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Ileas uccieqoBaHUsA: OIIEHUTD BJIMSHNE TPAHCIJIAHTAIIMY TKaHEenHKeHepHbIX KoHCTpykIui (TUK) Ha
OCHOBe IIJTACTOB Me3eHXMMaJ/TbHBIX CTPOMAJIbHBIX KJIeTOK (MCK) mpu nH(papKkTe MUOKapa Ha aKTUBAIUIO
3IUKaPANAJIBbHOTO I1yJ1a KJIETOK U BaCKYJISIPU3ALUIO 30HbI IIOBPEKAEHUS.

Marepuassl 1 MeToabl. MCK mosrydnn u3 06pasIfoB IOJKOKHON JKMPOBOH KJIETYATKH KPBIC JTUHUN
Wistar u mbleit tuaun C57B1/6. THIK noJrydnsu myTeM KyJbTUBUPOBAHUS IJIACTOB KJIETOK Ha YalllKax C
TEpPMOYYBCTBUTEIHHBIM MOKpBITHEM (Nunc Dishes with UpCell Surface). Tparcnianrarmio TUK npoBogumm
1ocJie MOfle/IMpOBaHus HH(papKTa MUOKapa y KPbICHI IIyTeM IlepeBsI3KU IlepeiHell HUCXOAIIed KOpoHap-
HoW apTepuu. OLIEHKY COCTOSTHUS KJI€TOK TPAHCILJIAHTATa U 30HbI IIOBPEYKJEeHUS IPOBOJUJIN C UCII0JIb30-
BaHMEM UMMYHO(JIyOpeCIeHTHOI'O OKPAIIMBAaHUs KPHOCPe30B MUOKap/a. [{JIsl OLleHKU BJIUSAHUSA IPOAYK-
ToB cekpenuu MCK Ha MUIDAallMOHHYIO aKTUBHOCTBb KJIETOK 3IMKapla N Vilro UCIO0JIb30BaJU METOJ,
9KCILJIAHTHOU KYJIBTYPBI.

Pe3syasrarsl. MCK B coctaBe THK mocie TpaHCIUTAaHTAIIUH COXPAHSIOT YKU3HECTTOCOOHOCTD U BHI3BIBAIOT
AKTHUBALUIO 3NIMKAPAUAJIBHOTO I1yJIa KJIETOK U JIOKAJIbHOE ITOBBIIIeHNe BACKY/IsIPU3alliU 30HBI IOBPeXKIe-
HUs. IKCIIEPUMEHTHI in Vitro TOKa3aiu, 4YTo KOHAUIMOHNpPoBaHHas cpea MCK okasbIBaeT CTUMYJIUPYIOIee
BO3/IeHICTBHE HA MUTPAI[MOHHYIO aKTUBHOCTD KJIETOK 3MIMKAaP/a M BHI3bIBAET 00pa30BaHNE AKTHBUPOBAH-
HbIX Wt1/POD1 KIeToK-IIpeecTBeHHULI.
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3akaro4denue. Tpancmiiantanysa TUK Ha ocHoBe mutactoB MCK npepcTrassieTcss paliiOHAJIbHBIM MOJI-
XOIOM 7151 9 (PEKTUBHON TOCTABKHU KU3HECIIOCOOHBIX KJIETOK B MUOKAP/I C 11€JIbI0 aKTUBUPYIOIIETO BO3-
JeMCTBUSA Ha SNIMKApPIUAJIbHYI0 KJIETOYHYIO HUITY U pellapaTUBHbBIN aHTHOTeHE3.

Ktouesvle cn108a: Me3eHXUMANbHDLE CINE0JI08ble KIeMKU; UHPAPKIM MUOKapOa; INukapo; 6acKyIsapusa-
YUsi; MKEAHEUHIHCeHePHAs KOHCMPYKYUS; NAACT KAemOK

Aim: to evaluate the impact of tissue-engineered structures (TES) transplantation based on mesenchymal
stromal cell (MSC) sheets in myocardial infarction on the activation of the epicardial cell pool and vascular-
ization of the damaged zone.

Materials and methods. Mesenchymal stromal cells were obtained from samples of subcutaneous fat of
Wistar rats and C57Bl/6 mice. Tissue engineering structures were obtained by culturing cell sheets on ther-
mosensitive plates (Nunc Dishes with UpCell Surface). Transplantation of TESs was performed after myocardial
infarction modeling in rats by ligation of the anterior descending coronary artery. Transplant cells and damaged
zones were assessed using immunofluorescent staining of myocardial cryosections. The impact of MSC secre-
tion products on the migration activity of epicardial cells in vitro was evaluated using the explant culture
method.

Results. MSCs in TESs after transplantation remain viable and induce activation of the epicardial cell pool
and local increase of the damaged zone vascularization. The in vitro experiments showed that the conditioned
environment of MSCs stimulates the migratory activity of epicardial cells and initiates the formation of acti-

vated Wt1/POD1 precursor cells.

Conclusion. TES transplantation on the basis of MSC sheets seems to be a promising approach for effective
delivery of viable cells into myocardium to activate the epicardial cellular niche and reparative angiogenesis.

Keywords: mesenchymal stem cells; myocardial infarction; epicardium; vascularization; tissue-engineered

cellular structure; cellular sheet
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BBenenue

Bricokoa(perTrBHBIE MpOIECCHI pemapa-
TUBHOU pereHepanuy MUOKap/a XapakTepHbIe 15
HUSIIINX IT03BOHOYHBIX U PBIO, KpaifHe cj1ado0 mpe-
CTaBJIEHBI Y MJIEKOTIUTAIOIINX, YTO HE TTO3BOJISIET
MHOKapTy MTOJTHOIIEHHO BOCCTAHABINBATHCS TPU
OOIITMPHBIX TOBPESKIEHUSIX U JIEYKUT B OCHOBE Pas-
BUTHSI MHOTHX KapOJOTUYECKHAX 3a00I€BaHU.
CoBpemMeHHas1 MeIUIITHA HE IMEET B CBOEM apce-
HaJle CPEeJICTB, II03BOJISIONINX BOCCTAHOBUTE yTpa-
YeHHBIEe B pe3yJIETaTe MaTOJI0THYECKIX ITPOITECCOB
KJIETKU cepama. Perrenne aToi mpo0JIeMbl JIESKUT
B 00JIACTH PACKPBITUS 9HIOTEHHBIX MEXaHU3MOB,
PETYIUPYIOIIUX ITPOITeCChI perlapaTUBHOMN pereHe-
pamuu B cepAre, W CO3JaHHWSA Ha 9TOH OCHOBE
HOBBIX TEXHOJIOTHH JIJI UX CTUMYJIAIAN. B mocsie-
HHYe roabl 3HAYNUTEJIbHOE BHUMAHUE HUCCjaeaoBare-
JIeH IpUBJIEKAET ATTMKAP/L ! €T0 POJIb B perapariu
MUOKapaa rocse nHpapkra. [lokasaHo, 9TO KJIeT-
KU Me30TeJIsI dNIMKap/a aKTUBUPYIOTCSA IO AeH-
CTBHEM CUTHAJIOB U3 ITOBPEKIEHHOTO0 MUOKAP/Ia,
BCTyIIalOT B SIIMTEeJINaJbHO-Me3eHXUMaJJIbHbBIA
repexoy (OMII), a o6pasyrorrecss Me3eHXuMaThb-
HbIE IPOTEHUTOPHBIE KJIETKHU TTUKAP/Ia ME3EHXH-
MasTbHOTO (peHoTHuIa T HepeHITIPYIOTCS B TIAT-
KOMBIII€YHbIE KJIETOK W IEepUIUTBI COCYIO0B,
CIIOCOOCTBYST BOCCTAHOBJIEHUIO BACKYJISIPU3AIlUHY,
aTakke B puOpPOOIACTHI, yUacTByOIIHE B (hopmMu-
poBanuu pybia [1]. [ToMuMO 9TOTO, yYacTHe ITTU-
Kapja B penapanuy cepjla OCYIIeCTBJsIeTCs
IMOCpeaCTBOM IMapaKpUHHBIX BJII/IHHI/IfI, B 4aCTHO-
CTH, cekpenuu (PaKTOpPOB pOCTa, MPEKIE BCETO,

Introduction

Highly effective reparative myocardial regen-
eration, typical for lower vertebrates and fish, is ex-
tremely poorly represented in mammals, which
does not allow the myocardium to fully recover
from extensive damage and underlies various heart
diseases. Nowadays, contemporary medicine does
not possess the necessary tools to restore the heart
cells lost due to pathological processes. The prob-
lem solution lies in the discovery of endogenous
mechanisms regulating the reparative regeneration
in the heart and creation of new technologies for
their stimulation.

