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Pe3rome

[Tporpeccupyloliye TeMIbl pacIpocTpaHeHus 3a00/IeBaHUH NUIIeMUYeCKOU TPUPOALI U OrpaHUYEeH-
HOCTB CPEJCTB [IJ15 JIEYCHU I CTUMYJIMPYeT POCT MHTepeca K N3Y4YeHHUIO MeXaHU3MOB BaCKYJIIPA3aLN U I10-
VICKY HOBBIX IIOAX0JJ0B, HAIIpABJIEHHBIX HA €€ CTUMYJIAINI0. OJHUM U3 TAKUX IIOJIXO/I0B SIBJISI€TCA F'eHHAas Te-
panus, HampaBJ/eHHas Ha aKTUBALMIO dMHMKapaa, yTo obecmeunBaeT oOpasdoBaHHE BaCKYJIOT€HHBIX
KJIETOK-ITPEJIIIECTBEHHHUII 1 CEKPETOPHYIO IOAIEPSKKY «COOPKH» COCYI0B de novo.

Ilenb — U3YyUYUTh BO3MOYKHOCTh aKTUBAILIMM KJIETOK dIIMKap/a U MNOCTUH(MAPKTHOHU BacKy/Ispu3auu
cep/lia MyTeM BBeJleHUe TeHETUYeCKON KOHCTPYKIIUY, Koaupyioiieit PDGFBB.

MarepuaJj u MeTogbl. B pabore mcro/ib30BaHa MOJIETb IKCIIEPUMEHTATbHOTO WH(papKTa MUOKapaa y
KPBICHI C IIOCJIeAYIONIUM UHTPaMUOKapANaJbHbIM BBeleHueM (hPU3U0JI0TUYeCKOr0 pacTBOPa, KOHTPOJIbHOM
J1a3MHUIbI U I1a3MuUAb], kopupyiomeit PDGFBB. Mccnenosanue BaussHust PDGF Ha akTUBHOCTD KJIETOK
3TMMKAap/Ia BHITIOJTHEHO Ha MOJIENIH eX Vivo, @ TAKKe KJIETOYHOU KYJIBTYpe Me30TeJHsI i Vitro.
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BKCHepI/IMeHTaJIbHBIe HCCJeJOBaAaHHUA

Pesysabrarsl. [locTiH(papKTHOE BBEeHNE ITa3MUAbl, Kogupyiolneii PDGFBB, ciocobcTByet yBesmae-
HUIO IIJIOTHOCTH COCYJMICTOH CeTH B TepUIHMaPKTHON 00J1aCTH, a TAaKKe MUTPAIIUX IIEPUITUTOB B 30HY I10-
BpexxneHns. PDGFBB ciocobcTByeT akTHBAIMY IyJIa KJIETOK 9IIMKAPA, TIOBBIIIEHUIO 9KCIIPECCUH B HUX
MapKepoB IVIaAKOMBIIIEYHbIX KJIETOK (II0Ka3aHO Ha MOZIeJIU ex Vivo) U IIOSIBJIEHUIO IPU3HAKOB aKTUBAIN
aMUTeNaJIbHO-Me3eHXUMAaJIbHOTO Ilepexofa (in vitro).

3akJaroueHue. BHyTpuMuoKapauaibHOe BBeJeHre FeHeTUYeCKOU KOHCTPYKIUHY, kopupylomeil PDGE
110CJIe 9KCIIePUMEHTATBbHOIO HH(pAPKTa CTUMYJIMPOBAJIO BACKY/ISIpU3alUI0 IepUMH(MAPKTHON 30HbI, YTO
MOTJIO OBITH OTYACTH 0OYCIOBIEHO aKTUBANHEH SNMKAPANAIBLHOIO IyJia KIIETOK.

Karouesvte cnosa: unpaprm muokapoa; kiemrku Inukapoa; armop pocma mpomoouumos; 8ackyisapu-
3ayusi; penapayust cepoya

BiarogapHocTs. PaboTa BeIO/THEHA TPH (prHAHCOBOH mopiepskke rpanta PODU Ne 18-015-00438 n

rpanTa PH® 17-15-01368 (Moe1b aKTUBALIMU AIIUKAPIA ex Vivo).

