88.9%, a PPV of 81.1%,
and a NPV of 71.7%, while MBT predicted h-CAM
with a sensitivity of 27.8%, a specificity of 91.4%, a
PPV of 73.0%, and a NPV of 60.4% (Table IV).
Using the level of AF-IL-8, the cutoff value was
evaluated to predict the stage of h-CAM before
delivery. The cutoff values for h-CAM of stage I or

higher, stage II or higher, and stage I were 29.9,
>17.3, and > 55.9 ng/mlL, respectively (Fig. 3). The
sensitivities for predicting h-CAM of stage I or
higher, stage II or higher, and stage I were 57.7,
77.4, and 91.2%, with specificities of 88.9, 85.3, and
91.4%, respectively (Table V).

Although the frequency of funisitis was signifi-
cantly increased with increase in the stage of h-CAM
(Table VI), AF-IL-8 levels in each stage of h-CAM
with or without funisitis were similar (Table VII).

Discussion

Strengths and Weakness of the Study

The following are major strengths of this study. (i)
This study was comprised of a large cohort of
women with singleton babies (N = 428} and with
histologic chorioamnionitis (N = 194). (ii) We evalu-
ated several markers of infection and inflammation
including AF-IL-8, MBT, WBC, and CRP. We found
both AF-IL-8 and MBT were independent markers
to predict h-CAM before delivery, and the predictive
value for h-CAM was higher in AF-IL-8 compared to
MBT. (iii) We have shown for the first time that the
level of AF-IL-8 was able to estimate the stage of h-
CAM before delivery. The cutoff value of AF-IL-8 to
predict stage I or higher was 29.9 ng/mL with a sen-
sitivity of 57.7% and a specificity of 88.9%. The cut-
off value to predict stage II or higher was 217.3 ng/
mL with a sensitivity of 77.4% and a specificity of
85.3%. The cutoff value to predict stage I of h-
CAM was >55.9 ng/mL with a sensitivity of 91.2%
and a specificity of 91.4%. (iv) In our study, poor
neonatal prognosis, such as neonatal death, PVL,
IVH >grade 1II, BPD, and NEC, was extremely
high in cases of stage III h-CAM. When h-CAM
stage III is estimated by AF-IL-8 level, termination of
pregnancy may be considered. However, the gesta-
tional age at that point in time must also be consid-
ered for fetal prematurity.
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Fig. 3 Cutoff values of amniotic fluid IL-8 to predict the stages of
histological choricamnionitis. The area under curve for the prediction
of histological choripamnionitis stage | or higher, stage #l or higher,
and stage Wi is 0.7653, 0.8487, and 0.9496, respectively

The following are potental weaknesses of this
study. (i) While in most cases WBC and CRP were
examined just prior to Cesarean section, some full-
term delivery cases without symptoms were exam-
ined within 2 weeks. (il} We report no information
about the levels of other cytokines in the amniotic
fluid. Amniotic 1L-8 level was measured because it
has been reported that amniotic fluid IL-8 levels
gradually increased with the h-CAM stage.*® Amni-
otic TNF-¢ and IL-17 levels are only elevated in
stage 11 of h-CAM.** Holst et al.”® reported that
among 27 proteins in the amnion, amniotic macro-
phage protein-1§ (MIP-1f) is useful to predict deliv-
ery within 7 days. Keeler et al.’" also reported that
among 25 amniotic cytokines, monocyte chemotactic
protein-1 (MCP-1} is the best marker for the predic-
tion of early delivery. Using these suggested
ammniotic markers reflecting strong inflammation in
the amnion, further detail of h-CAM may be able o
be provided. Further studies are needed to clarify
which cytokines are the best suited 1o evaluate the
stage of h-CAM. (ilij When the stage HI of h-CAM

will be predicted by ammniotic IL-8 levels, certainly,
the best wreatment was not leaded in this study.
However, using this result of predicting the accurate
stage of h-CAM antenatally, the new strategy might
be effective 1o prevent the neonatal ocutcomes in the
future studies.

Clinical Significance of this Study

Lenki et al.”” reported that clinical CAM may be
diagnosed by symptoms and blood examination,
although the prognosis of the neonate is uwsually
poor by the time dinical CAM is made evident.'™*®
This study reported a very low frequency of dinical
CAM, suggesting that the majority of the h-CAM
cases were terminated before the onset of clinical
CAM. This evidence prompred us to establish a new

American Journal of Reproductive immunology {2015)
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

American Journal of Reproductive Immunslogy (2015
© 2015 john Wiey & Sons AIS. Published by lohn Wiley & Sons Ltd



strategy for diagnosing h-CAM before the appear-
ance of clinical signs. Therefore, recognition of
h-CAM as a pre-stage of dlinical chorioamnionitis
may allow better management of women at risk for
preterm labor or cervical incompetency and avoid
poor neonatal prognosis such as neonatal death,
PVL, IVH 2grade 1II, BPD, and NEC.

An accurate prediction of the stage of h-CAM is
important to provide proper treatment. Compared to
cases with h-CAM, pregnancies without h-CAM
should be extended as long as possible. Although
there has been no evidence showing the efficacy of
maintenance tocolysis for treatment, it may be effec-
tive for treatment of low-grade h-CAM predicted
antenatally. Knowing the estimated grade of h-
CAM, we may be able to determine an appropriate
time for delivery in cases of severe intrauterine
inflammation to avoid a poor outcome for the baby.
We have reported that clinical symptoms and AF-IL-
8 may be used to estimate the time of delivery in
preterm labor cases.*?

The aim of this study was only to lead the cutoff
value of amniotic IL-8 levels to predict each stage of
h-CAM by using large number of amniotic samples.
Therefore, the sample included cases of the third tri-
mester. The evaluation of amniocentesis to predict
the stage of h-CAM was clinically for less than
30 weeks of gestation.

The Correlation between AF-IL-8 and Funisitis

It was reported that the risk of FIRS increases with
the presence of h-CAM. The severity of h-CAM
influences FIRS, although the degree of influence on
the fetus is unknown. Funisitis can also increase the
risk of FIRS.*'** In the present study, there was no
correlation between the level of AF-IL-8 and funisitis
in any of the stages of h-CAM (Table VI). The level
of AF-IL-8 was strongly correlated with the stage of
h-CAM, irrespective of the existence of funisitis.
These data suggested that AF-IL-8 is a good marker
for h-CAM, but not for predicting funisitis.

Questions in this Study

The antibiotic therapy has the effect just to microbes,
not inflammation. And the preterm delivery was
strongly correlated with amniotic inflammation
(h-CAM) rather than the microbes in the amnijon.>***
Therefore, antibiotic therapy was considered not to
influence the amniotic fluid IL-8 levels.

American Journal of Reproductive Immunology (2015)
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Despite the high rate of preterm birth of 41% in
h-CAM-negative group, the rate of delivery before
33 weeks of gestation was 14.9% (35/234) without
h-CAM, while 38.6% (75/194) with h-CAM. The
rate of preterm delivery of 41% was certainly high;
however, most cases were delivered after 33 weeks
of gestation without h-CAM.

The frequency of clinical CAM was only 1%:
The reason was considered that (i) in this study,
we excluded the premature rupture of the mem-
branes (PROM) that often happened to clinical
CAM. (ii) A large numbers of sample cases after
33 weeks of gestations were included in our study
(73.8%).

Unanswered Questions and Proposals for Future
Research

At present, the stage of h-CAM cannot predict the
condition of the baby before delivery. Therefore, a
prediction of the stage of h-CAM as part of the man-
agement of cases at risk for preterm labor or cervical
incompetency may improve the prognosis of neo-
nates. Maintenance tocolysis may be performed in
cases without h-CAM or with h-CAM stage I, while
a short-term tocolysis may be carried out in cases
with h-CAM stage II or III. In cases with h-CAM
stage III and with a positive microbubble test show-
ing fetal lung maturation, delivery of the baby
should be considered as an option, taking into
account the gestational age. In conclusion, the stage
of h-CAM may be predicted accurately by the level
of AF-IL-8 before delivery.
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Regulatory (Treg) T cells play essential roles in the maintenance of allogeneic pregnancy
in mice and humans. Recent data show that Foxp3 expression occurs in both immuno-
suppressive Treg and -nonsuppressive effector T (Teff) cells upon activation in humans.
Samstein et al. (2012) reported that inducible Treg (iTreg) cells enforce maternal-fetal tol-
erance in placental mamimals. Therefore, we should reanalyze which types of Treg cell play

Keywords: an important role in the maintenance of allogeneic pregnancy. In this study, we studied
Effle_mf Treg the frequencies of naive Treg cells, effector Treg cells, Foxp3* Teff cells, Helios* naturally
ellos

Human pregnancy
Miscarriage
Naturally occurring Treg

occurring Treg (nTreg) cells, and Helios™ iTreg cells using flow cytometry. The frequencies
of effector Treg cells and Foxp3* Teff cells among CD4*Foxp3" cells in the decidua of miscar-
riage cases with a normal embryo karyotype (n=8) were significantly lower (P=0.0105) and

significantly higher (P=0.0258) than those in normally progressing pregnancies (n=11),
respectively. However, these frequencies in miscarriages with an abnormal embryo karyo-
type (n=15) were similar to those in normally progressing pregnancies. The frequencies
of these cell populations in the three groups were unchanged in peripheral blood; on the
other hand, most of the effector Treg cells in the decidua were Helios* nTreg cells and these
frequencies were significantly higher than those in peripheral blood, while those among
effector Treg and naive Treg cells in the decidua and peripheral blood were similar among
the three groups. These data suggest that decreased Helios* effector nTreg might play an
important role in the maintenance of pregnancy in humans.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Regulatory T cells (Treg) play an important role in the
induction and maintenance of tolerance (Sakaguchi et al.,
1995; Sakaguchi, 2005). In 2004, Aluvihare et al. and our
group first reported that Treg cells might mediate mater-
nal tolerance to the fetus in mice and humans (Aluvihare
et al., 2004; Sasaki et al., 2004). Since then, many lines of
evidence supporting the importance of Treg cells in the

* Corresponding author. Tel.: +81 76 434 7355; fax: +81 76 434 5036.
E-mail address: s30saito@med.u-toyama.ac.jp (S. Saito).

huep:ffdx.doi.org/10.1016/j,jri.2014.09.053
0165-0378/© 2014 Elsevier Ireland Ltd. All rights reserved.

implantation period and the early pregnancy period have
been presented, with more detailed characterization of
Treg cells in mice (Zenclussen et al., 2005, 2006; Darrasse-
Jéze et al,, 2006; Kallikourdis et al., 2007; Robertson et al.,
2009; Shima et al., 2010; Kahn and Baltimore, 2010; Guerin
et al, 2011; Rowe et al,, 2011, 2012; Samstein et al,, 2012;
Yin et al,, 2012) and in hurnans (Tilburgs et al., 2008, 2009;
Sasaki et al,, 2007; Yang et al., 2008; Jin et al,, 2009; Mei
et al,, 2010; Wang et al,, 2010, 2011; Winger and Reed,
2011; Lee et al,, 2011; Steinborn et al,, 2012).