In recent years, the epicardium and its role in
myocardial repair after infarction have attracted
considerable attention. The epicardial mesothelial
cells were shown to be activated by signals from the
damaged myocardium, enter the epithelial-mes-
enchymal transition (EMT), while the resulting
mesenchymal progenitor epicardial cells of the
mesenchymal phenotype differentiated into
smooth muscle cells and vascular pericytes, pro-
moting restored vascularization, as well as into fi-
broblasts involved in the scar formation [1]. In ad-
dition, the epicardium participates in cardiac repair
through paracrine effects, in particular, the secre-
tion of growth factors, primarily FGE and follis-
tatin-like protein-1, which suppresses apoptosis of
cardiomyocytes and stimulates their proliferation
[2]. In this context, the search for ways to stimulate
epicardial activation seems to be a promising strat-
egy for promoting endogenous reparation and re-
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FGF, u ¢osummcrarua momob6HOro Oemka — 1,
TIOJABJIAIOIIET0 allONTO3 KapJUOMHUOLIUTOB U CTHU-
MyJIIpYyIoIero ux nposaudepanuio [2]. B cBssu c
9TOM POJIBIO AMMKAapAA MIOUCK CIIOCOO0B CTUMYJIS-
LMY €r0 aKTUBALWUU IIPEICTABJIAETCS IIePCIIeKTUB-
HOU cTparerueil CTUMYJISIMY 9HJOTeHHbBIX perapa-
TUBHBIX U pereHepaTUBHbIX IIPOLIECCOB B cepaue. B
9TOM HAIpaBJIEHUU OCOOBIN WHTEpEC MpeJCTaB-
JsieT udydeHue 3((HeKToB JOKAIbHOU aIUKAPIU-
QJIBHOU TPaHIIAHTAIU IPOCTENIIINX TKAHENHYKe-
HEPHBIX KOHCTPYKIUHM, COCTOSIINX W3 IJIACTOB
KJIETOK (aHTJI. cell sheets) — cBOeoOpa3HbBIX «KJIe-
TOYHBIX 3aIJIATOK», COCTOSIIIINX U3 MHOTOCJIOMHBIX
KJIETOYHBIX CTPYKTYP B KOMIIJIEKCE C HapaboTaH-
HBIM VMU YK€ BHEKJIETOYHBIM MaTpuKCcoM. Kitetku
110CJIe TPAHCIIJIAHTALUY B BUJE TAKAX KOHCTPYK-
WA COXPaHSIOT >KU3HECIOCOOHOCTh U 3a CYET
MMapakpUHHON aKTHUBHOCTH U BBICBOOOKIEHUS
BHEKJ/ICTOYHBIX BE3UKYJI MOLEJIMPYIOT MUKPOOKPY-
JKEHVE U I'eHepUpYyIOT CUTHAJIb]I, aKTUBHUPYIOIIE
pereHeparuBHYIO IIPOrpaMMy B OKpYKalOIINAX
KJIeTKax. Hamm paHHUe nccienoBaHusi M padoThI
IPYTUX HAYYHBIX TPYIN ITOKa3aau 0€30MacHOCTh
TaKOr0 BUJA KJIETOYHOH Tepallnui, BO3MOKHOCTD
TIOJIHOM MHTerpanuy UMILJIaHTaTa B TKAHb CEPALIA,
obecnieyeHre INTETBHON >KU3HECITIOCOOHOCTH
KJIETOK U II0JIOYKUATEJIbHOE BJIMSAHME Ha peltaparyuB-
HbI€e ITPOIeCChl B TOCTUH(MAPKTHOM cep/tie [3-5].
OpHako MexaHNu3M TaKOI'0 TepareBTUYeCKOIO BO3-
JENCTBUS OCTAEeTCs MaIon3ydYeHHbIM. Hamu 66110
BBIIBUHYTO IIPEAIIOJIOKEHUE, YTO TPaHCIJIaHTa-
111 IUIACTOB ME3CHXMMA/IbHBIX CTPOMAJIbHBIX KJIe-
ToK (MCK) KMpOBOH TKaHU HA TOBEPXHOCTH CEP/I-
I1a MOKeT aKTUBHUPOBAaTh IIyJ MMKapAUAIbHBIX
KJIETOK-IIPpeIIeCTBEHHHUL], KOTOpbIe ITyTeM BCTYII-
JIEHUS B 3IIUTeIMaIbHO-Me3eHXMaJbHbIN 1epe-
xop (AMI]) u nocsenyromeit aud depeHIupoBKY, a
TaKKe C IIOMOIIBI0 ITapAaKPUHHBIX MEXaHU3MOB
Y4acCTBYIOT B pellapaTuBHBIX IPOlleccax.

esp ucciaenoBanus — OLEHUTH BJIHWSHUE
TPaHCIJIAHTAIUMH TKAaHEUHKEHEPHBIX KOHCTPYK-
nui (THK) Ha ocHOBE IJIaCTOB Me3eHXUMaJJIbHBIX
cTpoMasibHBIX KieTok (MCK) mpu nagapkre Muo-
Kapa Ha aKTUBAUMIO 3NMKAPIUAJIBHOIO IIyJa
KJIETOK ¥ BaCKYJIIPA3aLIO 30HbI IIOBPEKICHUS.

MarepuaJ 1 MeTObI

Brigesienue u KyasTusuposanne MCK skupoBoit
KJI€TYaTKH KPbICHI U MbIIIH. MCK KpBICHI OBITY BbIJIE-
JIEHBI 3 00Pa3I[0B MOIKOKHOUN KUPOBOU KJIETYATKU
KpbIchl TuHUM Wistar Bo3pacToM 12 Hesiesib B COOTBET-
CTBHUM C METOLOM, ONHUCAaHHOM paHee [3]. ’KupoByro
TKaHb U3MeJIBYaIN 10 pasdMepa 1-2 MM 1 obpabarsl-
BaJIM paCTBOPOM KoJitareHassl I (200 ex/mi), («Sigmay,
CIIA) 1 mucnaasl (30 en/mi), («Thermo Fisher Scientific
Inc», CIIIA) B Teuenue 1 vyaca npu 37°C, 3aTeM LIEHTpHU-
¢yruposanu npu 200 g, 10 MUHYT, OCa’kJeHHbIE KJI€TKU
PECYCIIeHIUPOBAIN U TIPOITyCKAJIN Yepe3 HeUJIOHOBOEe
cuto («BD Bioscience», CIIIA) ¢ tmameTpom rmop 40 MKM.
[TpoduasrpoBaHHYIO CyCIIEH3UIO IIeHTPpU(yrupoBaIn

generation in the myocardium. In this area, study-
ing the effects of local epicardial transplantation of
elementary tissue-engineered structures composed
of cell sheets, a kind of «cell patch» consisting of
multilayer cell structures in combination with the
extracellular matrix produced by them, is of partic-
ular interest. Cells embedded into this structure
after transplantation remain viable and due to
paracrine activity and release of extracellular vesi-
cles model microenvironment and generate signals
activating the regeneration program in adjacent
cells. Our early studies and the works of other sci-
entific groups have shown the safety of this type of
cell therapy, their complete integration into the
heart tissue, ensuring the long-term viability of
cells and a positive impact on reparation in the
post-infarction myocardium [3-5]. However, the
mechanism of this therapeutic effect remains
poorly understood. We have suggested that the
transplantation of mesenchymal stromal cells
(MSCs) sheets from adipose tissue to the heart sur-
face may activate a pool of epicardial precursor
cells participating in reparation by entering the ep-
ithelial-mesenchymal transition (EMT) with fur-
ther differentiation, as well as through paracrine
mechanisms.

This study aimed at assessment of impact of
tissue engineering structures (TES) based on mes-
enchymal stromal cell (MSC) sheets transplanta-
tion in myocardial infarction on activation of the
epicardial cell pool and the vascularization of the
damaged area.

Materials and Methods

Separation and cultivation of MSCs of subcuta-
neous fatty tissue in rats and mice. The MSCs in 12-week
Wistar rats were isolated from samples of subcutaneous
fatty tissue in accordance with the previously described
technique [3]. The fatty tissue was crushed to particles
sized 1-2 mm and then treated with collagenase I solu-
tion (200 units/ml) («Sigma», Thermo Fisher Scientific
Inc. (USA)) for 1 hour at 37°C, then centrifuged at 200 g
for 10 minutes, with the precipitated cells resuspended
and passed through a nylon sieve (BD Bioscience, USA)
with a pore diameter of 40 pm. A filtered suspension was
centrifuged at 200g for 10 min. Cellular precipitate was
resuspended in an adipose MSC growth medium
DMEM-F12 («Gibco», USA)/10% CFS (calf fetal serum)
(«ATCC», USA), then placed on Petri dishes and cultured
under standard conditions (5% CO,, 37°C). The next day,
loose cells and red blood cells were washed and the
medium was replaced. Then, the medium was changed
every 2-3 days. Upon reaching 70% of the monolayer, the
cells were split 1:3 using 0.05% trypsin solution/0.02%
EDTA (PanEco, Russia). The cells used in the experiments
were not older than 4 passages. A culture of adipose
MSCs from mice C57BL/6 was obtained using a similar
protocol.