Summary

Increasing incidence of ischemic diseases and limited resources for their treatment stimulate increased
interest in studying the mechanisms of vascularization and finding new approaches for its promotion. One of
these approaches is gene therapy aimed at activating the epicardium to produce the vascular precursor cells
and microenvironment for the «assembly» of de novo vessels.

The aim is to investigate the possibility of activating epicardial cells and post infarction cardiac vascular-
ization by injecting a genetic construct encoding PDGFBB.

Material and methods. A model of experimental myocardial infarction in a rat with subsequent intramy-
ocardial injection of normal saline solution, control plasmid and plasmid encoding PDGFBB was used. The
study of PDGFBB effect on epicardial cell activity was performed on the ex vivo model, as well as in vitro

mesothelial cell culture.

Results. Post infarction injection of plasmid encoding PDGFBB increases the density of the vascular net-
work in the peri-infarct area as well as migration of pericytes to the injured zone. PDGFBB promotes activation
of epicardial cell pool and expression of smooth muscle cell markers in them (shown on the ex vivomodel), as
well as stimulates activation of epithelial-mesenchymal transition (in vitro).

Conclusion. Intramyocardial injection of a genetic construct encoding PDGFBB after an experimental my-
ocardial infarction stimulated vascularization of the peri-infarction zone, which may have been partially due

to the activation of the epicardial cell pool.

Keywords: myocardial infarction; epicardial cells; platelet growth factor; vascularization; heart repair
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BBenenue

Nmemudeckasi 60Jie3Hb Cepfilia U OCTPBIU
nH@APKT MHUOKapJa MO-TPesKHEMY SIBJISTIOTCS
BeaAyIIUMU IPUIMHAMU UHBAJIMAW3AllUU U JIETAJIb-
HOCTHU HaceJIeHUsI BO BCeM MUpe. Pe3yIbrarhl amu-
JIeMUOJIOTUYECKUX WCCJIeJOBAaHUHN IMOKAa3bIBAIOT,
YTO OCTPBIN MH(PAPKT MUOKAP/A SIBJISIETCS TPUYIH-
HOU 00J1ee TTOJIOBUHEI CJTyYaeB Pa3BUTHS Ceplied-
HOU HEJJOCTAaTOYHOCTU KaK CO CHUKEHHOMH, TaK U C
coxpaHHOU ¢pakrnmeir BbIOpoca. HecmoTrps Ha
3HAYUTEJbHBINA IMPOTPECC B JIEYEHUU OOJBHBIX
nH(apKTOM MUOKap/a, CBSI3aHHBII CO CBOEBpe-
MEHHBIM ITPOBEJIeHNEeM TPOMOOIUTUYECKOH Tepa-
MU 1 YPECKOKHBIX KOPOHAPHBIX BMEIIaTe/JIbCTB,
CBOEBpPEMEHHOE BOCCTAHOBJIEHHE KOPOHAPHOU
riepy3uH, XOTS ¥ CITIOCOOHO OTPAaHUYUTh 30HY HEK-
po3a 1 YMEHBIIIUTH I'OCIIUTAJIBHYIO JIETA/IbHOCTD,
He SBJISIETCSI HHCTPYMEHTOM JIJI5 TTIOJTHOTO BOCCTA-
HOBJIEHUST TIOBPEKIEHHOTO MHUOKap/a. IlocTuH-
(paprTHOE peMoeTMPOBaHUE JIEBOTO SKETYA0IKA