For example, adoptive transfer of Treg cells puri-
fied from normal pregnant mice prevented fetal loss in
CBA/J¢ x DBAJ2) ¢ mice (Zenclussen et al., 2005; Yin et al,,
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2012), suggesting that fetal antigen-specific Treg cells
might play essential roles in the maintenance of allogeneic
pregnancy. Seminal plasma plays an important role in the
expansion of fetal antigen-specific Treg (Robertson et al.,
2009; Guerin et al,, 2011). Memory Treg cells that recog-
nize paternal antigens also rapidly increase in a second
pregnancy with the same partner compared with the first
(Rowe etal., 2012). Adecreased Treg cell pool was observed
inrecurrent miscarriage cases in humans (Yang et al., 2008;
Jin et al, 2009; Mei et al, 2010; Wang et al, 2010, 2011;
Lee et al, 2011) and a low Treg cell level predicts the
risk of miscarriage in cases of unexplained recurrent preg-
nancy loss (Winger and Reed, 2011). Selective migration
of fetus-specific Treg cells from the peripheral blood to
the decidua in human pregnancy has also been reported
(Tilburgs et al, 2008). We have reported that the pop-
ulation of CD4*Foxp3* Treg cells at the decidua basalis
in miscarriage with a normal karyotype embryo was sig-
nificantly lower than in normally progressing pregnancy
and in miscarriage with an abnormal embryo, suggest-
ing that dysregulation of maternal tolerance to the fetus
might be associated with unknown etiology of miscarriage
in humans (inada et al,, 2013).

We considered that Foxp3 is the most reliable marker
for Treg cells (Hori et al, 2003), but recent data have
shown that Foxp3* expression in humans occurs in
both immunosuppressive Treg cells and non-suppressive
and cytokine-producing effector T cells (Walker et al,,
2003; Gavin et al, 2006; Allan et al, 2007). Miyara
et al. (2009) reported that human CD4'Foxp3* cells
are classified into CD4*CD45RA*Foxp3'°% naive Treg
cells, CD4*CD45RA~Foxp3"eh effector Treg cells, and
CD4*CD45RA-Foxp3low effector T (Teff) cells. Impor-
tantly, those Foxp3* Teff cells have no capacity for
immunoregulation. CD4*CD25b7"t T cells exhibit
regulatory function in humans (Beacher-Allan et al,
2001). Miyara et al. (2009) showed that CD4*CD25Pright
cells are composed of CD4*CD45RA*Foxp3lo¥  naive
T cells, CD4*CD45RA-Foxp3'¥ Teff cells, and
CD4*CD45RA-Foxp3Mieh effector Treg cells. CD4*CD25*
CD127~ cells are believed to be a reliable marker for Treg
cells (Seddiki et al., 2006), but Kleinewietfeld et al. (2009)
pointed out that some of the CD4*CD25*CD127- cells
are Teff cells, which produce IFN-v, IL-2, and IL-17. These
findings suggest that we should re-evaluate which subsets
of Foxp3* cells play an important role in the maintenance
of pregnancy.

Treg cells are classified as naturally occurring Treg
(nTreg) generated in the thymus and inducible T (iTreg)
generated in the periphery (Sakaguchi, 2005). Samstein
et al. (2012) reported that conserved noncoding sequence
1 (CNS1), which is essential for iTreg differentiation,
is conserved only in placental mammals, and CNS1-
deficient female mice showed increased fetal resorption
in allogeneic pregnancy. These findings suggest that iTreg
induction at the fetomaternal interface might be important
for a successful pregnancy in placental mammals.

However, it has still not been reported which subset of
Treg cells is important for the maintenance of human preg-
nancy: naive Treg cells, effector Treg cells, nTregs or iTregs.
As such, we have studied the populations of naive Treg

cells, effector Treg cells, Foxp3* Teff cells, Helios* nTreg
cells, and Helios™ iTreg cells in the decidua or peripheral
blood of miscarriage cases with abnormal or normal fetal
chromosomal content.

2. Materials and methods
2.1. Cases of normal pregnancy and miscarriage

This study was approved by the Ethics Committee of
the University of Toyama. We obtained written informed
consent from all the cases. We enrolled 11 subjects with
normally progressing pregnancy, 15 with miscarriage and
an abnormal embryo karyotype (trisomy [n=14] includ-
ing trisomy8 [n=2], trisomy13 [n=2], trisomy15 [n=1],
trisomy16 [n=3], trisomy21 [n=3], trisomy22 [n=3}, and
translocation [n=1]), and 8 with miscarriage and a normal
embryo karyotype. Chorionic villi were sampled from mis-
carriage cells for cytogenetic analysis. Fetal chromosomal
karyotyping was performed by conventional G-band stain-
ing. Echo sonography was performed every two weeks, and
patients were advised to obtain an induced abortion if the
fetal heartbeat ceased or was never detected. In women
withanormally progressing pregnancy, fetal heartbeat was
identified before elective termination. None of the subjects
had any risk factors such as genetic abnormalities (neither
themselves nor their husband), uterine malformation, thy-
roid dysfunction or anti-phospholipid antibody syndrome.

The clinical background in these groups is shown in
Table 1. The numbers of previous miscarriages in women
miscarrying with an abnormal embryo and miscarrying
with a normal embryo were significantly higher than in the
normal pregnancy group. Gestational weeks at sampling,
body mass index (BMi), and frequency of smoking were
similar among the three groups.

2.2. Flow cytometry

Decidual mononuclear cells (leukocytes) were puri-
fied by the Ficoll Hypaque method after homogenization
and filtration through a 32-wm nylon mesh, as previously
reported (Saito et al., 1992).

The following monoclonal antibodies (mAbs) were used
in this study: anti-CD4 (Per CP-Cy5.5; BD Biosciences, NJ,
USA), anti-CD45RA (Biotin; BD Bioscience), and strepta-
vidin labeled with APC-Cy7 (BD Biosciences) as cell surface
markers, and anti-Foxp3 (FITC; eBioscience, San Diego,
CA, USA) and anti-Helios (Alexa Fluor 647; eBioscience)
as intracellular markers. Decidual and peripheral mono-
nuclear cells were first stained with anti-CD4 mAb and
anti-CD45RA mAb for 30min on ice. Cells were washed
with phosphate-buffered saline (PBS) three times. Next,
APC-Cy7-labeled streptavidin was added and inoculated
for 15min on ice. After washing the cells with PBS three
times, they were fixed and permeabilized by incubation
for 30min with fixation/permeabilization buffer (eBio-
science), and then stained with anti-Foxp3 and anti-Helios
mADb. Flow cytometry analysis was performed on a BD FAC-
Scanll (BD Biosciences). .

Lymphocytes were gated based on both forward
and side scatter parameters (Fig. 1, left). Monocytes,
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Table 1

Clinical background in normal pregnancy, miscarriage with an abnormal embryo and miscarriage with a normal embryo.

Normal pregnancy

Miscarriage with an abnormal

Miscarriage with a normal embryo

n=11 embryo n=8
n=15

Age (year) 27.5+£0.7 (16-39) 37.3+£0.3(29-44) 32.10.8(22-42)
Gravidities™-” 1.0£0.1(0-2) 2.240.08(0-4) 2.5£0.2(0-5)
Nulliparity 6/11(54.5%) 10/15 (66.7%) 4/8 (50.0%)
No. of liveborn children” 0.7::0.08(0-2) 03%0.03(0-1) 0.5+0.07(0-1)
No. of miscarriages™ ™ 0(0-0) 2.5+0.08 (1-5)" 2.8£0.2(1-5)"
Stillbirth” 0(0-0) 0.1£0.02(0-1) 0(0-0)
Gestational weeks’ 7.5+£0.2(6-10) 7.24+0.08 (5-10) 8.1+£02(5-9)
BMI’ 204£02(17.7-23.1) 21.8£02(17.7-27.1) 20.6+04(18.0-27.7)
Smoker 3/11(27.2%) 1/15(6.7%) 0/8 (0%)
" Mean +SEM (range).

™ This pregnancy or miscarriage is not included in gravidities.
™ This miscarriage is included in no. of miscarriages.
t P<0.05 vs. normal pregnancy.
1t P<0.001 vs. normal pregnancy.
Ht P<0.0001 vs. normat pregnancy.

granulocytes, and decidual stromal cells were excluded
from the setting of a lymphocyte gate as in Fig. 1 (left).
After gating on CD4* cells (Fig. 1, center), the propor-
tions of CD4*CD45RA*Foxp3'° naive Treg, CD4*CD45RA~
Foxp3high effector Treg, and CD4*CD45RA~Foxp3'oW Teff
cells were determined among CD4*Foxp3™* cells (Fig. 1).
Isotype-matched fluorochrome-conjugated mice IgG were
used as a control. Foxp3'®" and Foxp3h&h were classified
as follows. In the peripheral blood, some of the CD4"* cells
expressed Foxp3!°% (Fig. 1, upper column). The expres-
sion of Foxp3 in Foxp3high cells was brighter than those

PBMC

in CD4*Foxp3'o% cells. In the decidua, CD4*Foxp3hish cells
formed a cluster, and we classified these as CD4*Foxp3hish
cells and CD4*Foxp3'9¥ cells (Fig. 1, center and right).