Obtaining a conditioned MSC medium. Murine
MSCs (3 passage, 2X10° cells/plate) were transferred
and aliquoted in 2 plates with an area of 55 cm? in DMEM
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pu 200 g, 10 MuH. Ki1eTOYHBIN 0caloK pecyceHInpo-
BaJIU B cpeJie AJ1 KyJIETUBUPOBAHU S Me3eHXUMAJIbHbBIX
CTBOJIOBBIX KJIETOK >KUPOBOX TKaHu DMEM-F12
(«Gibco», CIIIA)/10% PTC (deTanbHasag CBIBOPOTKA Te-
JaeHka), («KATCC», CIIIA), BbICasknBaJI Ha KYJIBTYpaJib-
HbIe YallKK [leTpy 1 KyJIBTUBMPOBAJIA B CTAHAAPTHBIX
ycaoBusx (5% CO,, 37°C). Ha caenyomniuii JeHb OTMbI-
BaJinl HE IPUKpPENUuBUINECA KJIETKU U 3PUTPOIUTEHI,
cpeJly 3aMeHs1JIM Ha CBesKylo. /lajiee, IPOBOAU/IN CMEHY
cpenbl Kaskaple 2-3 nHA. [Ipu noctmskennu 70% MOHO-
CJI04 KJIETKU pacCaskuBajid B COOTHOILIeHUHU 1:3 ¢ uc-
noJsib3oBanueM 0,05% pactBopa tpuncuHa/0,02% 3ATA
(«ITandko0», Poccus). B akcrieprnMeHTax NCIOJIb30BaIN
KJIETKHU He cTaplie 4 naccaxka. IlosiydeHue KyJIbTypbl
MCK »xupoBoii TkaHu Mbly JuHuU C57BL/6 mpoBo-
JAJIH 110 CXOIHOMY IIPOTOKOJTY.

IMosryuyeHHe KOHAUIIMOHUPOBAHHOM cpenbl MCK.
MCK mpimn 3-ro naccaka (2xX10° kj1ieTok/4Janky) Bbl-
CaskKUBaJIu Ha 2 KyJbIypaJbHble YalllKY IJIOLIAABIO 55
cm? B cpeny DMEM («Invitrogen», CIIIA), comepskaBiieit
10% PTC, nmo 100 Ex/My1 neHUIUIIINHA U CTPENITOMHU-
nuHa, 2 MM L-tnyramuna. Ha cienyiommii 1eHb Yalku
JIBaKIBI TPOMBIBAIH (hochaTHO-COIeBBIM Oydepom u
no6asssaay o 10 ma cpensl DMEM («Invitrogen») 6es
n00aBoK. Jlasiee, MepByIO YaIIKy WHKYOHPOBAJIH B YCJIO-
BUSIX HOpMOKcHH (21% O,, 5% CO,), B BTOPYIO B YCJIO-
BUsAX runokcud (1% O,, 5% CO,) npu 37°C B TeueHme 48
4acoB. 3areM NpopUIETPOBAHHYIO Cpefy LeHTpudyru-
poBaJiz nnpu 300 g B Teyenue 10 MUH U XpaHWJIU [IpU
=70°C.

HccienoBaHus BJUAHUS KOHTHIITOHUPOBAHHOM
cpeabl MCK Ha MUTrpanyio SNUKapIHAJIbHBIX KJIETOK
3 3KcIIIaHToB. Cep/irie HeoHaTaabHOU MbIiu C57BL/6
(2 mHA TTOCTIE POKIEeHNA) NCCeKaJIU, U3MeJIbYaJlIy C I10-
MOIIBIO CKaJIbIleJIsl II0J KOHTPOJIEM MUKPOCKOIA /10
pasmepa KyCOYKOB 2 MM 1 BBICAKABAJIHU (ANIMKapIAa/Ib-
HBIM CJIOEM K HOBerHOCTI/I) Ha KyJIbTypaJ/JIbHbIE€ YalllKH,
MOKPHBITEIE 1% KeJIaTHHOM B OHY U3 HUYKEYKa3aHHBIX
cpen: a) KoHTpoJibHas cpena (DMEM («Invitrogen») 6e3
n06aBok); 6) cpexa MCK, npenKy/JIsTHBHPOBAHHBIX B
yCI0BUAX rUNokcny; B) cpega MCK, npegKyJasTuBupo-
BAHHBIX B YCJ/JIOBUAX HOPMOKCHMU. KY.HI)TI/IBI/IpOBaHI/Ie
9KCIIJIAHTHOU KYJIBTYPBI IIPOBOAM/IN B TEYEHUE 72 4aCOB.
PuKcaruio n300paskeHUH TPOBOIMIIH C ITOMOIIIHI0 MUK-
pockona Zeiss Axiovert 200 M («Carl Zeiss», I'epmanus),
KOJIMYEeCTBEHHBIN MOACYET KJIETOK 3IIMKap/Aa BBIIIOJI-
HSJICS C TIOMOIIIBIO TporpaMmebl Imaje J software («Na-
tional Institute of health», CIIIA).

XapakTepucTHKAa HMMYHO()EeHOTHUIIA IITUKapIH-
aJbHBIX KJETOK in vitro. AHaIu3 UMMyHO(QeHOoTHUIIa
KJIETOK 9KCIVIAHTHOU KYJIETYPBI IIPOBOAUJIM C [IOMOIIBIO
UMMYHOIIUTOXUMHWHU. Knetkn OKpalInBaJ/JIvd aHTUTEJIaMU
kK MapkrepaMm Wtl («Abcam», CIITA), POD1 («Santa Cruz»,
CIIIA), 6era kareHuH («Abcamy, CIIIA) B Teyernue 1 yaca,
3areM IIPOMBIBAJIN U OKpAIINBAJJIA aHTUTEJIaMU, KOH'BIO-
rupoBaHHbIMU C AlexaFluor488 («Invitrogen», CIIIA,
1:800, 1 ¥ npu 37°C). ly1a BU3ya/m3anuyl akTUHOBOTO
LIUTOCKeJIeTa IPOBOAMU/IN JOIIOTHUTE/IbHOE OKPAILINBA-
HHE q)aJIJIOI/I,I[I/IHOM, KOHBIOTUPOBAHHBIM C KpaCHUTEJIEM
Alexa Fluor™ 594 («Thermo Fisher Scientific Inc», CIIIA,
1:200, 20 munyT nipu 37°C). fAapa KIIETOK OKpaIlIuBaJIA C
niomotbio DAPI (4',6-Diamidine-2’-phenylindole dihyd-
rochloride («Sigma», CIIIA).

ITosryuenne THR Ha ocHose nutacroB MCKR. [l71a
TOJIyY€HUA KJIeTOYHBIX IntacToB MCK BbICEBaJIN B TEP-

(«Invitrogen», USA), containing 10% calf fetal serum
(CFS), 100 U/ml of penicillin and streptomycin, 2 mM L-
glutamine. The next day, the plates were washed twice
with phosphate buffered saline (PBS), and 10 ml of
DMEM («Invitrogen») were added without any additives.
Then, the first plate was incubated in normoxia (21% O.,,
5% O,), the second one was incubated in hypoxia (1% O,
5% O,) at 37°C for 48 hours. Then the filtered medium
was centrifuged at 300 g for 10 min and stored at -70°C.

Influence of the conditioned MSC medium on mi-
gration of epicardial cells from explants. The hearts of
neonatal mice C57BL/6 (2 days after birth) was dissected
and minced with a scalpel under the microscope to
pieces sized 2 mm and seeded (with the epicardial layer
facing surface) on plates pre-covered with 1% gelatin in
one of the following media: a) control medium (DMEM
(«Invitrogen») without additives); b) medium harvested
from MSCs pre-cultivated in hypoxia condition; c)
medium of MSCs pre-cultivated in normoxia. The ex-
plant culture was cultivated for 72 hours. Images were
obtained using the Zeiss Axiovert 200 M microscope
(«Carl Zeiss», Germany), and the quantitative calculation
of epicardial cells was done using the Image]J software
(«National Institutes of Health», USA).

In vitro characteristics of the epicardial cell im-
munophenotype. Inmunophenotype analysis of explant
culture cells was performed by immunocytochemistry.
The cells were stained with antibodies to Wtl («Abcamy,
USA), POD1 («Santa Cruz», USA) and beta catenin
(«Abcam», USA) markers for 1 hour, then washed and
stained with secondary antibodies conjugated with Alex-
aFluor 488 («Invitrogen», USA, 1: 800, 1 h at 37°C). To visu-
alize the actin cytoskeleton, additional staining with Alexa
Fluor™ 594 dye-conjugated phalloidin was performed
(Thermo Fisher Scientific Inc, USA, 1:200, 20 minutes at
37°C). Cell nuclei were stained with DAPI (4’,6-Diamidine-
2’-phenylindole dihydrochloride) («Sigma», USA).

Obtaining TESs from MSC sheets. In order to ob-
tain cellular sheets, MSCs were seeded into heat-sensitive
plates (300,000 cells/cm?) Nunc Dishes with UpCell Sur-
face («Thermo Scientific», USA). MSCs were pre-methy-
lated with fluorescent membrane dye (PKH26 Red Fluo-
rescent Cell Linker Kit for General Cell Membrane
Labeling dye («Sigma», USA). The cells were cultivated for
72 h in the DMEM/F12 medium (Invitrogen, USA) con-
taining 10% CFS, 100 U/ml penicillin and streptomycin,
2 mM L-glutamine. To detach the cellular sheets, the
plates were placed on a refrigerant and incubated at
room temperature. Cellular sheets were transferred using
alow-adhesion membrane («Thermo Scientific», USA).