Introduction

Coronary heart disease and acute myocardial
infarction are still the leading causes of morbidity
and mortality around the world. The results of epi-
demiological studies show that acute myocardial
infarction causes more than half of the cases of
heart failure with both reduced and preserved ejec-
tion fraction. Despite significant progress in the
treatment of patients with myocardial infarction as-
sociated with timely thrombolysis and percuta-
neous coronary interventions, a prompt restoration
of coronary perfusion, although capable of limiting
zone of necrosis and reducing hospital mortality, is
not the way to fully restore the damaged my-
ocardium. Post infarction remodeling of the left
ventricle (LV), which simultaneously affects intact
and damaged areas of the myocardium, leads to a
significantly disturbed geometry and marked di-
latation of the myocardium underlying develop-
ment of chronic heart failure. According to the lat-
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(JI?K), omHOBpEeMEeHHO 3aTparuBaloiee HHTaKTHbIE
¥ IOBPEsKIeHHbIe 00J1aCTh MUOKapAa, IIPUBOIUT K
CyLIeCTBEHHOMY HapylICHUIO ero reOMEeTpuu u
BBIpA)KEHHOM JuJIaTalluy CEPIIA, YTO CTAHOBUTCS
MOP(HOJOTUYECKON OCHOBOM J1J151 PA3BUTH S XPOHU-
YeCKOW cepliedyHON HeqocTaTouHOCTH. COIIacHO
MOCJAEIHUM IIpeAcTaBJieHuAM [1], cTUMyIAnUA
9HJIOTCHHBIX MEXaHW3MOB  BACKY/IApU3alUU
SABJISIETCS MEPCHEeKTUBHON cTpaTervei JieueHusi
TaKWX MalneHToOB. B cBsA3M c 9aTuM, pa3paboTka
HOBBIX ITI0/IXOJIOB BO3/1eMICTBUsI HA aHT'MO-/BaCKYJI0-
reHe3 U U3y4yeHUe MeXaHW3MOB (POPMUPOBAHUS
HOBBIX KapAUOMHOIIUTOB OCTAETCS MEePCIEKTUB-
HOM 3a7jaueil COBpeMeHHOUN KapAn0JIOTUMH.

B ocHOBe nocTuH(pApPKTHON BaCKyJIsIpU3a-
WY JIESKUT 00pa30BaHMeE COCYAMCTHIX CTPYKTYP,
TMOKPBITHIX 9H0TEeINATbHBIMU KJIE€TKAMU, B IATO-
JIOTUYECKYU N3MEHEHHOM MUKPOOKPYsKEHUHU 30HBI
TIOBPEKICHUA [2]. ITU CTPYKTYPHI BOSHUKAIOT KaK
B pesy/bTaTe BacKyJioreHesa, korga de novo ¢op-
MUPYIOTCSI KPOBEHOCHBIE COCYIbl U3 OTIEeJIbHBIX
KJIETOK-IPEAIIeCTBEHHNKOB, TAK U aHTUOTeHe3a,
KOorja IIpopacTaHue HOBBIX COCYIOB IIPOUCXONUT
U3 yKe CYLIeCTBYIOIIMX COCynoB. I[lepBuyHO
copMupoBaHHBIE JHIOTEIUATbHBIE TPYOKH
HY’KJaI0TCSI B CBOEBPEMEHHOU CTabMIN3aIiy 3a
cueT TPUBJIEYEHUS W paclpeneseHus IO HUX
MOBEPXHOCTU TMEPUIMTOB W TJIAJKOMBIIIEYHBIX
KJIETOK [3]. TOT aTaI mpecTaBjsieT COO0M KpHU-
THYECKOe COOBITHE, KOHTPOJIMPYIOIee TaabHel-
11Iee peMojieITMpOBaHNe, CO3peBaHNe U CTaOUIH-
3amuoo OyAyIyXx MOJHOIEHHBIX cocynoB. OH
KOHTPOJIMPYETCA PAas3J/IMYHBIMUA CUTHAJbHBIMU
MeXaHU3MaMH, 3allyCKaeMbIMU TUIIOKCHEH, a
TaKKe — JIeMCTBUEM Pa3/IMYHbIX (paKTOPOB pocTa
U ITUTOKUHOB, KOTOPbIE PETyJIUPYIOT KJIETOUHBIN
MeTaboJIM3M, MUTPAITUIO KJIETOK-TIPeIITeCTBEH-
HUII ¥ [TIO3TAITHOE II0CTPOEHYE HOBBIX COCYIOB.

OoHUM K3 TaKUX PEryasTOPOB ABJSETCA
daxTop pocra TpomborToB BB (platelet-derived
growth factor BB, PDGFBB), npencrap/somui
coboii 6esIok ¢ MOJEeRyIsIpHON Maccoit 30 k/la,
KOTOPBIH BIlepBble ObLI BbIIEJIEH U3 TPOMOOIIU-
TOB uejioBeKa [4]. [TocpencTBOM B3aUMOIENCTBUSA
C TUPO3WHKHUHAa3HbIMHU penenrtopamMu PDGFR-a u
PDGEFR-f atoT (pakTOp peryiaupyer IpoaHruOreH-
Hble (PYHKIIUU KJIETOK 3a cueT VEGF-3aBHCUMBIX
1 He3aBUCHUMbBIX MeXaHU3MOB [5-7]. MHorouuc-
JIEHHbIe HCCJIeJOBaHUA yKa3bIBalOT Ha apdek-
TUBHOCTB €0 MCIIOJIb30BaHUs VI CTUMYJIALNN
poCTa COCYOB U Pery/sliuy pernaparuBHbIX IIPO-
neccos [8, 9]. [Ipu aTOM MeXaHU3MBI JTaHHOTI'O IIPO-
mecca OCTalTCsA IPeIMeTOM U3y4YEeHHUs.