2.3. Statistical analysis

Statistical analysis was performed using a statistical
software package (SAS version 9.1; SAS Institute, USA). Data
were analyzed using the Mann-Whitney U test. A value of
P<0.05 was considered statistically significant.

SSC

F5C

67.8%

Foxp3* Teff
35.4%

Fig. 1. Gating strategy for the detection of CD4*CD45RA*Foxp3/®¥ naive Treg cells, CD4*45RA-Foxp3"eh effector Treg cells, and CD4*CD45RA~Foxp3'™
effector T cells. Lymphocytes in the peripheral blood (upper column) and decidua (lower column) were gated on forward and side scatter parameters. CD4*
T cells in peripheral blood and decidua were classified into CD45RA*Foxp3'e™ cells, CD45RA-Foxp3his effector Treg cells, and CD45RA~Foxp3'ov Teff cells.
The percentages of CD45RA* Foxp3'® cells, CD45RA-Foxp3Mieh cells, and CD45RA-Foxp3'®¥ cells among CD4*Foxp3* T cells are displayed.
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3. Results

3.1. Frequencies of Foxp3” cells and Treg (naive
Treg +effector Treg) cells among CD4* cells in the decidua

The frequency of decidual Foxp3* cellsamong CD4" cells
in miscarriage cases with normal fetal chromosomal con-
tent was significantly lower (P=0.039) than that in normal
pregnancies (Fig. 2A). However, this frequency in mis-
carriage cases with abnormal chromosomal content was
similar to that in normal pregnancies. Next, we measured
the frequency of Treg cells {naive Treg cells + effector Treg
cells) among CD4* T cells. The frequency of the true Treg
cell population excluding Foxp3* Teff cells in the decidua
was significantly lower in subjects with miscarriage and a
normal embryo karyotype than in those with normal preg-
nancies, and in subjects with miscarriage and an abnormal
embryo karyotype {P=0.0258 and P=0.0389 respectively;
Fig. 2B). We have reanalyzed the frequency of decidual
Foxp3* cells and true Treg cells in subjects with a first preg-
nancy (), subjects who have had a previous live birth{@},
and the subjects with miscarriage who have had previous
miscarriage(s) and no live births (4). There were no signif-
icant differences in Foxp3* cells and true Treg cells among
the three groups, although the sample size is small.

3.2. Frequencies of decidual naive Treg cells, effector Treg
cells and Foxp3* Teff cells among CD4*Foxp3* cells

The frequency of decidual effector Treg cells in sub-

jects with miscarriage and a normal embryo karyotype
was significantly lower {(P=0.0105) than that in subjects

Foxp3* cells among CD4°T cells

A) N
in decidua
(%) 39
2573
[ ns. p=0.0933
20 &
15 a
a
2
o°
107 . e
O, ..A
00 °0 e
-3
57 a
oa
°
a
0 Normal Abrormal | Normal
pregnancy embryo embryo
n=ll n=15 n=8
miscarriage

with normal pregnancies {Fig. 3B). On the other hand, the
frequency of decidual Foxp3* Teff cells in subjects with
miscarriage and a normal embryo karyotype was signifi-
cantly higher than thatin subjects with normal pregnancies
and in subjects with miscarriage and an abnormal embryo
{P=0.0258 and P=0.0389 respectively; Fig. 3C}. The ratio
of effector Treg cells to Foxp3* Teff cells in subjects with
miscarriage and a normal embryo was significantly lower
{P=0.0106) than that in subjects with normal pregnancies.

The frequencies of naive Treg cells were similar among
the three groups (Fiz. 3A}%

3.3. Freguency of naive Treg cells, effector Treg cells and
Foxp3* Teff cells among CO4 Foxp3” cells in the
peripheral blood

The frequencies of naive Treg cells, effector Treg cells
and Foxp3* Teff cells in the peripherai blood were simi-
lar among the three groups {(Fig. 4A-C). The frequency of
effector Treg cells in the peripheral blood in subjects with
miscarriage and a normal karyotype embryo appeared to
be higher, but the difference did not reach significance
{Fig. 4B). Foxp3* Teff cell population in peripheral blood
did not increase in subjects with miscarriage and a nor-
mal karyotype embryo. Furthermore, the ratio of effector
Treg cells to Foxp3* Teff cells in subjects with miscarriage
and a normal embryo karyotype appeared to be higher,
but the difference did not reach significance (Fig, 4D). The
frequency of effector Treg cells and Foxp3* Teff cells was
different between decidua and peripheral blood. We have
calculated the ratio of the frequency of decidual naive Treg
cells to that of peripheral Treg cells {Fig. SA), frequency of

True Treg cells among CD4*T cells

B) . .
) in decidua
(%) p=0.0258
15 7
n.s. p=0.0389
r‘“‘“]&r‘“"]
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Fig. 2. Frequencies of Foxp3® cells (A)and true Treg{naive Treg and effector Treg) cells (B) among CD4° cells in the decidua of normal pregnancy, miscarriage
with abnormal karyotype embryo and miscarriage with normal karyotype embryo. Horizontal bar is the median value. n.s. means not significant. Open
circle shows subjects with their first pregnancy. Closed circle shows subjects who have had a previous live birth. Open triangle shows the subjects with

miscarriage who have had a previous miscarriage(s) and no live births.
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Fig. 3. Frequencies of decidual naive Treg cells (A), effector Treg cells (B), and Foxp3" Teff cells (C) among CD4*Foxp3* cells, and the ratio of effector Treg
cellsfFoxp3* Teff cells (D) in normal pregnancy, miscarriage with abnormal karyotype embryo, and miscarriage with normal karyotype embryo. Horizontal

bar is the median value. n.s. means not significant.

decidual effector Treg cells to that of the peripheral blood
(¥Fig. 5B), and frequency of decidual Foxp3* Teff cells to that
of the peripheral blood (Fig. 5C). The ratio of effector Treg
cells of decidua to peripheral blood in subjects with mis-
carriage and a normal karyotype embryo was significantly
lower than that in subjects with normal pregnancies and
in subjects with miscarriage and an abnormal karyotype
embryo (P=0.0128 and P=0.0123 respectively; Fig. 5B).
The ratio of Foxp3* Teff cells of the decidua to those in
the peripheral blood was significantly higher (P=0.0265)
in subjects with miscarriage and a normal karyotype
embryo than the ratio in subjects with normal pregnan-
cies, and in subjects with miscarriage and an abnormal
lkaryotype embryo (P=0.0265 and P=0.0066 respectively;
Fig. 5C).

34. Frequency of Helios" effector Treg cells and naive
Treg cells in the decidua and peripheral blood of normal
pregnancies, miscarriages with an abnormal karyotype
embryo, and miscarriages with a normal karyotype
embryo

The frequency of Helios* Treg cells in the peripheral
blood was around 80% of normal pregnancies, miscarriages
with an abnormal karyotype embryo, and in miscar-
riages with a normal karyotype embryo, as previously

reported (Thornton et al., 2010; Fig. GA). The frequencies of
Helios* naive Treg cells were similar between decidua and
peripheral blood in normal pregnancies, miscarriages with
abnormal karyotype embryo, and miscarriages with nor-
mal karyotype embryo (Fig. 6A). However, the frequency of
Helios* effector Treg cells in the decidua was over 90%, and
this frequency in the decidua was significantly higher than
in peripheral blood in normal pregnancies (P?=0.02), mis-
carriages with abnormal karyotype embryo (P=0.008), and
miscarriages with a normal karyotype embryo (P=0.02) in
contrast to the data for najve Treg cells (Fig. 6B), suggest-
ing the selective migration of effector Treg cells into the
decidua from peripheral blood. However, the frequencies
of Helios* cells among effector Treg cells in the decidua
and peripheral blood were similar among the three groups.
On the other hand, the frequencies of Helios*-naive Treg
cells were similar to those in decidua and peripheral blood
(Fig. 6A).

Next, we studied the frequency of Helios-positive or
Helios-negative naive Treg cells and effector Treg cells in
the decidua (Table 2). The frequency of decidual Helios*
effector Treg cells among CD4*Foxp3*cells in subjects
with miscarriage and a normal embryo was significantly
lower compared with that in normal pregnancy subjects
(P=0.0258). These frequencies in the peripheral blood were
similar among the three groups (Table 3).
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Fig. 4. Frequencies of peripheral blood naive Treg cells (A), effector Treg cells (B), and Foxp3* Teff cells (C) among CD4*Foxp3* cells, and the ratio of effector
Treg cells/Foxp3* Teff cells (D) in normal pregnancy, miscarriage with abnormal karyotype embryo, and miscarriage with normal karyotype embryo.
Horizontal bar shows the median value. n.s. means not significant.

Table 2
Frequencies of decidual Helios-positive or Helios-negative naive Treg cells and effector Treg cells in normal pregnancy, miscarriage with an abnormal
embryo and miscarriage with a normal embryo.

Normal pregnancy Miscarriage with an Miscarriage with a
n=11 abnormal embryo normal embryo
n=15 n=8

4.03 +0.20(0.81-9.08) 6.77 + 0.37(1.22-24.07) 548 £ 0.35(1.12-8.53)
1.53 £ 0.18(0.49-7.33) 1.13 + 0.054 (0.23-3.15) 1.14 £ 0.088 (0.54-2.44)
52.99 & 0.78 (37.84-64.03) 51.69 + 0.90(30.16-71.29) 42.83 + 0.98 (30.11-54.54)!