The characteristics of cell sheets based on MSCs.
Frozen TES cryosections were fixed with 3.7%
paraformaldehyde (20 minutes at 37°C) and washed with
a PBS. Myocardial sections were blocked with a solution
containing 1% bovine serum albumin (BSA) and 10%
donor serum of second antibodies in PBS (30 min). After
that, the cryosections were stained with antibodies to Ki-
67 markers (Abcam, USA), cleaved caspase-3 (Cell Signal-
ing Technology, USA), and connexin 43 (ThermoFisher
Scientific), USA), collagen I («Bio-Rad», USA), fibronectin
(«Abcam», USA) for 1 hour, then were washed and
stained with antibodies conjugated with Alexa Fluor™
488 («Invitrogen», USA, 1:800, 1 h at 37°C). The cell nuclei
were stained with DAPI. Estimation of the number of nu-
clei per unit of area, diameter and thickness of TESs was
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MOYYBCTBUTEJIbHBIE KyJIbTypasbHble damky (300 000
kJreTok/cm?) Nunc Dishes with UpCell Surface («Thermo
Scientific», CIIIA). IlpenBapuressHo MCK MeTman
dryopeciieHTHBEIM MeMOpaHHBIM KpacutesgeM (PKH26
Red Fluorescent Cell Linker Kit for General Cell Mem-
brane Labeling dye («Sigma», CIIIA)). KiTeTKU KyJTETUBHU-
poBanu B TeueHue 72 4 B cpege DMEM/F12 («Invitro-
gen», CIIIA), cogepskaBueir 10% PTC, o 100 Ex/ma
NEeHUIU/JIMHA U CTPelITOMULIMHA, 2 MM L-miyTamMuHa.
JJ151 OTKpenIeHusI KJIeTOYHBIX I1J1aCTOB KYJIBTypaslbHble
YaIIKY IOMEIA/IN Ha XJIaJareHT U MHKyOUpOoBaJIyd IIpU
KOMHAaTHOH TemIeparype. [lepeHOC KJI€TOYHBIX IJIa-
CTOB OCYIIECTBJISIJIU C [IOMOIIbI0 HU3KOAAT€3UOHHON
meM6pans! («Thermo Scientific», CIIIA).

XapakTepHCTHKAa IJIACTOB KJETOK HAa OCHOBE
MCK. 3amoposkennble kpuocpesbl TUK ¢pukcrpoBammn
3,7% napadopMmasnbaerunoM (20 munyT nipu 37°C) 1 Ipo-
MbIBaIH (pocdaTHO-coseBbIM Gydepom (PCB). Cpesbr
MHOKap/aa 6JIOKIPOBaIN PAaCTBOPOM, cofepskanum 1%
O6BrYbero ceiBopoToyHOro ansbymuHa (BCA), 10% chIBo-
poTtku goHopa Bropbix antutes B PCb (30 mun). ITocae
9TOr'0 KPUOCPEe3bl OKPAIIUBaJId AHTUTEJIAMHU K MapKe-
pam Ki-67 («Abcamy, CIIIA), akTHUBUPOBaHHOU Kacrase-3
(cleaved caspase-3), («Cell signaling», CIIIA), KOHHEKCHUHY
43 («ThermoFisher Scientific», USA), konnareny I («Bio-
Rad», USA), pubponekTuny («Abcam», USA) B Teuenue
1 yaca, 3aTeM IIPOMBIBAJIN U OKPALIUBAJIN aHTUTEJIaAMH,
KOH'bIOrMpoBaHHbIMU ¢ Alexa Fluor™ 488 («Invitrogen»,
ClIIIA, 1:800, 1 4 mpu 37°C). Anpa KJIETOK OKpaIINBaJIH C
nomoibio DAPI. OrieHKy KostuecTBa siiep Ha eJUHALYY
nJomany, rnaMerpa u rosuasl TUK nposBonuiu ¢ mo-
MOIIBIO MUKPOCKOIa Zeiss Axiovert 200 M («Carl Zeiss»,
Tepmanus1) ¥ IporpaMMHOTO obecriedeHus Axiovision
3.1 («Carl Zeiss», Tepmanus).

MopesupoBanue nHpapkra muokapaa (MM) u
TpaHciianTauysa TUK. OkcnepuMeHThI 110 TpaHCIJIaH-
tanuu TUK npoBoanin Ha camnax KpbIc tuHuA Wistar,
NIPUOOPETEHHBIX B MUTOMHUKE JJaO0PaTOPHBIX YKUBOT-
HbIX «[lymunao» (Ilymuno, Poccus). IBTaHa3UI0 KPBIC
NPOBOAMWJIA II0CJI€ HHTAIAINUOHHON HapKOTU3aLUU
W3oduiopanomM MeTo0M JUCIOKAIAN IIIEMHOTO0 OTaes1a
IT03BOHOYHUKA. Bce HE0OX01Mble MAaHUNIYJISIINH BbI-
MOJIHAIN B cooTBeTcTBUU ¢ [lupektuBoit EC 2010/63 /
EC mo akcmepuMeHTaM Ha SKUBOTHBIX U OBIIN 000-
pEeHBI aTUYEeCKUM KOMUTeTOM uHcTuTyTa (HanuoHamis-
HBII IeHTP MeAULMHCKUX UCCJAeJOBaHUHN KapauoJIo-
rum, paspenienue Ne 385.06.2009). THpapKT MuOKapaa
OBLT MHAYIFPOBAH IIyTEM IIepPeBsI3KY IepeTHel HICXO-
Jslell KOpOHapHOU apTepuu y Kpbic Wistar ¢ IIoMo-
mpIo criocoba, OMMCaHHOTO paHee [6]. JKCIepUMeH-
TaJbHBIX JKMBOTHBIX pas3fe/uad Ha 2 Ipynnsl: 1)
KOHTpPOJIbHAs Tpylna; 2) rpylna sNuKapIuaJlbHON
tpadciianTanuu THUK. A nocaenyiomeid OleHKH
npoaudepaTUBHON aKTUBHOCTU KJIETOK B COCTaBe
TpaHcnaHTupoBaHHol THK ucnoJsb30Baiu pacTBOp
BPITY (6poMaesokcuypuanaa) B PCE (10 Mr/mi), KoTo-
PbIi BBOAW/IU HHTPallepUTOHeaabHo (200 MKJI, 1 pa3 B
CyTKM). JBTAaHA3UIO YKVBOTHBIX BBINNOJHUIN Yepes 5
JHel 1ocJ/ie TpaHCIJIaHTAllUK KJIETOYHBIX IIJIACTOB.

I'mcronoruyeckas OLEHKA COCTOSAHUA KJETOK
TPaHCIJIAHTaTa ¥ BaCKYJIApHU3alMU. 3aMOPOKEeHHbIe
KpHocpe3bl MUOKapaa pukrcuposanu 3,7% napadop-
Masibaerugom (20 munyt ripu 37°C) u npombisasia PCb.
Cpessl MUOKap/ia 6JI0KIPOBAJIN PACTBOPOM, COflepsKa-
M 1% BCA, 10% CbIBOPOTKH JOHOPA BTOPHIX aHTUTEJ

done using the Zeiss Axiovert 200 M microscope («Carl
Zeiss», Germany) and Axiovision 3.1 software («Carl
Zeiss», Germany).

Myocardial infarction (MI) modelling and TES
transplantation. TES transplantation experiments were
carried out on male Wistar rats purchased in the labora-
tory animal nursery «Pushchino» (Pushchino, Russia).
The rats were euthanized after Isoflurane inhaled anes-
thesia by cervical spine dislocation. All the necessary ma-
nipulations were performed in accordance with the EU
Directive 2010/63/EU on animal experimentation and
were approved by the Institute's Ethical Committee (Na-
tional Center for Cardiology Medical Research, Resolu-
tion No. 385.06.2009). Myocardial infarction was induced
by ligating the anterior descending coronary artery in
Wistar rats using the technique described earlier [6]. The
experimental animals were divided into 2 groups: 1) con-
trol group; 2) epicardial TES transplantation group. For
further evaluation of the cell proliferation in the trans-
planted TES, a BDU (bromodeoxyuridine) solution in
PBS (10 mg/ml) was used, which was injected intraperi-
toneally (200 ul, once a day). The animals were eutha-
nized 5 days after the cell sheet transplantation.

Histological assessment of transplant cells and
vascularization. Frozen myocardial cryosections were
fixed with 3.7% paraformaldehyde (20 minutes at 37°C)
and washed by FSB. Myocardial sections were blocked
with a solution containing 1% BSA and 10% serum of the
second antibody donor in PBS (30 min). The cryosections
were then stained with antibodies to BDU markers (R&D,
USA), Ki-67 (Abcam, USA), Wtl (Abcam, USA), Pecam
(CD31) (Becton Dickinson, USA) for 1 hour, then washed
and stained with antibodies conjugated with Alexa
Fluor™ 488 (Invitrogen, USA, 1:800, 1 h at 37°C).

Vascular network density analysis under the TES
transplant area was performed by counting CD31-posi-
tive structures. The data were presented as the number
of vessels per vision field.

Microscopy and image analysis. Myocardial cells
and cryosections were studied using the Zeiss Axiovert
200 M fluorescent microscope («Carl Zeiss», Germany)
and Axiovision 3.1 software («Carl Zeiss», Germany).