B paMKkax maHHOU paObOThI MbI BIIEPBEIE TIPEJI-
TIOJIOKUJIH, YTO OHOM M3 BOSMOYKHBIX TOUEK MPHU-
JIOYKEHHUSI €T0 EeWCTBUS MOTYT OBITh KJIETKU 9IIH-
kapma [10]. B mepuonm amb6puorenesa PDGFBB
OKa3bIBaeT aKTUBUPYIOIIIEe eliCTBHe Ha SIIMKapIU-
QJIBHBIN ITyJI KJIETOK U 3aIlyCKaeT MHOIOCTyIleH4a-

est concepts [1], stimulation of endogenous vascu-
larization mechanisms is a promising strategy to
treat such patients. In this regard, the development
of new approaches to angioneogenesis and the
study of mechanisms of new cardiomyocyte forma-
tion remains a perspective challenge of modern
cardiology.

The basis of post infarction vascularization is
the formation of vascular structures covered with
endothelial cells in an altered microenvironment of
the injured zone [2]. These structures emerge both
as aresult of vasculogenesis, when the new vessels
form de novo from individual precursor cells, and
angiogenesis, when new vessels sprout from exist-
ing ones. Primarily developed endothelial tubes
need timely stabilization by attracting the pericytes
and smooth muscle cells and positioning them on
the surface [3]. This stage is a critical event control-
ling further remodeling, maturation and stabiliza-
tion of future fully functional vessels. It is controlled
by various signaling mechanisms triggered by hy-
poxia, as well as by various growth factors and cy-
tokines regulating cell metabolism, migration of
precursor cells, and gradual development of new
vessels.

One such regulator is the platelet-derived
growth factor BB (PDGFBB), which is a protein with
amolecular weight of 30 kDa that was first isolated
from human platelets [4]. By interaction with tyro-
sine kinase receptors PDGFR-¢ and PDGFR-$ this
factor regulates proangiogenic cell functions
through VEGF-dependent and independent mech-
anisms [5-7]. Numerous studies indicate its effec-
tiveness in stimulating vascular growth and regu-
lating repair processes [8, 9]. At the same time, the
mechanisms of this process remain to be explored.

In this work, we first suggest that one of the pos-
sible application points for its action could be epicar-
dial cells [10]. During embryogenesis, PDGFBB has an
activating effect on the epicardial cell pool and trig-
gers a multistage process of transformation, entry into
epithelial-mesenchymal transition associated with
enhanced proliferative, migratory, secretory activity
and specification/differentiation into endothelial,
smooth muscle cells and pericytes [11]. Despite the
important role of PDGFBB in coronary histogene-
sis [12], its importance in the postnatal heart, repara-
tive vascularization and regulation of epicardial cell
functions remains poorly studied. In our study we
suggested that intramyocardial introduction of
PDGFBB-coding genetic construct after myocardial
infarction may facilitate epicardial cells activation and
vascular network restoration.

Materials and Methods

Experiments on modeling myocardial infarction
were carried out on Wistar line male rats kept in the nurs-
ery of laboratory animals of the Federal State Budgetary
Institution National Medical Research Center of Cardiol-
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JKCIlepUMEHTAaJJAbHbIe UCCJENO0BaHUS