2.30 +£0.17 (0.58-6.81) 212 + 0.18(0.26-8.74) 142 £ 0.12(0.31-3.47)

Helios* naive Treg cells/CD4*Foxp3* cells (%)
Helios™ naive Treg cells/CD4*Foxp3* cells (%)
Helios* effector Treg cells/CD4*Foxp3* cells (%)
Helios™ effector Treg cells/CD4*Foxp3* cells (%)

* Mean 4 SEM (range).
i P<0.05 vs. normal pregnancy.

Table 3
Frequencies of peripheral blood Helios-positive or Helios-negative naive Treg cells and effector Treg cells in normal pregnancy, miscarriage with an abnormal
embryo and miscarriage with a normat embryo.

Normal pregnancy Miscarriage with an Miscarriage with a normal

n=11 abnormal embryo embryo
n=15 n=8
Helios* naive Treg cells/CD4*Foxp3* cells (%)’ 1041 + 0.96 (4.77-23.10) 8.09 £ 0.21 (3.09-14.60) 6.74 + 0.39 (4.10~12.01)

Helios™ naive Treg cells/CD4*Foxp3* cells (¥}
Helios* effector Treg cells/CD4*Foxp3* cells (%)
Helios~ effector Treg cells/CD4*Foxp3* cells (%)

° Mean + SEM (range).

4.21  0.40 (1.55-8.25) 2.53 % 0.15(0-6.8)
7.25  0.37 (4.14-11.11) 7.41 & 034 (240-20.8)
1.28 + 0.13 (0.53-2.80) 1.76 + 0.093 (0-5.08)

249 % 0.19(0-5.27)
578 % 0.41 (1.91-10.30)
0.83 % 0.099 (0-2.11)
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and the ratio of Foxp3* Teff cells in decidua to those in peripheral blood {C). Horizontal bar shows the medium value. n.s. means not significant.

4. Discussion

Foxp3 is believed to be a specific marker for Treg cells
(Hori et al., 2003), but recent data show that Foxp3 expres-
sion transiently occurs in IL-2- and IFN-y-producing Teff
cells in humans (Walker et al.,, 2003; Gavin et al,, 2006;
Allan et al., 2007). It is possible that these activated Teff
cells might react to fetal antigens presented by antigen-
presenting cells (APCs) in the decidua and create harmful
inflammation causing demise of the embryo. Many papers
have reported that Foxp3* cells increase in normal preg-
nancy, but decrease in miscarriage (Sasaki et al., 2004;
Yang et al, 2008; Jin et al, 2009; Mei et al,, 2010; Wang
et al, 2010, 2011: Lee et al, 2011) and preeclampsia
(Sasali et al., 2007; Santner-Nanan et al., 2009). However,
there are no reports describing which types of Foxp3* cell
increase or decrease in miscarriage. Foxp3* cells are clas-
sified into effector Treg cells that contribute to immune
tolerance, naive Treg cells that show a weak capacity for
immunoregulation, and Teff cells that break immune tol-
erance. This is the first report that shows that decidual
effector Treg cells decreased in miscarriage with a normal
karyotype embryo, but not in miscarriage with an abnor-
mal karyotype embryo. Interestingly, Foxp3* Teff cells in
the decidua were increased in miscarriage with a nor-
mal karyotype embryo. The immunological environment

is controlled by the balance between immunoactivation
and immunoregulation. In the miscarriage cases with a
normal karyotype embryo, the balance seemed to shift to
animmunoactivation-dominant state, and dysregulation of
tolerance to the fetus might occur. We compared the per-
centage of effector Treg cells and Foxp3* Teff in CD4*Foxp3
cells in decidua and peripheral blood. Our findings suggest
that immunological abnormality might be limited in the
pregnant uterus in miscarriage with a normal karyotype
embryo. Unfortunately, we did not measure the weight of
decidual samples; therefore, we could not calculate the
numbers of these cells in milligrams of decidua. This is a
limitation of our study.

The etiology of recurrent pregnancy loss (RPL) is
unknown in 40-60% of cases (Clifford et al, 1994). In a
murine model, decreased Treg cells could induce implan-
tation failure (Darrasse-Jéze et al.,, 2006; Shima et al., 2010)
and early pregnancy loss by activation of T cells and NK cells
(Aluvihare et al., 2004; Zenclussen et al,, 2005; Thaxton
et al., 2013), suggesting that immune dysregulation might
be one of the etiologies of fetal resorption. These find-
ings suggest that a proportion of sporadic miscarriage
cases or RPL cases with a normal fetal karyotype might
be associated with the immune etiology of miscarriage
in humans. However, further studies are needed to prove
this.
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Samstein et al. {2012) recently reported that a Foxp3
enhancer, CNS1, is essential for the induction of iTreg
cells and that iTreg cells play an essential role in the
maintenance of allogeneic pregnancy in placental animals.
Thernton et al. {2010} reported that Helios, an Ikaros tran-
scription factor family member, is a specific marker of
nTreg cells. Therefore, we analyzed Helios™ nTreg cells
and Helios™ iTreg cells among effector Treg cells in the
decidua and peripheral blood. Our data first showed that
there were very few Helios™ iTreg cells in the decidua
of subjects with normal pregnancy and also in that of
human subjects with miscarriage, and that the frequency of
Helios~ iTreg did not change in miscarriage. Furthermore,
the frequency of Helios* functional nTreg in the decidua
was significantly higher than that in peripheral blood in
normal pregnancies, miscarriages with an abnormal kar-
yotype embryo and miscarriage with a normal karyotype
embryo, but the frequency of Helios* naive nTreg cells in
the decidua was similar to that in peripheral blood. This
finding may be explained by the fact that Helios® func-
tional nTreg cells selectively accumulated in the pregnant
uterus from the periphery. Indeed, selective migration of
fetus-specific Treg cells from the peripheral blood to the
decidua was reported in human pregnancy (Tilburgs et al.,
2008)and murine pregnancy (Kallikourdis et al.,, 2007). We
have already reported that there were decreased numbers
of Foxp3* cells at the decidua basalis were decreased, but
not at the decidua parietalis, in subjects with miscarriage
and a normal embryo karyotype, showing the failure of the

migration of Treg cells at the fetomaternal interface (inada
at al, 2013} The level of effector Treg cells in peripheral
blood was slightly elevated in subjects with miscarriages
and a normal karyotype embrya (Fig. 4B), which may indi-
rectly support this idea. Indeed, Chen er 2L {2013 recently
showed that CD44%eh CDE2LIW activated memory Treg
cells specific for self-antigen were rapidly recruited to the
uterus-draining lymph nodes and activated in the first days
after embryo implantation. Further studies are necessary to
discover whether self-specific memory Treg cells are nTreg
or iTreg cells. In summary, Helios* effector Treg cells were
decreased in the decidua of subjects with miscarriage and
a normal karyotype embryo. Effector nTreg may play an
important role in the maintenance of pregnancy in humans,
although Helios is not a strict marker for nTreg (Zabransky
et al, 2012).

it is well known that the Treg cell pool is decreased
in preeclampsia (Sasaki et al.. 2007; Santner-Nanan et al.,
2009) and recent data showed that Helios~ iTreg cells,
but not Helios™ nTreg cells, were decreased in peripheral
blood in preeclampsia (Hsu et al., 2012). iTreg cells may be
important for the maintenance of pregnancy at a late stage.
indeed, Rowe et al. {2012 reported that the frequency of
Helios™ fetal antigen-specific nTreg cells in mid-gestation
(11.5 days post-coitus) was 70%, and this frequency in
late gestation (18.5 days post-coitus) was reduced to 40%,
suggesting that Helios~ fetal antigen specific iTreg cells
expanded in late pregnancy. Neuropilin 1 is expressed on
nTreg cells (Weiss et al,, 2012; Yadav et al,, 2012). We have
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tried to study the expression of neuropilin 1 on Treg cells,
but the immunostaining of neuropilin 1 was weak; thus,
we could not classify Treg cells into nTreg and iTreg cells
using neuropilin 1 staining.

Rowe et al. (2012) reported that memory Treg cells that
sustain anergy to fetal antigen play a role in the rapid
induction of fetomaternal tolerance. Importantly, when
Treg cells from female mice were transferred into pregnant
mice soon after delivery, they quickly expanded after preg-
nancy, but when Foxp3~CD4* T cells were transferred into
pregnant mice, donor-derived fetal antigen-specific Treg
cells did not appear (Rowe et al., 2012). If iTreg cells play an
essential role in the maintenance of allogeneic pregnancy,
donor-derived fetal antigen-specific iTreg cells should be
increased, but Helios*-fetal antigen-specific nTreg cells
were the major population in mid-gestation (Rowe et al.,
2012). Furthermore, when CNS1-deficient female mice
were mated with allogeneic male mice, the resorption rate
was only 10% (Samstein et al,, 2012). More than 50% resorp-
tion was observed when total Treg cells were depleted in
mice (Shima et al, 2010; Rowe et al,, 2012). This finding
suggests that notonly iTreg cells, but also nTreg cells, might
play a role in a successful pregnancy. Further studies are
needed on the types of Treg cell that play an important
role in successful implantation and pregnancy in mice and
humans.