Statistical data analysis. Data were presented as
average * SD. Statistical significance was assessed using
the Mann-Whitney test and Statistica 8.0 software pack-
age (Statsoft, USA).

Results and Discussion

Cell integration and survival after transplan-
tation are the key factors ensuring cellular function
and reparation, which determines the efficacy of
cell therapy. To deliver these characteristics, cell
sheet-like structures have been developed consist-
ing of cell sheets in combination with the extracel-
lular matrix proteins they produce (Fig. 1). The
sheets showed a high level of cell compactization
(7224198 cells/ 100 pm?), which corresponds to the
cell organization density within the native/intact
myocardium (502+112 cells/100 pm?). The struc-
ture was a multilayer system consisting of 11-14
layers of cells interacting through connexin-43 con-
taining gap junctions and surrounded by extracel-
lular matrix proteins (collagen I and fibronectin).
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B ®CBb (30 mun). [Tocse aToro kpuoc-
pesbl OKpallWBa/IX aHTUTeJaMU K
mapkepam BPIIY («R&Dw», CIIIA), Ki-
67 («Abcam», CIIIA), Wtl («Abcamy,
CIIIA), Pecam (CD31) («Becton Dic-
kinson», CIIIA), B Teuenue 1 yaca,
3areM IIPOMBIBAJIM U OKpAIIUBAJIN
AHTUTeJaMU, KOHBIOTHPOBAHHBIMU
c Alexa Fluor™ 488 («Invitrogen»,
CIIA, 1: 800, 1 4 npu 37°C).

AHaJn3 IIJIOTHOCTH COCYJUCTOM
CeTH o7 00/1aCThIO TPAHCIIJIAHTAIIAN
THUK nposomuian IyTeM IofcdYeTa
CD31-1103UTHUBHBIX CTPYKTYp. [laH-
Hble [IPeJCTaBU/IN B (hopMare KOJIU-
4eCTBO COCYIOB B I10JIe 3pEHUsI.

MuKpoCKONIMsI ¥ aHaJIu3
u300paskeHuid. AHATU3 KJIETOK U
KPHUOCPEe30B MUOKapAa IPOBOJUIIN
C UCIOJIb30BaHueM (JiyopecueHT-
HOTO MHUKpPOCKoIa Zeiss Axiovert 200
M («Carl Zeiss», Tepmanus) u npo-
rpaMMHOTO oOecnedeHus1 Axiovision
3.1 («Carl Zeiss», Tepmanmus).

CraTHCTHYECKUH aHaIH3
JaHHBIX. /[aHHble NpeACTaBUIN B
¢opwmare cpeaunee + SD. CraTucTu-
YeCKYIO OIIeHKY JJOCTOBEPHOCTH pas-
JIMYUH NPOBOAUJIUA C MCIOJIb30Ba-
HHeM TecTa MaHHa-YUTHH "

IPOrpaMMHOrO nakera Statistica 8.0
(«Statsoft», CIIIA).

Puc. 1. XapakTepHCTHKa KJIE€TOYHBIX IJIacTOB Ha ocHoBe MCK.

Fig. 1. Features of MSC-based cell sheets.

Peayibrarsl
U 00Cy:K/IeHue

Note. The representative images of cellular sheet sections stained with antibodies to
Ki67 (a, green) proliferation markers and extracellular matrix proteins such as fi-
bronectin (b, red) and collagen 1 (c, green). Cell nuclei are stained with DAPI.

HpnMeanne. PereseHTaTI/IBHLIe I/I306pa)KGHI/IH OKpalinBaHUA CPE30B I1JIaCTOB

WHrerpariysi, BBLKUBAEMOCTh
KJIETOK TI0CJ€ TPAHCIJIAHTAINN
ABJISIETCS KJIIOUEBBIMU (haKTOpa-
MU, 00€eCTIeYMBAIOIIIMU (DYHKITHO-
HUPOBaHHE KJIETOK, BBINOJHEHNE penapaTuBHBIX
(yHKIMIH, 9TO OnpefiesisieT 3(Pp(HEeKTUBHOCTD KJIETOU-
HOM Teparmu. /1711 06ecrieYeHusT STUX XapaKTEPUCTHK
OblIM pa3dpaboTaHbl KOHCTPYKUuuU (1o THiy «cell
sheet»), cocTosiIIe U3 TJIACTOB KJIETOK B KOMOMHA-
U ¢ 6eJIkaMU BHEKJIETOYHOT'O MaTPHUKCA, KOTOPbIIA
OHM HapabarkIBaroT (puc. 1). [Tokasasy, 4To B cCOCTaBe
IIJIACTOB OTMEYAeTCs BBICOKUM YPOBEHb KOMITAKTU3a-
UM KJIETOK (7221198 kieTok/ 100 MKM?), KOTOPBIT
COOTHOCHTCS C TIJIOTHOCTBIO OPTaHM3AINHU KJIETOK B
COCTaBe HAaTMBHOI'O/HEMOBPEKIEHHOTO MUOKapAa
(502+112 ryrerox/100 MKM?). KOHCTpYKIIWA IPEICTaB-
Jisiia CODOM MHOTOCJIOMHYIO CTPYKTYPY, COCTOSIIITYIO
u3 11-14 cJji0eB KJIETOK, B3aUMOIEHUCTBYIOIINX Yepes
KOHHEKCHH-43 cofiepsKalye IesieBble KOHTaKThI 1
OKpY’KEHHBbIE OeJTKaMi BHEKJIETOYHOTO MaTpHKCa
(konnared I u pubporertnH). CpeqHUI AaMeTp
copmMHpoBaHHOTO TWIAcTa cocTaBJsia 1,25+0,09 e,
a ToJuHa — 94,4+12 MKM.

Tpancnianranuss coOpMHUPOBAHHOU KOH-
cTpykIuu nocsie MMM puBOAUIIO K ee aAre3uu K
Hapy>KHOH aNMKapAuaJIbHON IOBEPXHOCTU CepaLa

U UHTerpaluu B TKaHb MUOKapza (puc. 2). Iloka-

KJIETOK aHTHUTeJIaMU K MapKepaM mposindepannu Ki67 (a, 3enenviii), beikam BHEKIIE-
TOYHOTO MaTpuKca: GudpoHeKTHH (b, KpacHwlil) v KosnareH 1 (c, 3eneHulil). Anpa kie-
TOK OKpaiens! DAPI.