TBIU IIpoLiecC TpaHC(HOPMAIMH, BCTYILJIEHUS B 3I1U-
TeJIMa/IbHO-Me3eHXUMaJ IbHbIN ITepexol, CBSI3aHHbII
C ycuJeHueM NpoJsinepaTuBHON, MUTPALIMOHHOMH,
CEKpPEeTOPHOU aKTUBHOCTHU U crieludurarmeit/ mud-
(pepeHIIPOBKOI B HANIPaBJ/IEHNU SHA0TEeINATbHBIX,
IVIAJKOMBIIIICYHBIX KJIETOK U IepururoB [l11].
Hecmorps va BasxkHyt0 poais PDGEFBB B rucrorenese
KOPOHApHBIX COCYIO0B [12], ero 3HayeHune B IIOCTHA-
TQJIBHOM Cep/ille, peapaTUBHOUN BACKYJIAPU3ALUN
U perymsAnmy (PyHKIUHN KJIeTOK 3IIUKapAa OCTaeTcs1
HEeJ0CTaTOYHO N3y4YeHHBIM. B paMKax qaHHoM pado-
TbI MBI [IPEIIIOJIOKNAIN, YTO BHYTPUMUOKApIAAIb-
HOe BBeJleHle FreHeTHYeCKON KOHCTPYKINH, KOJIU-
pytomeii PDGFBB, mocsie uHdapkra MUoOKapnaa
MOSKET CII0COOCTBOBAThH AKTHUBAIIMH MTUKAPANATH-
HBIX KJIETOK ¥ BOCCTaHOBJIEHUIO COCYUICTOH CETH.

MarepuaJ 1 MeTObI

IKCIIEPUMEHTHI IO MO/IEJIMPOBAHUI0 UH(ApPKTa
MHOKapja IIPOBOAWJIA Ha KPbICAX-caMIax JuHAn Wis-
tar, coyiep>KaBIITUXCsI B MUTOMHUKE JTADOPATOPHBIX JKHU-
BOTHBIX ®PI'BY HayuHblii MEeIUIIMHCKUN HCCIIEN0Ba-
TeJbCKUH 1eHTp Kapauosoruu (HMUIL) Munsnpasa
Poccuu. 511 co3nanus MofieId akTUBAllUU SIIUKapa
ex vivo M BbIJleJIeHUsI KJIETOK HMCI0JIb30BAHbI MbIIIN
suaun C57B1/6. Bce He06XOMUMbIe MAHUITYJISIIAY BbI-
ToJTHAIU B cooTBeTcTBUU ¢ [lupektusoit EC 2010/63/EC
10 9KCIIEpUMEHTAaM Ha SKUBOTHBIX; OHU OBLITH 0JJ00OpPEHbI
atndeckuM komuTeroM PI'EY HMUII kapauosorun
(paspemenue Ne 385 ot 06. 2009).

Kaonuposanune Bexkropa pVAX1-PDGF-Bopt. Hyk-
JIeOTUIHAsA ITocjenoBaTe sbHOCTh reHa PDGF-B yesioBeka
OblIa ONITUMU3UPOBAHA C COXPaHEHEM HATUBHOUN aMU-
HOKFICJIOTHOH TOCJIeT0BaTeIbHOCTH Oesika. OnTuMm3a-
¥ MPOBOJMJIACH TI0 AJITOPUTMY KoMmmanuu Genescript.
OnrnmusupoBaHHbI PDGE-B 66171 CHHTE3WPOBaH C J10-
OaBJsieHHEM MOTU(UITMTPOBAHHOMN TTOC/IETOBATETLHOCTH
Kosak (GGCATTCCGGTACTGTTGGTAAAGCCACC) nemno-
cpeAcTBeHHO niepej cTapToBbIM ATG KOTOHOM U (hJTaHKH -
pOBaH I0CJ/IeJOBATEIbHOCTSIMU CAUTOB y3HABAHUS pe-
crpuktad EcoR1(5’-konen) m EcoRV(3’-konemn). [laiee
ONTUMU3UPOBAHHBIN TeH ObLT KJIOHHUPOBAH B BEKTOD
pUC57 (Genescript) 1o caiiTam y3HaBaHUsI PECTPUKTA3
EcoR1 u EcoRV. 13 nosay4yenHoii mmasmuael pUCS57-
PDGF-Bopt rer PDGF-B (767 11.0.) 66171 BEIpE3aH PECTPUK-
tasdamu EcoR1 n EcoRV u ksonuposan B BekTop pVAX1
(3000 1.0.) 11O caliTaM y3HaBaHUs ITUX 5K€ PECTPUKTA3.
BcTpauBaHme mocsenoBaTeIbHOCTH ONTUMU3UPOBAH-
Horo PDGF-B 1 ee nieHTUYHOCTS NOATBEPsKAAIN aHAJIH -
30M PECTPUKIINU U CeKBeHUpoBaHueM. [TonpobHoe onu-
caHue IVIa3MUIHOIO BEKTOPA U JAHHbIE 110 OLIeHKe ero
9 HEeKTUBHOCTH ONyOJIMKOBaHBI paHee [13].