In conclusion, we are, to our knowledge, the first to show
that Helios-positive functional Treg cells decreased and
Foxp3* Teff cells increased in the decidua of miscarriage
cases with normal fetal chromosomal content. These find-
ings suggest that dysregulation of fetomaternal tolerance
might be one of the etiologies of miscarriage in humans.
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ABSTRACT

During pregnancy, human placenta-associated microRNAs
(miRNAs) derived from the miRNA cluster in human chromo-
some 19 are expressed in villous trophoblasts and secreted into
maternal circulation via exosomes; however, little is known
about whether circulating placenta-associated miRNAs are
transferred into maternal i cells via and
modulate expression of target genes in the recipient cells. We
employed an in vitro model of trophoblast-immune cell
communication using BeWo cells (a human trophoblast cell
line) and jurkat cells (a human leukemic T-cell line) and
investigated whether BeWo exosomal placenta-associated miR-
NAs can suppress expression of target genes in the recipient
Jurkat cells. Using this system, we identified PRKGT as a target
gene of placenta-assocnaled mlRNA miR-517a-3p. Moreover, we

d that BeWo I miR-517a-3p was internal-
ized into Jurkat cells and subsequently suppressed the expression
of PRKGT in recipient Jurkat cells. Furthermore, using peripheral
blood natural killer (NK) cells in vivo, we confirmed that
circulating miR-517a-3p was delivered into maternal NK cells as
it was into Jurkat cells in vitro. Placenta-associated miR-517a-3p
was incorporated into maternal NK cells in the third trimester,
and it was rapidly cleared after delivery. Expression levels of
miR-517a-3p and its target mRNA PRKG1 were inversely
correlated in NK cells before and after delivery. These in vitro
and in vivo results suggest that exosome-mediated transfer of
placenta-associated miRNAs and subsequent modulation of their
target genes occur in maternal NK cells. The present study
provides novel insight into our understanding of placenta-
maternal communication.

BeWo, exosome, human placenta, Jurkat, microRNA, natural killer
cell, PRKG1, regulatory T cell, villous trophoblast
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INTRODUCTION

Exosomes are nanovesicles (30100 nm) of multivesicular
body origin that can be released from the cell surface by
exocytosis [1]. Most cell types are believed to be able to secrete
exosomes [2], which can reach bodily fluids, such as plasma
{31, urine [4], semen [5], milk [6], and saliva [7]. To date, it is
well known that exosomes contain RNAs, lipids, and many
kinds of proteins, which are all thought to transfer from the cell
of origin to adjacent or distant cells and influence biological
functions of the recipient cells {8, 9]. There has been a growing
interest in the role of exosomal microRNAs (miRNAs) in cell-
cell communication since Valadi et al. [10] demonstrated that
miRNAs exist in exosomes. MicroRNAs are small noncoding
RNAs approximately 22 nucleotides in length that play a
pivotal role in posttranscriptional gene regulation by repressing
target mRNA translation by base pairing to the 3’-untranslated
region (3"-UTR) [11, 12]. Recent studies have suggested that
exosomes have the capacity to shuttle genetic information from
cell to cell by transferring miRNAs [13].

MicroRNAs within the human imprinted chromosome 19
miRNA cluster (C19MC), a primate-specific miRNA cluster
encompassing 46 miRNAs in the human genome, are
expressed exclusively in the placenta (i.e., placenta-associated
miRNAs) [14-16]. Although C19MC-associated miRNAs are
not detected in other normal adult tissues, they were also
identified in some cancer cells [17]. Recent studies have shown
that C19MC-associated miRNAs that are packaged within
trophoblast-derived exosomes confer viral resistance in recip-
ient cells by the induction of autophagy [18, 19]. However, the
biological functions of C19MC-associated miRNAs for the
placenta and pregnancy are still not fully understood. We
reported previously that placenta-associated miRNAs are
expressed in human villous trophoblasts and are secreted into
the maternal circulation via exosomes [20]. Exosomal miRNAs
are generally considered to be stable in the circulation [21].
This has raised the possibility that exosomal placenta-
associated miRNAs may be detected in the circulation during
pregnancy [22, 23] and may serve as novel predictive markers
[24]. However, there is little information on how exosomal
placenta-associated miRNAs participate in cell-cell communi-
cation and possibly contribute to the maintenance of pregnan-
cy.

Based on the aforementioned findings of exosomal
miRNAs, we hypothesized that circulating placenta-associated
miRNAs might be transferred via exosomes from placental
trophoblasts into maternal immune cells and repress expression
of target genes in the recipient cells. To test our hypothesis, we
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initially attempted to search target genes of placenta-associated
miRNAs in human peripheral blood immune cells using a
DNA microarray analysis. However, this in vivo evaluation
proved difficult because these immune cells already contain
various miRNAs derived not enly from placental cells but also
many other cell types [25]. In this smdy, to avoid the
complexity of microarray c\pcrimcms using circulating cells,
we have developed an in vitro model system of trophoblast-

cell ¢ ication using BeWo cells {a human

nated m:R 5I7u-3p-lomlcd miR-I-loaded, and miR-NC-loaded exosomes,
from fected cells were desi; d wild-typs

cxusomcs

RNA Extraction and Purification

Total RNA within whole cells was cxiracted using RNAlso reagent
{Takara), followed by cleanup with RNeasy Mini Kits {Qiagen), acconding to
the manufacturer’s instructions. Total RNA within exesomes was extracted
using mirVana miRNA Isolation Kits (Applied Biosystems} according 1o the

s

rrophoblast cell line) [26] and Jurkat cells (a human leukemic
T-cell line) {27]. Using this system, we identified PRKG/ as a
target gene of the placenta-associated miRNA miR-5/7a-3p.
via a combination of DNA microarray and in silico analyses.
We showed that exosomal miR-5/7a-3p can transfer from
BeWo cells into Jurkat cells and modulate the target genc
within the recipient cells. Furthermore, we evaluated the uptake
of circulating miR-517a-3p into immune cells using peripheral
blood samples from pregnant women.

MATERIALS AND METHODS

Cell Culture

Jurkat and BeWo cells were purchased from the RIKEN Bioresource
Center. JEG3 cells were obtained from the European Collection of Cell
Cultares. Jurkat cells were maintained in exosome-free RPMI 1640 medium
(Gibeo) supplemented with 10% fetal bovine serum (FBS; Japan Bioserum;
37°C, 5% CO,); BeWo cells were cultured in exosome-free Ham F-12 medium
(Invitrogen) supplemented with 15% FBS (37°C, 5% CO,); JEG-3 was cultured
in exosome-free E-MEM {Wake) supplemented with 10% FBS, 1%
nonessential amino acids, and | mM pyruvate (37°C, 5% CO,). Exosome-
free medium was prepared by ultracentrifugation at 100 000 X g for 12 hat 4°C
according 1o the method of Thery et al. [28],

Isolation of Peripheral Blood Immune Cells from Pregnant
Women

Samples of peripheral blood were obtained from full-term pregnant women
who gave informed consent (n=24; gestational age, 36-38 wk). Protocols were
approved by the ethics comumitices of Nippon Medical School and Jichi
Medical University, Postdelivery matemal blood samples were also collected 4
days aﬁu dehvc:y Womcn with signi bid medical i or

Real-Time PCR Analysis

Real-time PCR for miRNAs was carried out using TagMan MicroRNA Assays
{Applied Biosystems) in a 7300 Real-Time PCR Sysiem (Applied Biosysiems) ora
7900 FAST Real-Time PCR System {Applied Biosystems), Briefly, towal RNA
was reverse transcribed with the High Capacity cDNA Reverse Transcription Kit
{Applied Biosystems). The RT prodducts were subsequently subjected to a real-time
PCR reaction wsing TeqMan 2X Universal PCR Master Mix {Applied
Biosysterms). To guantify mRNA levels, SYBR Premix Ex Tag (Takara Bio)
wis applied. Total RNA was reverse transcribed with PrimeScript RT reagen Kit
{Takara), To quantify mRNA levels, SYBR Premix Ex Tag was applisd. To
normalize expression levels of miRNAs and mRNAs, S
were used as endogenous intemal controls, respectiv
(assay IDOOIS2I), miR-517a-3p (assay TD HO2402), miR-318b (assay ID G01136),
and miR-1 {assay 1D 0022223 were from Applied Biosysiems. Primers for
mRNAs (Eurofins Genomics) were as follows: ALDHIBI: forward,
CCTGGCTGOGGCTGTGTTCA; reverse, ATGGOGTGTGGCAGGTGACG;
ANPI2E: forwand, COOCGGAGGAGGTGACAGAGT: reverse, AGCQUGGGC
CAGCGAACTTAG; DHFR: forvard, CTGCATCOTCGCTGTGTOCCA;
reverse, ATTCCTGAGCGGTGGOCAGE; FATZ: forwand, TCCAGAGTGAG
GAAGAGOTA; reverse, TOTGGAGAATTGOGOTATAG, JGSFS: Torward,
CTGGACCCGGCTOOCGGATA; revense, GAAGGTCGCTGGGUTCCGOA:
PREGI: forward, AGGAGCTGAGGCAGCGGGAT, reverse, CAAGGTGC
TOGCGUTCTGCT: TWEE: forward, GOGAGOACAAAUAACCATGCTAL re-
verse, GGGAAGATTGTGACAGCAAGT: and RSPO3: forward, TCGGCAGC
CAAAACGCCTCC, reverse, TGCACAGUCTCCTTGGCAGC.

Western Blot Analysis

Prowins derived from BeWo cells or Jurkat cells were obtained using M-
PER Mammalian Protein Exwaction Reagest {Themmo Fisher Scientific)
containing Halt Protease Inhibitor Cocktail {Themmo Fisher Seientific). Proteins
were on 1% SDS-PAGE gels and were transferred onto Sequi-blot

that would iatly impact i ic function
were excluded from the study, Peripheral blood mononuclear cells (\!?\Cs}

PVDF membranes (Bio-Radl Blots were incubated a1 4°C mcnghx wnlh
pnmmrv mubodm followed by incubstion with

were isolated from heparinized venous blood using L. {Axi }

PoC AS). Briefly, after the blood was centrifuged at 1490 x g for }5 min 8t
4°C, the pellet was resuspended in PBS containing 1% bovine serum albumin
{buffer A). The MNCs were isolaed from the suspension according 1o the
manufacturer’s instructions, and then were resuspended in buffer A. Naural
killer (NK} cells and regulatory T {Treg) cells were isolated from the MNCs
using Dy Is 1 ched NK-cell and Dynab CD47CD2s”
Tecell kits i1 20, pectively, ing to the s
instructions. Total RNA rmm the cells was extracted as described below.