The average diameter of the resulting sheet was
1.25+0.09 cm, and its thickness was 94.4+12 pm.
Transplantation of the elaborated structure
after MI resulted in its adhesion to the external epi-
cardial surface of the heart and its integration into
the myocardial tissue (Fig. 2). The cells in the struc-
ture were shown to remain viable, as evidenced by
the positive staining for BDU and Ki67 markers. In
5 days after the transplantation, there was a signifi-
cant increase in the thickness of the subepicardial
layer including Wt1+ cells consistent with the acti-
vated epicardial cells. Quantitative analysis showed
that the average number of Wt1+ cells and their dis-
tribution area in the myocardium was significantly
higher in the transplantation group in comparison
with the control group (192482 and 43+36 cells per
vision field; 191.822+21.346 vs 45.117+30.812 pum?
(P<0.05), respectively). In addition, the length of the
«cellular pathway» from the external heart surface
to the localization zone of Wt1 cells in the cell sheet
transplantation group was significantly longer than
in the control group, which indicates a more signifi-
cant cell migratory activity in the underlying my-
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3aJIM, YTO KJIETKHU B COCTaBe KOHCTPYKIIMM COXpa-
HSAIOT KU3HECII0COOHOCTD, O YeM CBHUIETEILCTBO-
BaJIO TIOJIOKUTEJIbHOE OKPAIINBaHN e HA MapKePHhI
BPIY u Ki67. Ob6Hapykuiu, 4To 4Yepes 5 MHeNH
MOCJIe TPAHCIIJIAHTAIIN OTMEeYaJIOCh 3HAUYNTEJIb-
HOE YBeJIMYeHUE TOJIINHBI CYOIMIKapANaIbHOTO
CJI051, B COCTaBe KOTOPOTO pacriojiaraanuck Wtl+
KJIETKHM, XapaKTepU3ylollde aKTUBHPOBAaHHbBIEC
KJIETKN 9mnuKapja. KoJndecTBeHHBINM aHaIU3
MokasaJi, cpegHee KoandectBo Witl+ KJIETOK, a
TaK)Ke IIJIOM[AIb UX pacIipeiesIeHrs B MUOKapae
Obl71a 3HAYNTEJIHHO BBIIIIE B TPYIIe TPAHCIIAHTA-
MY, B CPAaBHEHUU C KOHTPOJIBHOU Tpynnon
(192482 u 43+36 KJIETOK B II0Jie 3pEeHud;
191822421346 n 45117+30812 mrm? (p<0,05), coort-
BETCTBEHHO). KpomMe TOro, AJIMHA «KJIETOYHOTO
IIyTH» OT HAPY>KHOM IOBEPXHOCTHU Cep.ilia 10 30HbI
Jokranmuaanuy Wtl KJIeTOK B IpyIlIie ¢ TPaHCIIaH-
Tayed KJIeTOYHBIX IIJIACTOB Obliia 3HaAYUTEIbHO
OoJTbIIIE, YEM B KOHTPOJIE, YTO YKa3bIBAET Ha O0jIee
BBIPa)KCHHYIO MUTPALlMOHHYIO aKTUBHOCTH KJIe-
TOK B IIOJJIeskalye cjaou Muokappaa (212+39 u
53+34 MkM (p<0,05), COOTBETCTBEHHO). YUUTHIBAs
HaJINYWe MIPU3HAKOB AKTUBAIMH KJIETOK SIIMKApAa
1ocJje TPAHCIIAHTAIIUNA KJIETOYHBIX IJIACTOB,
MIPOBEJIA WCCJEeNOBAHUA [N Vifro IJs OLEeHKHU
BJIMAAHUA NPORyKTOB cekpenun MCK na murpa-
OMOHHYIO aKTUBHOCTH 3IIMKapAUaJIbHBIX IIpOre-
HUTOPHBIX KJIETOK. BBIABMI/IU, YTO BO3/IENiCTBHUE
cpenbl KynsTuBupoBanus MCK cytiecTBeHHO yBe-
JIMTYNBAJIO KOJTTIECTBO 00Pa30BaHHBIX IITUKAP U -
AJTBHBIX KJIETOK U UX MUTPAlIMOHHYIO aKTUBHOCTD
(puc. 3). CraTUCTUYECKU 3HAYUMBIX Pa3JIUYUH 110
YUCJY KJIETOK 9KCIJIAHTHOU KYJIBTYpPhI, 00pa3o-
BaHHBIX o[ neiictBueM cpeabl MCK, KyJIBTUBU-
POBAHHBIX B HODMOKCHUYECKUX U TUIIOKCUYECKUX
YCJIOBUAX, He BBIABWIM. KileTKH 9KCIIaHTa
umesu «cobblestone» Mopdo0THI0 U XapaKTepu-
30BAJIMCh 9KCITPECCHEN TPAaHCKPUIIITUOHHBIX (DaK-
TopoB (Wtl u POD1) — MapkepoB aKTUBAIUY KJIe-
TOK 9IHWKApJa, YTO YKas3blBaJ0 Ha WUX
3MUKAPINATLHYIO TPUHAJIEKHOCTD. OO pariaio
BHUMaHWUeE TO, YTO IIPU KYJIETUBUPOBAHNY B CpeJie
MCK 4acTp KJIETOK 3NUKapIa, PacloJ0KeHHbIX
o mepudepun, mpuobdbperasia BepeTreHooOpas-
HyI0 (hOpMyY, UTO KOCBEHHO MOSKET CBUJIETEJIb-
CTBOBaTh 00 X BCTymieHuH B IMII u mpuobpere-
HUU Me3eHXUMaJIbHOTro (DeHOTHIIA.
NMmMmyHOdIyopeclieHTHOe  OKpalluBaHUe
Cpe30B MHOKapJa IToKa3aJio, 4To K 5 JTHIO IocJae
nHdpapKTa OTMeYaeTcss MHTEHCUBHOE 00pa3oBa-
HME KaluJJIIPOB U apTepuoJI (puc. 2 ¢, d), Kak B
30HE HEKPO3a, TAK U B ITepUUH(PAPKTHBIX 00J1a-
ctax. KpoMe Toro, oOHapy>KUIU BBIPAsKEHHYIO
BACKYJIAPHU3ALHUIO TPAHCIIJIAHTUPOBAHHOTO KJIe-
TOYHOTO Ir'padTa, KOTOPBIH CoJepsKaJl COCYIbl pas-
HOTO KaJimOpa. [Ipu aToM MbI He BBISIBUJIN CO-
Jokanudanuu  (QJIyOpPeCIiEHTHOTO KpacCUTeJs
PKH26 1 mapkepa annorenus Pecam, 4To yKa3sbl-

Puc. 2. AktuBanusa Wtl+ KJeTOK U aHTHOreHe3a 1nocJjie uH-
(apkTa MHOKapJa NOcJjIe TPAaHCITAaHTAIUH KJIeTOYHBIX IIJIa-
croB Ha ocHoBe MCK ¥ B KOHTPOJIBHBIX CepAllax.

Fig. 2. Activation of Wt1+ cells and angiogenesis after myocar-
dial infarction after MSC-based cell sheet transplantation and
in the control group.

Note. Immunofluorescent staining of myocardium with anti-
bodies to the marker of activated Wt1 epicardial cells in control
samples (a) and after cell sheet transplantation (b). The trans-
planted cells in the sheets were marked with fluorescent dye
PKH26 (b, red); immunofluorescent staining of myocardial tis-
sue with antibodies to CD31 vascular marker in control samples
(c) and after cell sheet transplantation (d). The transplanted
cells in the sheets are marked with fluorescent dye PKH26 (d,
red); cell nuclei are stained with DAPI.

IIpumeyanue. FimmyHO(DIyopeclieHTHOE OKpallIBaHUe TKAHU
cep/illa aHTUTeIaMH K MapKepy aKTHBUPOBAHHBIX dITUKaP/IN-
QJIBHBIX KJIeTOK Wtl B KOHTPOJIbHBIX 00pasnax (a) u mociie
TPaHCIVIAHTAIMH KJIETOYHOTO I1acTa (b). TpancmiaHTipoBaH-
HbI€ KJIETKH B COCTaBe IIJIACTOB TIOMEYEHbI (DJTyOpecIieHTHbIM
kpacurenem PKH26 (b, Kpactulii); iMMyHO(JIyOPECIIEHTHOE
OKpalIMBaHUe TKAaHU MUOKap/a aHTUTeJIaMU K MapKepy cocy-
1oB CD31 B KOHTPOJIBHBIX 00pasIax (c¢) v mocJie TpaHCIIaHTa-
MY KJIETOYHOTO I1acTa (d). TpaHCIUIaHTUPOBAHHbIE KJIETKYU B
COCTaBe IVIACTOB IIOMeYeHbI (DJIyOpPECIEHTHBIM KpacHuTesIeM
PKH26 (d, kpachbil); SInpa rinetok okpareHs DAPI.
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Puc. 3. Murpanus snMKapAHaIbHBIX KJIETOK B 9KCINIAHTHOMH KYJIBType 0] 1€ CTBHeM KOHTPOJIBHOH CpeIbl H KOHTUIIMOHH -
poBansbIx cpeg MCK.

Fig. 3. Migration of epicardial cells in an explant culture after exposure to the control medium and conditioned MSC media.
Note. Migration of epicardial cells from explants: a— when grown in a control medium; b — when exposed to the medium of MSCs
grown in normoxia; c— when exposed to the medium of MSCs grown in hypoxia; d, e, f— representative images of immunofluorescent
staining of epicardial cells with antibodies to beta-catenin (d, green), Wt1 (e, green), POD1 (f, green), fibrillary actin (e and f, red) markers.
Cell nuclei are stained with DAPI. Assessment of the migrating epicardial cells number (g) and the migration distance (h) when grown
in control medium and conditioned MSC media. * — differences are statistically significant in comparison with the control, P<0.05.
IIpumeyanue. Murparys sanuKapAUIbHBIX KJIETOK U3 9KCIIJIAHTOB: @ — IPH KYJIBTUBUPOBAHNUY B KOHTPOJILHOM cpejie; b — npu
Bo3zeiicTBuu cpebl MCK, KyJIBTHBUPOBAHHBIX B YCJIOBHSIX HOPMOKCHY; ¢ — ITPY BoseiictBruu cpesl MCK, KyJIETHBUPOBAaHHBIX
B YCJIOBUSIX TUIIOKCUY; d, e, f— penpe3eHTaTuBHbIE N300 paskeHHsI UMMYHO(JIyOPECIIEHTHOTO OKPAIITMBAHUS KJIETOK 9ITMKap/Ia aH-
TUTEJIAMH K Mapkepam: OeTa-KaTeHuH (d, 3enenviil), Wtl (e, 3enensiit), POD] (f; 3enensiil), GuOpuiIsIpHbIN aKTUH (€ U f, KpacHbLil).
fnpa kerok okpaiiensl DAPIL. AHaM3 KoJIn4ecTBa MUTPUPYIOIINX KJIETOK SIIMKap/a (g) v AVIMHBI MUTPAlIMOHHOTO Iy TH (1) IPU KyJIb-
TUBUPOBAHUU B KOHTPOJIBHOM CpeJie M KOHAUIIMOHIPOBaHHBIX cpefax MCK. Number of cells — umcio kietok; — cpefa; control —
koHTposibHasH; MSC — MCK; normoxia — HopMoKcust; hypoxia — runokcust; migration distance (relative units) — paccrosinue Mur-
pauuu (OTHOCUTeIbHbIE €IUHULIBI). * — CTaTUCTUYECKU TOCTOBEPHbIe Pa3/IM4Ksl 110 CPaBHEHUIO C KOHTpoJieM, p<0,05.