MopespoaHue nHgapKTa MHOKap/a U BBefe-
HUE TeHeTHYeCKUX KOHCTPYKIUI B MHOKapH,. JKCITe-
pUMEeHTaIbHBIA NH(PAPKT MHUOKApP/1a BOCIIPOU3BOIUIIN
110 OIIMCAHHOU paHee MeToAuKe [14]. JKUBOTHBIX pase-
JIWJIW Ha 3 IPYIIIBL: 1-51 KOHTPOJIbHASA IPYIIIIA, B KOTOPOX
KpbICAaM MHTPAMHOKAPINAJIBHO BBOJWUIN (PU3UOJIOTH-
4eCKUH pacTBOP XJIOpUAA HATPUs; 2-1 KOHTPOJIbHASA
TpyMIa, B KOTOPOU KUBOTHBIM UHTPAMUOKAPIAAIBHO
BBOJIMJIU «IIyCTYIO» In1a3dmMuy pVAX1 («<Addgene», CIIIA)
(6e3 rena pakTopa pocrta B o3e 200 MKT); 3-51 ONIbITHAS

I'pyIliia, B KOTOpOfI SKUBOTHBIM BBOOWJIN TeHHBINA npe-

ogy (NMRCC) of the Russian Ministry of Health. Mice of
line C57Bl/6 were used to create an epicardial activation
model ex vivo and perform cell isolation. All the neces-
sary manipulations were performed in accordance with
the EU Directive 2010/63/EC on animal experimenta-
tion; they were approved by the Ethics Committee of the
NMRCC (Resolution No. 385 of 06. 2009).

Cloning of the vector pVAX1-PDGF-Bopt. The nu-
cleotide sequence of the human PDGF-B gene was opti-
mized while maintaining the native amino acid sequence
of the protein. Optimization was carried out according to
the algorithm of the Genescript company. Optimized
PDGF-B gene was synthesized with the addition of a
modified Kozak sequence (GGCATTCCGGTACTGTTG-
GTAAAGCCACQ) just before the ATG start codon and
flanked by the sequences of EcoR1 (5'end) and EcoRV
(3'end) restriction enzyme recognition sites. Next, the op-
timized gene was cloned into the pUC57 vector (Gene-
script) using the EcoR1 and EcoRV restriction enzyme
recognition sites. From the resulting plasmid pUC57-
PDGF-Bopt, Then, the PDGF-B gene (767 bp) was excised
from the resulting plasmid pUC57-PDGF-Bopt at the
EcoR1 and EcoRV sites and re-cloned into the pVAX1 vec-
tor (3000 bp) at the recognition sites of the same restric-
tion enzymes. Sequence insertion of the optimized
PDGFB and its identity was confirmed by resriction
analysis and sequencing. A detailed description of the
plasmid vector and data on the assessment of its effec-
tiveness have been published earlier [13].

Modeling of myocardial infarction and introduc-
tion of genetic constructs into myocardium. The exper-
imental myocardial infarction was reproduced using the
predefined technique [14]. Animals were divided into 3
groups: 1st control group, in which rats were injected in-
tramyocardially with saline; 2nd control group, in which
animals were injected with an «empty» plasmid pVAX1
(«Addgene», USA (without growth factor gene), 200 pg;
3rd study group, where animals were administered with
a gene preparation pVAX1-PDGF-Bopt based on a plas-
mid carrying PDGF-BB gene, at a similar dose of 200 pg.

Evaluation of cardiac vascularization after a my-
ocardial infarction. Frozen myocardial cryosections
were fixed with 3.7% paraformaldehyde (20 minutes at
37°C) and washed with a phosphate-buffered solution
(PBS). Myocardial cryosections were blocked with a so-
lution containing 1% BSA (bovine serum albumin), 10%
serum of donor second antibodies in PBS (30 min). The
cryosections were then stained with antibodies to Pecam
endothelial cell marker (CD31, «Becton Dickinson», USA)
and pericytes/smooth muscle cells NG2 («Becton Dick-
inson», USA) for 1 hour, then washed and stained with
antibodies conjugated with Alexa Fluor™ 488 and Alexa
Fluor™ 594 («Invitrogen», USA, 1:800, 1 h at 37°C). Quan-
titative analysis of vascular structures and pericytes was
performed using the Image J software («NIH», USA).