Exosome Isolation from Culture Supernatants

Exosomes were isolated from the supernatant of trophoblast cell lines
according 1o the mclhod of Thery &1 a! 28], Briefly, colwre aupcmm.m:s were
harvested and ifuged at 4°C ar 300 X g for 10 min, 20002 g
for 10 min, and 10 000 X g for 30 min o eliminate cells, dead cells, and cell
debris, The supematants were filiered through a 0.22-um filter and then
ultracentrifuged at 100 000 X g for 70 min a1 4°C to peller exosomes, Exosomal
pellets were washed twice in PBS and then resuspended in 200 31 of PBS. The
protein content of purified exosomes was determined using a BCA protein
assay kit (Pierce).

Exosomes were also prepared from culture supernatants of BeWo cells
transfected with Pre-miR-517a (mature miR-517a-3p mimic; Applied Biosys-
tems), Pre-miR-1, or Pre-miR Negative Control no. 1 (Pre-miR-NC) 0
investigate the effect of these miRNAs in the recipient Jurkat cells. BeWo cells
were transfected with Pre-miR reagents (30 nM) using Lip ine 2000

1 secondary antibodies. Antibodies wsed in Western tﬂoumg were
as follows: anti-CI63 monoclonal amtibody  {(mAb; Sanguin), anti-CDS1
polyclonal antibody (pAb: Sama Cruz Biotechnology), anti-TSGI01 pAb
{Sigma-Aldrich), anti-ACTE mAb (Sigma-Aldrich), anti-PRKGI mAb (Cell
e N sy, and " by : N

antibodies {Pierce’ §igna!x were detected using Immobilon reagent (Millipore)
and visualized using an LAS-4000 Lumino image analyzer (Fujifilm).

Immunoelectron Microscopy Analysis

For immunogold lnbehng of D63, an mAb (HSC& provided by
Studies Hy Bank, D: of ical Sciences,
University of lowa) was employed. Exosomes were fixed with 4%
paraformaldehyde (Merck) in PBS, wnd 20 g of the suspension was placed
on 300-mesh wicke! grids (Electron Microscopy Sciences) coated with Formvar
{Nisshin EM), for 20 min at 22°C. After blocking with 3% normal goat serum
{Sigma-Aldrich) in PBS, grids bearing exosomes were incubated with anti-
CD(;} for 30 min at 37°C. The grids were tbcn incubated with goat anti-mouse
fobulin G {IgG) pAb conj d 10 10-nm colividal gold particles
(Jackson Immunoresearch}, for 30 min at 37°C. Immunolabeled exosomes on
grids were postfixed with 2% glutaraldehyde in PBS for 30 min at 22°C, and
then negatively stained with 4% uranyl acelate according to the method of
Sakai et al. [29]. Control grids received the same treatment except that the
primary antibody was replaced with nonimmune isotype-matched IgG (MOPC-
21; Sigma-Aldrich). Samples were observed under a Hitachi H-7650 electron
pe system (Hitachi High-Technologies) opcm:d at 80 kV.

(Invitrogen} for 4 h. After 48 h of transfection, culture supematants were
callected for exosome isolation. Exosomes from Pre-miR-517a-transfected,
Pre-miR-1 and Pr iR-NC: d BeWo cells were desig-

S

Morphometric analysis of isolated vesicles in electron micrographs was
performed. The size of isolated vesicles was measured, and the number of the
vesicles labeled with and without colloidal gold particles indicating CD63 was
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counted on the micrographs printed at the same magnification (150 000X). A
total of 221 vesicles were analyzed.

Microarray Analysis in miR-517a-3p-Overexpressing Jurkat
Cells

Jurkat cells were transfected with Pre-miR-517a or Pre-miR NC at a final
concentration of 40 nM using Lipofe ine 2000. P iR 1 cells
were harvested 48 h after transfection and total RNA was extracted as described
above. The integrity of RNA for microarray analysis was delermined using an
Agilent 2100 Bioanalyzer (Agilent Technologies); samples with RNA integrity
number greater than 7 were used. Of the total RNA obtained, 100 ng was used
in a labeling reaction using a Low-Input QuickAmp Labeling Kit, One-Color
(Agilent Technologies), and the quality and yield of labeled cRNA were
evaluated on an Agilent 2100 Bioanalyzer. Gene expression profiling was
conducted using an Agilent microarray (Human GE 4X44 K, v2). The resulting
signals were normalized to the 75th percentile signal intensity, and processed
data were filtered using a 2-fold change threshold with GeneSpring GX
software (v. 11.5; Agilent Technologies). The mRNA array data are publicly
available (Gene Expression Omnibus accession no. GSES0814; hup://www.
ncbi.nlm.nih.gov/geo/; accessed September 12, 2013).

MicroRNA Target Prediction

We focused on downregulated mRNAs
517a-3p in the above DNA microarray analysis. The online prediction software
MicroCosm Targets version S (hitp://www.ebi.ac.uk/enright-srv/mi
htdocsfargets/vs/; accessed October 1, 2011) was used to search for predicted
target genes of miR-317a-3p.

potential direct targets of miR-

Luciferase Assay

To construct a reporter plasmid, we first cloned the 3-UTR of the human
PRKG] gene (GenBank accession no. NM_006258) into the pMIR-REPORT
vector, in which firefly luciferase expression reports miRNA activity (Applied
Biosystems). Genomic DNA from Jurkat cells was isolated using the FastPure
DNA Kit (Takara). The 3’-UTR of the PRKG ! mRNA was then amplified from
isolated genomic DNA using the following primers: 5'-CAGGACTAGTTG-
TATTTCTCTTACCTGCTTCTGCCT-3’ (Spel site underlined) and 5'-
GGCAAAGCTTGTTACTTATGACAGCTAATAATAGTCAACTGGC-3'
(HindIIl site underlined). Afier sequence verification by cloning into a pCR-
Blunt II-TOPO vector, the PRKGI 3'-UTR was cloned into pMIR-REPORT
via the Spel and HindHI restriction sites. This final construct was designated
PMIR-PRKGI. To construct a reporter plasmid with a mutated miR-517a-3p
recognition site of PRKG/ 3'-UTR (see Fig. 3D), an inverse PCR method was
used. The primers used for the inverse PCR were PRKG 3'-UTR mut forward,
§-ACAGAagacigaanaattaglacgtaa ATTTGTTTGTTTTTITTGATAAATTGG
CATG-3"; and PRKG! 3'-UTR mut reverse, 5'-ACAAATuacglactaatittt
cagtetTCTGTGAAAACTCATATATACCTACTATGAGAGGTCTC-3' (com-

Y seq shown in and were designed 1o introduce the
mutation. The PCR amplification was carried out using the previously cloned
vector pCR-Blunt II-TOPO containing the PRKG/ 3'-UTR. Plasmid DNA was
digested by Dpnl. The final construct was confirmed by sequencing using an
ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). Amplified DNA
was transformed into Escherichia coli. After sequence verification, the mutated
3"-UTR sequence was cloned into pMIR-REPORT via Spel and Hindlii
restriction sites. The final construct was designated pMIR-PRKGImt.

Jurkat cells were transfected with pMIR-PRKGI, pMIR-PRKGImi, or
pMIR-cont (empty vector pMiR-REPORT), and the control vector pRL-TK
{(Renilla ciferase expression plasmid), together with Pre-miR-517a or Pre-
miR-NC (30 nM), using Lipofectamine 2000 in 24-well plates. Twenty-four
hours after transfection, luciferase assays were performed using the Dual
Luciferase Reporter Assay System (Promega). Firelly luciferase activity was
normalized to Renilla luciferase activity.

Transfer of BeWo Exosomes into Recipient Cells

Jurkat cells were i with isolated from trof cell
lines (50 pg/ml) for 24-48 h, and real-time PCR was performed for
quantification of miRNA and mRNA as described above. For luciferase assay,
Jurkat cells were transfected with pMIR-PRKG lor pMIR-cont, and the control
vector pRL-TK. After 24 h of transfection, cells were incubated with BeWo
exosomes for another 24 h, and then luciferase assays were performed. Some
cells were incubated with BeWo exosomes for 24 h, washed twice with PBS,
and then treated with TrypLE Express Enzyme solution (recombinant trypsin-
like serine protease [1X] in Dulbecco PBS/! mM cthylene diamine tetraacetic

acid {EDTAJ; Gibeo) for 10 min at 37°C. The expression levels of miR-517a-3p
were assayed by real-time PCR.

Tsolated peripheral blood immune cells were incubated with BeWo
exosomes (50 pg/ml) in excsome-free RPMI 1640 medium supplemented
with 10% FBS for 24 h, and the expression levels of miR-517a-3p were assayed
by real-time PCR.

Statistical Analysis

We conducted all analyses using the SPSS sttistical software package
(Windows version 20; IBM-SPSS). The significance of between-group
differences was assessed using Student r-test, ANOVA followed by Tukey
test, or Kruskal-Wallis test, and P values <0.05 were considered to indicate
statistical significance.

RESULTS
Characterization of Exosomes Derived from BeWo Cells

We first investigated whether BeWo cells could release
exosomes into the extracellular space. Because exosomes are
known to express CD63, CD81, and TSG101 [3], we examined
expression of these molecules in the exosomal fraction isolated
from BeWo cell culture medium. As shown in Figure 1A,
Western blotting detected all of these molecules in the
exosomal fraction, indicating that BeWo cells secrete exo-
somes into the culture medium. We also confirmed the
secretion of exosomes from BeWo cells by immunoelectron
microscopy (Fig. IB). Morphometric analysis of isolated
vesicles showed that approximately 80% of the vesicles were
positive for CD63. Most of the vesicles were in the 26- to 125-
nm range (diameter [mean * SDJ, 85 * 33 nm; Fig. 1C).
Moreover, we determined whether the placenta-associated
miRNA miR-517a-3p exists in exosomes derived from BeWo
cells by real-time PCR (Fig. 1D). As expected, miR-517a-3p
was identified in exosomes secreted from BeWo cells but was
not detectable in Jurkat cells.