BaeT Ha (popMUpOBaHYE COCYOB UCKJIIOUNATETHBHO
Ha OCHOBE 9HJJOT€HHBIX 9HJ0TEJINAIbHBIX KJIETOK.
Bosiee Toro, 06HApPy)KUIN YBEJIUYEHUE KOJIIIE-
CTBa COCYI0B O] TPaHCILIAHTUPOBAHHBIM rpad-
TOM, B CPaBHEHUU C KOHTPOJIbHBIMU O6pa3HaMI/I
(456x69 1 303+58 cocynos B moJie 3peHud (p<0,05),
COOTBETCTBEHHO), IPUYEM COCYABI TaKKe ObLIN
06pa3oBaHbl UCKJIIOYATETHHO KJIETKAMU SKMUBOT-

ocardial layers (212439 vs 53+34 um (P<0.05), re-
spectively). Since epicardial cells showed signs of
activation after cellular sheet transplantation, in
vitro studies were performed to evaluate the effect
of MSC secretion products on the migration activity
of epicardial progenitor cells. Exposure to MSC
growth medium was found to significantly increase
the number of newly produced epicardial cells and

HOro-penunuenTa (0e3 GIyopecreHTHON METKH).

their migration activity (Fig. 3). No statistically sig-
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OcTtpoe HapylieHne KOPOHAPHOTO KPOBOOD-
parreHusi BbI3bIBAaeT TUOeJTh He TOJIBKO 3HAYUTETb-
HOT'0 KOJIMYECTBA KapUOMHUOIIUTOB, HO U 3TINATE-
JIMOTIOMOOHBIX KJIETOK Me30Tesusl, KOTOpbhIe
00pasyIoT Hapy>KHBIA CJIOHW cepAra — 3MUKAP/I.
KieTkn snmkappa WrparoT KIIIOYEBYIO pOJb B
nmepuon 9MOpHoreHe3a B PA3BUTUM MUOKApP.A,
KOpPOHApPHBIX apTepuil, MPOBOIAIIEH CHUCTEMBI,
KJIalla’HoB cepana [7-10], a TakKe ABJIAIOTCA Kile-
TOYHBIMU PEry/IATOPaAMU BOCCTAaHOBUTE/IBHBIX IIPO-
11EeCCOB B cepjilie Tocjie uHgapkrTa. B HopmasibHOM
COCTOSTHUH 3MUKAP/] MPeICTaBJIeH TOHKUM CJI0EM
Me30TeJHs, KJIETKU KOTOPOTO HAaXOASATCS B COCTOSI-
HUM TOKOoA. [Ipu moBpeskaeHn MUOKap/a Mmpo-
WICXONIUT PEAKTUBAINY 9MOPUOHAILHOM MPOrpaM-
MBI 9KCIIPEeCCHU TeHOB B KJIeTKax anmkapaa (Wtl,
Raldh2 1 Tbx18) [11-13], uTo BefeT k 3amrycky OMII,
X Iposudepanuy U MUTPAITUU C 00pasoBaHUEM
3MMKapINATbHBIX IPOT€HUTOPHBIX KJIETOK (ITIK)
Me3eHXUMaJIbHOTO (peHoTHma [14, 15]. B cybanu-
kapauanbHou obstactu IIIK moryT guddepenim-
POBATHCS B IEPUITUATHI M [VIAIKOMBIIITEYHbIE KJIETKA
cocymnos [16-21], pubpobitacTsl [22], a IO JTAHHBIM
psilia uccJieIOBaHUM B 9HIOTeUAIbHbIE KJIETKU U
Kapguomuonutel [23, 24]. Kpome Toro, mysn IIIK
T10CJIE IOBPEYKICHUA MOYKET BBICTYIIATh B KAYECTBE
WCTOYHMKA OMOJIOTUYECKU aKTUBHBIX MOJIEKYII,
CITOCOOCTBYIOIIMX AKTHUBAIUM pereHepaTUBHBIX
poI1ieccoB [1]. ITU CBOMCTBA aMMKApP/Ia [IeJ1al0T ero
MEepCHeKTUBHOU MUIIEHBIO [JIA BO3JAEUCTBUH,
HallpaBJICHHBIX Ha CTUMYJIALNIO 9TUX IIPOLIECCOB.
Peaynsrarel faHHOrO HCCIEH0BAHMSA II0KA3a/IA, YTO
JIOKAaJbHAsA 9MUKApIUaJIbHASA TPaHCIJIAHTALMSA
chOpPMUPOBAHHBIX i Vitr0 TKAHEMHKEHEPHBIX KOH-
CTPYKIMH B BUJle KJIETOUHBIX Iy1acToB U3 MCK u
HapabOTaHHOTO MMM BHEKJIETOYHOI'O0 MaTpUKCA
110CJIe 3KCIepUMEHTAIBHOIO NH(apKTa CTUMYJIN-
pyeT 9IIMKap[I, YTO IIPOSABJISAECTCA B aKTUBALIUU IIPO-
Judepanuu anuKapIuaibHbIX KIETOK, MMOBbIIIIe-
HUU CUHTe3a OEJIKOB BHEKJIETOUHOTO MaTPUKCA 1
YTOJIIIEHNN CYyOINMKapIuaIbHOTO C1051. CTUMYIOM
K TaKOUW aKTUBAIIUU SIBJISIETCS TapaKPUHHOE JIeH-
CTBHE YHUKAJIBHOI'O KOKTEHJIsI pOCTOBBIX (PaKTO-
POB, IMTOKWHOB, aHTUOKCUAAHTOB 1 MUKpPOPHK,
CEKPETHPYEMBIX U BEICBOOOYKIAEMBIX B BIJIE 9K30-
COM/MUKPOBE3HUKYJ KJIEeTKaMM TpaHCIJIaHTaTa.
Hamm npenpinyiye uccjiefoBaHus, a TAKKe NaH-
Hble IPYTUX HayYHBIX I'PYIII YKa3bIBAIOT, YTO CEKpe-
ToM MCK BRJIIOYaeT 3HAaYUTEJIbHOEe KOJIMYECTBO
OMOaKTUBHBIX (PAKTOPOB [25-27] ¥ BHEKJIETOUHBIX
BE3HUKYJI, B OCHOBHOM 9K30COM, IPOAYKIHS KOTO-
PBIX CyLIECTBEHHO YBEJIMYHUBACTCSA B YCJIOBUAX
runokcuu [28-30]. Bce aTu (pakTOpBI MOTYT CJIy-
SKATH [IOTCHIIMAJIbHBIMY PEry/IsITOpaMy aKTUBALUN
KJIETOK anuKapaa. Ha mogenn kapanuaabHbIX 9KC-
IJIAHTOB MBI [IOKA3aJI¥, YTO IIPOAYKTHI CEKpenuu
MCK, KyJIETUBUPOBaHHBIX B COCTOSIHUM KaK HOP-
MOKCHH, Tak U TUIIOKCUU, CIIOCOOHBI YCUINBATh
MUTPALHIO SUKAPIUATBHBIX KJIETOK, 4YaCTh KOTO-

nificant differences in the number of explant cul-
ture cells developed after the MSC medium expo-
sure and grown under normoxic and hypoxic con-
ditions were revealed. The explant cells had
«cobblestone» morphology and expressed the tran-
scription factors (Wtl and POD1) — characteristic
of epicardial cell activation, which indicated their
epicardial character. Noticeably, when cultivated in
MSC medium, a part of peripherically located epi-
cardial cells acquired a spindle-like shape, which
may indirectly indicate their entry into the EMT
and mesenchymal phenotype acquisition.
Immunofluorescent staining of myocardial
sections showed that by Day 5 after MI intensive
formation of capillaries and arterioles was ob-
served (Fig. 2 ¢, d), both in the necrosis zone and in
peri-infarction regions. In addition, there was a
marked vascularization of the transplanted cellular
graft containing vessels of different calibers. At the
same time, we did not detect co-localization of the
fluorescent dye PKH26 and the marker of endothe-
lium Pecam, which indicates the formation of ves-
sels was entirely based on endogenous endothelial
cells. Moreover, we found an increase in the num-
ber of vessels under the transplanted graft com-
pared to the control samples (456169 vs 303158 ves-
sels per vision field (P<0.05), respectively), and the
vessels were also formed exclusively by the cells of
the recipient animal (without fluorescent marker).
Acute coronary occlusion causes death of both
numerous cardiomyocytes and epithelial-like
mesothelial cells, which form the epicardium. Epicar-
dial cells play a key role in the development of my-
ocardium, coronary arteries, conduction system, and
heart valves during the embryogenesis period [7-10],
as well as they are cellular regulators of myocardial re-
generation after MI. Normally, epicardium consists of
athin layer of mesothelium with quiescent cells. In my-
ocardial damage, the reactivation of the embryonic
gene expression program in epicardial cells (Wtl,
Raldh2, and Tbx18) occurs [11-13], which leads to the
launch of EMT, their proliferation and migration to
form epicardial progenitor cells (EPC) of the mes-
enchymal phenotype [14, 15], in the subepicardial re-
gion, EPCs can differentiate into pericytes and vascular
smooth muscle cells [16-21], fibroblasts [22], and ac-
cording to several studies into endothelial cells and car-
diomyocytes [23, 24]. In addition, after damage, the
EPC pool can act as a source of biologically active
molecules promoting the activation of regeneration [1].
These properties make the epicardium a promising
target for the effects aimed at stimulating the above
processes. The results of this study showed that local
epicardial transplantation of tissue-engineered struc-
tures formed in vitroas cell sheets from MSCs and their
extracellular matrix after an experimental infarction
stimulates the epicardium, which results in activation
of epicardial cell proliferation, increase in the produc-