Creation of an epicardium activation model ex
vivo. The ex vivo model was used to confirm the possibil-
ity of PDGFBB-mediated activation of the epicardial cell
pool. The mice were anesthetized with avertin solution,
intubated and put on mechanical lung ventilation (Har-
vard Apparatus, UK). The mice were fixed in the supine
position and their chest tissues were separated layer by
layer to provide access to the heart at the 5"-6™ inter-
costal space. A 10 pul PKH26 fluorescent membrane dye
(«Sigma Aldrich», USA) was injected into the pericardial
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napar pVAX1-PDGF-Bopt Ha ocHOBe IJ1a3MHUbI, HECY-
mieit reH PDGF-BB (B mo3e 200 MKT).

OneHKa BaCKyJIsIpU3alluM cepiua IIocje HH-
(papkra. 3aMOpOKEHHBIE KPUOCPE3bl MUOKap/1a (DUKCH-
poBai 3,7% mapadopmasnbaeruaom (20 munyT npu 37° C)
U mpoMbIBa (ocdarHo-cosieBbIiM Oydepom. Cpesbl
MHOKap/a 6JIOKMPOBAIA PACTBOPOM, CoiepsKaBInM 1%
pactBop abbymuHa ObIKa, 10% CHIBOPOTKH JJOHOPA BTO-
phIX aHTHTEJ B (pocdarHo-cosieBoM Oydepe (30 MuH).
ITocsie aToro Kpuocpesbl OKPAIlIMBAIN AHTUTEJIAMU K
MapKepy KJIeTok aHaoTesus: Pecam (CD31, «Becton Dick-
inson», CIIIA) 1 mepuIUTOB/NIaAKOMBIIIIEYHBIX KJIETOK
NG2 («Becton Dickinson», CIIIA) B Teuenue 1 yaca, 3aTem
TIPOMBIBA/IN Y1 OKpAaIIBaJIN aHTUTE/IaMU, KOHBIOTUPO-
BaHHbIMH € Alexa Fluor™ 488 u Alexa Fluor™ 594 («Invit-
rogen», CIIIA, 1: 800, 1 4 ipu 37°C). KosinuecTBeHHbI! aHa-
JIN3 COCYIUCTBIX CTPYKTYP W IEPUIIMTOB IIPOBOAUJIN C
nomoipio nporpammel Image J («NIH», CIIA).

Co3maHue MOJie/IU aKTHBALMU dIIUKapAa ex vivo.
s nonrBepskaennsa Bo3aMoskHocT PDGF-onocpeno-
BAaHHOM aKTUBAIlUU 3NMKApAUAJBHOIO IIya KJIETOK
OBLIa MCIIOJIB30BAHA MOJIEJIb ex vivo. MbIIiei HApKOTH-
3UPOBAJIM PACTBOPOM aBePTUHA, UHTYOMPOBAJIU TPAXEIO
¥ TIOJKJTI0YAJIU K aIllapaTy MCKYCCTBEHHON BEHTUJIALINHI
Jserkux («Harvard Apparatus», Besimkobpuranust). MbITITb
(¢ukcupoBau Ha cliMHe, JeJlalu IIOCJI0MHOoe pasjeJie-
HYe TKaHel I'PYIHON KJIeTKY AJIs1 06ecriedeHnsI JOCTyIa
K cep/iy B 5-6-oM Meskpebepbe. B mos10cTh meprkapia
BBOIMIH 10 MKJI (pIyOpeCIieHTHOTO MEMOPAHHOTO Kpa-
curesist PKH26 («Sigma Aldrich», CITIA), BIaepskuBaiu 5
MUHYT, TI0CJIEe Yero MepuKapl BCKPbIBAIN U YAAJAIN
BBEJIEHHYIO SKUIKOCTh. Cep/iie IpoMbIBaId B pacTBOpe
Kpeb6ca-Xenceseiita («Sigma», CIIIA) u moMmemniaau B
KYJIBTYPaJIBHYIO YaIIIKYy, COIepsKaBIIyIo 6a30BYIO Cpey
(IMDM,; «Gibco», CIIIA) nym 6a30ByI0 cpefy ¢ go0aBJie-
aueM PDGFBB («R&D», CIIA; 50 Hr/mi). Uepes Tpoe
CYTOK Cepjilia U3BJIeKaJ/Il, 3aMOPasKUBaJIN U FOTOBUIN
KpUOCpPe3bl AJIA IOCIeAYI0IIero IuCTOI0TMIeCKOro Te-
CTUpPOBaHUA. JIJIsl NOATBEPsKAEHUs ClenuduIeckoro
BBeJleHns MeTkr PKH26 B KiIeTKM snnKap/ia NCI0JIb30-
BaJIM OKpAIIMBaHNE KPUOCPE30B IEPBUYHBIMU AHTHUTE-
Jamu K Mmapkepy Wtl («Abcam», CIIIA) u BTOpU4YHBIMU
AHTHUTEJIaMU, KOHBIOTUPOBaHHBIMU ¢ AlexaFluor488 («In-
vitrogen», CIIIA). Jlyia meTeKnmyu INIaJKOMBIIIEYHOTO
anb(pa-akTuHa B PKH26-1103UTUBHBIX KJeTKaX IIPOBO-
OAJIN OKpallInBaHVe aHTUTeJIaMU, KOHBIOTUPOBAHHBIM C
kpacurenem FITC («Sigma», CIIA). Busyanusanuio
PKH26-103UTHBHBIX KJIE€TOK 9IIMKAapAa, OLEHKY UX MUT-
panuu 1 MOp(OMETPHUIO TPOBOIUIIHN C TTOMOIIIBIO IPO-
rpammbl Image J («NIH», CIIIA).