In Vitro Madel of Trophablast-Immune Cell
Communication

To investigate the possibility of functional miRNA transfer
from placenta trophoblasts to maternal peripheral blood
immune cells via exosomes, we employed an in vitro model
system using BeWo and Jurkat cells (Fig. 2A). To confirm
whether this system serves as an in vitro model of cell-to-cell
communication via exosomes, we first examined transfer of
placenta-associated miRNAs to Jurkat cells. Because human
placenta expresses placenta-associated miRINAs, such as miR-
512-3p and miR-517a-3p, which are secreted into maternal
circulation via exosomes {20, 30], we evaluated the presence of
these miRNAs in Jurkat cells after incubation with exosomes
released from trophoblast cell lines (BeWo and JEG3 cells) by
real-time PCR. When Jurkat cells were incubated with BeWo
or JEG3 exosomes for 24 h, miR-512-3p and miR-517a-3p
were detected in the cells (Fig. 2B). In contrast, these miRNAs
were not detectable in Jurkat cells treated without exosomes
(vehicle). It is likely that miRNAs were transferred into Jurkat
cells via trophoblast cell line exosomes.

Target Identification of Placenta-Associated miRNA miR-
517a-3p in Jurkat Cells

As shown in Figure 2A, a BeWo exosomal miRNA would
be expected to bind to a partially complementary sequence
(seed sequence) in the 3-UTR of its target mRNA and
suppress translation in recipient Jurkat cells. We next
investigated whether BeWo-derived placenta-associated miR-
NAs function as posttranscriptional gene regulators within
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FIG. 1. Characterization of exosomes isolated from culture supernatants of BeWo cells. A) Western blots for exosome markers (CD63, CD81, and
TSG101) in BeWo cell lysates (Cell lysate) and exosomal pellets collected from culture supernatants (Exasome). B} Immunoelectron microscopy of BeWa
exosomal pellets. Negatively stained exosomes are labeled with 10-nm colloidal gold particles recognizing CD63. Bar = 100 um. C) Histogram of the
number of isolated BeWo vesicles’ diameters. The y axis shows the relative number of vesicles (%), and the x axis shows the vesicle diameter (nm). Vesicles
were sorted into 25-nm bins. D) Real-time PCR analysis of miR-517a-3p expression in BeWo cells, wild-type exosomes derived from the same cells, and
Jurkat cells. Data were normalized to SNORD44. Expression in BeWo cells was defined as 1. Data are means * SD of the results from three independent

experiments. Tukey test; **P < 0.01.

Jurkat cells after exosome-mediated miRNA transfer. For this
purpose, we initially identified candidate target mRNAs of the
placenta-associated miRNAs using DNA microarray analysis.
In this examination, we focused on miR-517a-3p as a
representative exosomal placenta-associated miRNA, because
this miRNA was detected at high levels in the plasma of
pregnant women [20] and in isolated human trophoblast cells
[30, 31]. Transfection of Jurkat cells with Pre-miR-517a
significantly downregulated 123 genes (Supplemental Table
S1, available online at www.biolreprod.org). Among the 123
genes identified, we searched for potential direct targets of
miR-517a-3p using the online software MicroCosm Targets.
Seven genes, ALDHIBI, ANP32E, DHFR, FAT2, IGSF5,
PRKG1, and RSPO3, had at least one potential miR-517a-3p-
binding site in their 3’-UTRs.

To confirm downregulated expression of these seven genes,
we performed real-time PCR. Among the seven mRNAs
selected, PRKG1 was significantly downregulated in miR-
517a-3p-overexpressing Jurkat cells (Fig. 3A), whereas
expression of ALDHIBI, ANP32E, DHFR, FAT2, and RSPO3
was not significantly altered (data not shown). IGSFS
expression was undetectable (data not shown). As shown in
Figure 3B, PRKG1 protein expression was markedly decreased
in Pre-miR-517a-transfected cells compared with controt cells.
Therefore, we focused on PRKGI for miR-517a-3p target
validation.

We used a luciferase assay to determine whether PRKG1 is
a direct target of miR-517a-3p. Overexpression of miR-517a-3p
significantly decreased luciferase activity in Jurkat cells
cotransfected with pMIR-PRKGI (49% reduction compared
with the negative control), but not significanty in cells
cotransfected with pMIR-PRKG1mt (Fig. 3C), a reporter
plasmid in which the putative miR-517a-3p recognition site
in the PRKGI 3’-UTR is mutated (Fig. 3D). Taken together,
these results suggest that PRKG/ is a target of miR-517a-3p in
Jurkat cells.

Effect of BeWo Exosomal miR-517a-3p on PRKG1
Expression in Jurkat Cells

We further investigated whether BeWo exosomal miR-
517a-3p can modulate PRKG! mRNA expression within
recipient Jurkat cells. In this examination, we also used miR-
517a-3p-loaded exosomes collected from culture supernatants
of BeWo cells transfected with Pre-miR-517a to enhance the
effect of this miRNA in the recipient Jurkat cells because we
could not generate CI9MC mir-517a gene-knockout BeWo
cells. As shown in Figure 4A, levels of miR-517a-3p were
greatly increased in the exosome fraction of cell culture
supernatants from Pre-miR-517a-transfected BeWo cells (more
than 30-fold greater than that from nontransfected cells).

We quantified exosomal miR-517a-3p in Jurkat cells
incubated with BeWo exosomes. miR-517a-3p was not
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FIG. 2. In vitro model system of trophoblast-immune cell communication. A) Scheme of the in vitro transfer system using BeWo cells as donors and
Jurkat cells as recipients. Exosomes were collected from culture supernatants of BeWo cells. BeWo exosomes carrying placenta-associated miRNAs fe.g.,
miR-517a-3p) were then added to Jurkat cell culture medium. BeWo exosomal miRNAs were then transferred into Jurkat cells, where they bind to the 3'-
UTRs of target genes. B) Detection of placenta-associated miRNAs in Jurkat cells treated with wild-type exosomes derived from trophoblast cell fines,
BeWo cells, and JEG3 cells. Jurkat cells were incubated in the presence or absence (Vehicle) of exosomes (50 pg/ml) for 24 h. Expression of placenta-
associated miRNAs (miR-512-3p and miR-517a-3p) was analyzed by real-time PCR. Data were normalized to SNORD44. Expression in Jurkat cells
incubated with BeWo exosomes was defined as 1. Data are means % SD of the results from three independent experiments. Tukey test; **P < 0.01.

detected in Jurkat cells incubated without BeWo cell exosomes
(vehicle), and miR-517a-3p levels were increased significantly
in Jurkat cells treated with BeWo wild-type exosomes (Fig.
4B). Moreover, when Jurkat cells were treated with BeWo
miR-517a-3p-loaded exosomes, markedly greater levels of
miR-517a-3p levels were transferred to recipient cells com-
pared with treatment with wild-type exosomes (Fig. 4B). We
then investigated whether transferred exosomal miR-517a-3p
represses endogenous PRKGI expression in Jurkat cells. As
expected, the expression levels of PRKGI were slightly but
significantly decreased in Jurkat cells incubated with wild-type
exosomes (42% reduction) compared with vehicle-treated cells
(Fig. 4C). Further, downregulation of PRKG/ expression was
significantly enhanced by treatment with miR-517a-3p-loaded
exosomes (70% reduction) compared with vehicle-treated cells
(Fig. 4C). In addition, we measured exosomal miR-517a-3p in
Jurkat cells incubated with BeWo miR-NC-loaded exosomes.
No differences were found in the expression levels of miR-
517a-3p and PRKGI between cells treated with miR-NC-
loaded exosomes and wild-type exosomes (data not shown).
We also confirmed that exosomal miR-517a-3p bound to the
3'-UTR of PRKG] in recipient cells by luciferase assay. In
pMIR-PRKGI-transfected Jurkat cells, BeWo wild-type exo-
somes significantly reduced luciferase activity (31% reduction)
compared with pMIR-cont-transfected cells; downregulation of
PRKG! expression was enhanced by incubation with miR-
517a-3p-loaded exosomes (51% reduction) compared with
pMIR-cont-transfected cells (Fig. 4D). Furthermore, we
investigated whether remaining cell surface-bound BeWo

exosomes affect the expression levels of miR-517a-3p that
was transferred to Jurkat cells. Jurkat cells were incubated with
BeWo exosomes for 24 h, followed by TrypLE digestion
(recombinant trypsin-like serine protease-EDTA). These were
no ditferences in the miRNA expression levels between miR-
517a-3p recipient cells treated with and without TrypLE (Fig.
4E). These resulis show that BeWo exosomal miRNA miR-
517a-3p internalized into Jurkat cells and subsequently
repressed expression of the target gene PRKG/ therein.