tion of extracellular matrix proteins, and thickening of
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PBIX TprOOpeTaeT Me3eHXNMOIIOI00HbIE XapaKTe-
PUCTHKH, YTO YKa3bIBaET HA UX BCTyIieHue B IMI],
HEeoOXOMUMBIA 1JIsT pemapanuu. [loMumo mapa-
KPUHHOTO BO3MIENCTBUS MEXaHU3MOM aKTUBAIIUHU
3NMKapJa MOSKET CJIY;KUTh KOHTAKTHOE B3aUMO-
JleficTBME KJIETOK TPAHCIJIAHTATA C dNUKapIAaIb-
HBIM KJIETOYHBIM CJIoeM. PaHee, MbI IOKa3aJIH, YTO
MCK B cocTaBe KJI€TOUHOTO IIJIACTa HECYT Ha CBOEN
noBepxHocTu uranel Jagged 1 u Delta-like 4 [31],
KOTOpbIe TIPU B3aUMOAEUCTBUM C perenTopamu
Notch Ha moBepXHOCTU KJIETOK SMUKApHa MOTYT
BBI3bIBATh MX aKTUBAIMIO, COIIPOBOKIAIOIIYIOCS
¢dopMUpOBaHMEM COCYJUCTBIX KJIETOK-IIpeille-
crBeHHuI [32-34]. Oba MexaHHM3Ma aKTUBAIAU
aNUKap/a KJIETKaMU TPaHCIJIaHTUPOBAHHOTO T1J1a-
CTa MOTYT CITOCOOCTBOBATh 0OPa30BAHMUIO HOBBIX
COCYJIOB, YTO MOYKET OO'BSCHATH YBEJIMYEHHE BaC-
KyJApU3anuy 30HBI TOBPEKAEHUs], 0COOEHHO
BBIpa’KeHHOE B CyOINMMKapANAILHON 30HE, 0OHa-
py’keHHOe B TaHHOU pabdoTte. [ToMUMO aKTHBAINN
3IMKAP/Ia B&YKHBIM MeXaHN3MOM CTUMYJISILIUY BaC-
KyJISIpU3auu 1ocjae nHPapKTa MOKET CIIYKUTh
KOMOUWHUPOBaHHOE JeliCTBre OMOAKTUBHBIX KOM-
IMIOHEHTOB CEKpeToMa TPaHCIIAaHTUPOBAaHHBIX
MCK u KJIETOK aKTUBHPOBAHHOTO aMKKap/a. Bece
9TH KOMIIOHEHTbI, 00J1aJafoIe aHr'MOreHHbIMU 1
AHTUANIONTOTUYECKUMU CBOUCTBAMHU, MOTYT CIIO-
cobcTBOBATH O0JIEe OBICTPOMY BOCCTAHOBJIEHUIO
KPOBOCHA0KeHM I, TIOJJaBJIEHUIO allONTO3a KJIETOK
B 30He IIOBPEYKIEHUSA U CTUMYJISIIIUY ITpoJstudepa-
nuu. bosee Toro, cekpennss MCK MoJiekys xemoar-
TPaKTaHTOB, Takux kKak MCP1, ycunusaer pexpy-
TUpPOBaHUE IUPKYIUPYIOIIUX MOHOIIUTOB B
MIOBpEeKIeHHble YYaCTKU Cep.lia, IJie OHU MOTYT
CIIOCOOCTBOBATH AaHTHIOTEHE3Y, CEKPETUPYSI AaHTHO-
reHHble (haKkTOpbI U U epeHIrpysich B 3HI0Te-
JaJbHbIe KJIETKU [28, 29]. Peasn3anuu Bcex pere-
HepatuBHbIX cBoiicTB MCK  oka3sbIBaercs
BO3MOSKHOH 3a CUET MOIep>KaHus KU3HECIIOCO0-
HOCTU TPaHCIJIAHTUPOBAHHBIX KJIETOK B COCTaBe
KJIETOYHOTO IJIACTa, YTO IIOKa3aHo B Psijie paborT [4,
5]. B Oojiee IMUPOKOM TTOHWUMAHUU KJIETOYHBIN
1acT OpMUPYET HEKYIO MOIOKKY—«MUKPOOKPY-
SKeHue» JJ151 KJIETOK 9MTMKAp/a, TTIOT00HYIO TOH, YTO
MPUCYTCTBYET B CyOIMMKapAMAIbHON 06sacTu
HeTOBPEKIEHHOTO cep/ra. BeposaTHO, 3TO CBO-
cTBO 00ycsoBeHO criocobHocThio MCK K mocTpoe-
HUIO MUKPOCPEHI (I0T00HOM MUKPOOKPY>KEHHIO B
IIepPUBACKYJISIPHBIX MJIM HUIIAX KOCTHOTO MO3Ta),
KOTOpasi COXpaHseTCsl y 9TUX KJIETOK Taske I0CJIe
aTana JJInTeJIbHOTO KYJIETUBUPOBAHUS i1 VilTo.

3akJrouenue

SHI/IKap,ILI/Ia.J'II)HaH TpaHCIJIaHTallus I1JIaCTOB
KJIeTOK Ha ocHoBe MCK mocJie IKCIIEpUMEHTAJIb-
Horo UM ARTUBHDPYET ITYJI IIIMKAPANaJIbHbIX KJIE-
TOK 1 CHOCOﬁCTByeT Pa3BUTHUIO paHHeﬁ BacCRYyJIA-
pu3anyu 30HbI IIOBPENKIECHUA, YTO MOMKET OBITH

the subepicardial layer. Such activation is stimulated
by the paracrine action of a unique cocktail of growth
factors, cytokines, antioxidants and microRNAs se-
creted and released as exosomes/ microvesicles by
transplant cells. Our previous studies, as well as data
from other scientific groups, have shown that the MSC
secrete a significant number of bioactive factors
[25-27] and extracellular vesicles, mainly exosomes,
which are increasingly produced in hypoxia [28-30]. All
these factors can serve as potential regulators of epi-
cardial cell activation. On the cardiac explant model,
we showed that the secretion products of MSCs grown
in both normoxia and hypoxia are capable of enhanc-
ing migration of epicardial cells, some of which acquire
mesenchymal characteristics indicating their entry
into epithelial-mesenchymal transition (EMT) re-
quired for repair. In addition to the paracrine effect, the
mechanism of epicardial activation can include the
contact interaction of the transplant cells with the epi-
cardial cell layer. Earlier, we demonstrated that MSCs
in the cell sheet carry Jagged 1 and Delta-like 4 ligands
on their surface [31], which, when interacting with
Notch receptors on the epicardial cell surface, may
cause their activation accompanied by the formation
of precursor vascular cells [32-34]. Both mechanisms
of epicardial activation by the transplant sheet cells
may promote the formation of new vessels, which may
explain the increase in the vascularization of the dam-
aged zone, especially evident in the subepicardial zone
discovered in this study. In addition to the epicardial
activation, the combined action of bioactive compo-
nents of the secretome of transplanted MSCs and acti-
vated epicardial cells may serve as an important mech-
anism for stimulating vascularization after MI. All these
components with angiogenic and antiapoptotic prop-
erties may contribute to faster restoration of blood sup-
ply, apoptosis suppression in the damaged area and
stimulation of proliferation. Moreover, MSCs produce
chemoattractant molecules, such as MCP1, enhancing
the recruitment of circulating monocytes into the dam-
aged myocardial regions, where they can participate in
angiogenesis by secreting angiogenic factors and
differentiating into endothelial cells [28, 29]. Several
studies have shown that the regenerative properties of
MSCs can be maintained by the viable transplanted
cells in the cell sheet [4, 5]. In a broader sense, the cel-
lular sheet forms a «microenvironment» for epicardial
cells, similar to that found in the subepicardial region
of the undamaged myocardium. This property is prob-
ably due to the ability of MSCs to create microenviron-
mental conditions (similar to those in perivascular or
bone marrow niches), which persists even after long-
term in vitro culturing.

Conclusion

Epicardial cell sheet transplantation based on
MSCs after experimental MI activates the epicardial
cell pool and promotes early vascularization of the
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Ba)KHBIM (PaKTOpPOM [17151 OCYyIIleCTBIEHUSA a(pPek-
TUBHOH pelnapanumu.

TakuMm obpasom, TpaHciutantamuss THUK Ha
ocHoBe m1actoB MCK nipecTraBJisieTcsi paliioHasIb-
HBIM TTOJIX0JIOM 17151 3(h(DEKTUBHOM IOCTAaBKU $KU3-
HECITOCOOHBIX KJIETOK B MUOKAP/I C II€JIbI0 aKTHBH-
pyloliero BO3AEHCTBUS Ha JIUKAPAUAJIBHYIO
KJIETOUHYIO HUIITY U pellapaTUBHbBIN aHTHOTeHes.
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damaged zone, which may be an important factor
for effective reparation.

Thus, transplantation of TES based on MSC
sheets appears to be a promising approach for the
effective delivery of viable cells to myocardium in
order to activate the epicardial cellular niche and
angiogenesis.
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