We used miR-5/7a-3p-loaded exosomes for assessment of
the effect of BeWo exosomal miR-517a-3p on PRKGI in
Jurkat cells. An miR-1 transfection and TWF1 detection system
[32] was also employed to demonstrate that BeWo exosomal
miRNAs can transfer to Jurkat cells and suppress target genes
in the recipient cells. TWFI mRNA is a validated target of miR-
1, and the repression occurs at the mRNA level {33]. When
BeWo miR-i-loaded exosomes were incubated with Jurkat
cells, miR-1 was significantly detected in the recipient cells
(Fig. 4F). In contrast, miR-/ was undetectable in Jurkat cells
treated with BeWo miR-NC-loaded exosomes (Fig, 4F). As
expected, the miR-/ recipent cells displayed a 55% knockdown
of TWF1 mRNA compared with the miR-NC recipient cells
(Fig. 4G). The inverse relationship between miR-1 expression
and the expression level of TWFI mRNA provided additional
data supporting that BeWo exosomal miRNAs can transfer to
Jurkat cells and suppress target genes in the recipient cells.
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22, 23], We next investigated whether these miRNAs in the
maternal circulation are delivered into immune cells in
peripheral blood as they are into Jurkat cells in vitro. For this
purpose, we examined whether miR-517a-3p and miR-518b are
present in immune cells isolated from maternal peripheral
blood using real-time PCR. These placenta-associated miRNAs

Detection of Placenta-Associated miRNA miR-517a-3p in
Maternal Immune Cells Isolated from Peripheral Blood of
Full-Term Pregnant Women

As mentioned above, placenta-associated miRNAs are
detectable in the maternal circulation during pregnancy [20,

»
>

FIG. 4. Transfer of miRNAs into Jurkat cells via BeWo exosomes. A) Real-time PCR analysis of miR-517a-3p in BeWo wild-type exosomes (Wt-Ex} and
miR-517a-3p-loaded exosomes {517a-Ex); expression in Wi-Ex was defined as 1. B Detection of transferred miR-517a-3p in Jurkat cells cultured with
BeWo exosomes. Jurkat cells were treated with vehicle, Wt-Ex, or 517a-Ex {each 50 wg/ml} for 48 h at 37°C. Expression was analyzed by real-time PCR;
data were normalized to SNORD44. Expression in Jurkat cells incubated with Wt-Ex was defined as 1. Q) PRKGT silencing by exosomal miR-517a-3p
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transferred into Jurkat cells. Expression of PRKG 1 in Jurkat cells cultured with vehicle, Wt-Ex, or 517a-Ex for 48 h was evaluated by real-time PCR. Data
were normalized to GAPDH. Expression in Jurkat cells incubated without exosomes (Vehicle) was defined as 1. D) PRKG1 3'-UTR luciferase reporter
assay in Jurkat cells treated with BeWo exosomes. Jurkat cells transfected with pMIR-cont or pMIR-PRKG1 were incubated with Wi-Ex or 517a-Ex (each 50
ng/mi) for 48 h at 37°C. Luciferase activity in cells transfected with pMIR-cont was defined as 1. E) TrypLE digestion of Jurkat cells after incubation with
BeWo exosomes. Jurkat cells were incubated with BeWo exosomes (Wt-Ex) for 24 h and then treated with (+) or without (-) TrypLE. Expression of miR-
517a-3p in Jurkat cells was evaluated by real-time PCR. Data were normalized to SNORD44. Expression in cells without TrypLE treatment was defined as
1. F) Real-time PCR analysis of miR-1 in Jurkat cells incubated with BeWo exosomes. jurkat cells were treated with Pre-miR-NC-loaded exosomes (NC-Ex)
or Pre-miR-1-loaded exosomes (1-Ex), each 50 pg/ml, for 24 h at 37°C. Data were normalized to SNORD44. Expression in Jurkat cells incubated with NC-
Ex was defined as 1. G) TWFT silencing by exosomal miR-1 transferred into Jurkat cells. Expression of TWFT in Jurkat cells cultured with NC-Ex or 1-Ex for
24 h was evaluated by real-time PCR. Data were normalized to GAPDH. Expression in jurkat cells incubated with NC-Ex was defined as 1. Data are
means =+ SD from three (A-D, F, and G) and six (E) independent examinations. Student t-test (A, D-G) or Tukey test (B and C); **P < 0.01, ***P < 0.001.
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were detected in maternal MNCs before delivery (data not
shown). Furthermore, we evaluated the expression of miR-
517a-3p and miR-518b in maternal NK and Treg cells (Fig. 5,
A and B) because these cell types play important roles in the
maintenance of pregnancy [34, 35). In NK cells, abundant miR-
517a-3p and miR-518b were detected before delivery; the
levels of these miRNAs were significantly reduced at 4 days
after delivery (Fig. 5, A and B). In contrast, negligible levels of
miR-517a-3p and miR-518b were detected in Treg cells even
before delivery; no differences were found in miRNA levels
between before and after delivery (Fig. 5, A and B). In
addition, miR-517a-3p and miR-518b were undetectable in NK
and Treg cells from women with no history of pregnancy (Fig.
5, A and B). We also investigated whether expression of
PRKGI mRNA in maternal NK and Treg cells changes after
delivery. As shown in Figure 5C, expression of PRKGI in
maternal NK cells was significantly upregulated at 4 days after
delivery. In matemnal Treg cells, the change of PRKGI levels
was not significant (Fig. 5C). Expression levels of transferred
exosomal miR-517a-3p and its target PRKGImRNA were
inversely correlated and were dependent on pregnancy status,
supporting the above-mentioned hypothesis that placental
exosomal miRNAs modulate the expression of target genes
in maternal immune cells.

To determine whether the uptake of placenta-associated
miRNA miR-517a-3p into matemnal immune cells is dependent
on exosomes, we employed an in vitro cell-cell communication
model, this time employing male NK and Treg cells instead of
Jurkat cells. A significant increase in miR-517a-3p levels was
detected in NK cells treated with BeWo wild-type exosomes
compared with NK cells incubated without BeWo exosomes
(Fig. 5D), providing direct evidence that BeWo exosomes can
deliver miR-517a-3p to NK cells. Unlike maternal Treg cells,
exosome-mediated uptake of miR-517a-3p into Treg cells was
observed in this in vitro model system; however, lower levels
of miR-517a-3p were transferred into Treg cells than into NK
cells (Fig. SD).

DISCUSSION

Until recently, intercellular communication had been
thought to be take place only through cell-to-cell adhesion
conduits or secreted signals, such as hormones, cytokines, and
neurotransmitters. In addition to these, exosomal RNAs and
proteins have been shown to play an important role in
intercellular communication [10, 36, 37]. During pregnancy,
exosomes are involved in cell-to-cell communication between
the placenta and peripheral blood immune cells. For example,
Taylor et al. [38), Sabapatha et al. [39], and Atay et al. [40]
reported that placenta-derived exosomes exist in the maternal
circulation and suppress T-cell signaling components. Howev-
er, these functional studies measured placental exosome-
associated proteins, such as Fas ligand, MHC class I chain-
related proteins, and fibronectin. Although it is likely that
exosomal CI9MC miRNAs contribute to placental-maternal
communication, few studies have examined whether exosomal
placenta-associated miRNAs modulate the expression of their
targets in recipient maternal immune cells.

In the present study, we investigated the possible involve-
ment of exosomal placenta-associated miRNAs in communi-
cation between trophoblasts and immune cells using in vitro
and in vivo approaches. First, we employed an in vitro model
system. We attempted to search target genes of placenta-
associated miRNA miR-517a-3p using an in vitro trophoblast
(BeWo)-immune cell (Jurkat) model system because little has
been reported on experimentally validated targets of miR-517a-

3p. In the present study, we identified PRKG/ as a target gene
of the placenta-associated miR-517a-3p (Fig. 3) and demon-
strated that BeWo exosomal miR-5/7a-3p was transferable to
Jurkat cells and suppressed the expression of PRKG! mRNA
within the recipient cells (Fig. 4). Next, using maternal
peripheral blood cells as an in vivo approach, we confirmed
that miR-517a-3p in the maternal circulation was delivered into
NK cells in peripheral blood as it was into Jurkat cells in vitro.
We revealed a negative correlation between the expression
levels of transferred exosomal miR-517a-3p and its target
mRNA PRKG! in maternal NK cells before and after delivery
(Fig. 5, A and C). In addition, we presented that miR-517a-3p
was transferred into NK cells via BeWo exosomes (Fig. 5D).
These in vivo and in vitro results suggest that exosome-
mediated transfer of placenta-associated miRNAs and subse-
quent modulation of their target genes occur in maternal NK
cells during pregnancy.

PRKGI is a serine/threonine kinase that acts as a key
mediator of the nitric oxide (NO)/cGMP signaling pathway
[41, 42]. PRKGI plays a central role in regulating cardiovas-
cular and neuronal functions in addition to relaxing smooth
muscle tone, preventing platelet aggregation, and modulating
cell growth. In mammals, PRKG1 is strongly expressed in
smooth muscle, platelets, cerebellum, hippocampus, dorsal root
ganglia, the end plates of neuromuscular junctions, and kidney
[43, 44]. In terms of PRKG1 in immune cells, Fischer et al.
[45] reported that the NO/cGMP/PRKG! signaling system
negatively regulates T-cell activation and proliferation. Al-
though the biological function of PRKGI in NK cells is
unclear, our present data together with previous findings
suggest that miR-517a-3p is involved in regulating the
activation and proliferation of matemnal immune cells by
inhibiting NO/cGMP/PRKG1 signaling.

Placenta-associated miRNAs were reduced in maternal NK
cells rapidly after delivery (Fig. 5, A and B). What mechanism
is involved in this rapid clearance of placenta-associated
miRNAs in NK cells? There are some possible explanations for
rapid turnover dynamics of placenta-associated miRNAs in NK
cells. First, it is possible that the supply of placenta exosomes,
including placenta-associated miRNAs, is stopped after a
termination of pregnancy. Another explanation may be that
rapid degradation of miRNAs occurs in NK cells. Because
placenta-associated miRNA levels in maternal plasma de-
creased dramatically after delivery [20], it seems likely that the
halt of the supply of placenta exosomes affects rapid clearance
of placenta-associated miRNAs rather than miRNA turnover in
NK cells.

Natural killer cells are well known to play important roles in
the maintenance of human pregnancy [34]. Although we
identified one target gene of miR-5/7a-3p using the in vitro
model system used in this study, we could not find other target
genes that are associated with immune tolerance in pregnancy.
A single miRNA targets multiple mRNAs, and a single nRNA
is regulated by multiple miRNAs. This relationship between
miRNAs and target genes makes it difficult to study the
functional roles of miRNAs. Recently, Olarerin-George et al.
[46] have shown miR-517a-3p to be a potent activator of
nuclear factor-kappa B signaling. Nuclear factor-kappa B plays
pivotal roles in immune response [47]. Further identification of
targets of these miRNAs and studies of their functions are
warranted to comprehensively understand the precise mecha-
nisms by which placental exosomal miRNA-mediated modu-
lation of maternal NK cells contributes to fetomaternal
immunotolerance during pregnancy.

The specificity of the exosome-mediated communication
between trophoblasts and immune cells remains to be
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