BeigesieHne U KyJbTHBHPOBAHHE KJIETOK JIIH-
Kap/ia MBIIIIH AJ1 ucciaegoBanusa a¢gpexros PDGFBB.
J1A moJlydyeHHusi IIOCTHATAJIbHBIX KJIETOK JIMKapha
cep/Iia HOBOPOSKI€HHBIX MbIIIAT U3BJIEKAIN U3 TPY-
HOM ITOJIOCTH, IPOMBIBAJIHA B pacTBope Kpebca-Punrepa
C TENapUHOM, IIEPEHOCHJIN B 5 MJI pacTBOpa TPUIICUHA
(B pacuere Ha 6 cepelr) 1 MHKyOMpoBaau 3 pa3a 1o 5
munyT nipu 37°C B Tepmotelikepe Hybaid («Thermo Sci-
entific», CIIIA). ITocsie 3TOro U3BJIEKAIH CEP/IIA, K IMO-
JIy9eHHOH CyCIIeH3UH KJIETOK J0OaBJISIN 5 MJI CpeJbI
JJIs1 MHaKTUBaUuU (pepMeHTa U LeHTpUudyruposaiu
npu 300 g B Teyenne 10 MuHYT. OCcamoK pecycrieHIupo-
BaJ/IU B cpefie Ui KaeTok anukapaa (IMDM («Thermo
Fisher», CIITIA) ¢ mob6aBsenueM 1% ChIBOPOTKHU TLIOAA
KOpOBBI 1 uHTHOUTOpa SB431542 10 mkM («TRC», CIIIA)

cavity and left there for 5 minutes, after which the peri-
cardium was opened and the injected fluid was removed.
The heart was washed in Krebs-Henseleit solution
(«Sigma», USA) and placed in a culture dish containing
basal medium (IMDM; «Gibco», USA) or basal medium
with addition of PDGFbb («R&D», USA; 50 ng/ml). After
three days, the heart was removed, frozen and prepared
for histological testing. To confirm the specific introduc-
tion of PKH26 label into epicardial cells, the cryosections
were stained with primary antibodies to Wtl marker
(«Abcam», USA) and secondary antibodies conjugated
with AlexaFluor488 («Invitrogen», USA). For the detection
of smooth-muscular alpha-actin, the PKH26-positive
cells were stained with antibodies conjugated with FITC
dye («Sigma», USA). Visualization of PKH26-positive epi-
cardial cells, evaluation of their migration and mor-
phometry were performed using the Image J software
(«NIH», USA).

Isolation and culturing of murine epicardial cells
for studying the effects of PDGFBB. To obtain postnatal
epicardial cells, the hearts of newborn mice were ex-
tracted from the thoracic cavity, washed in Krebs-Ringer
solution with heparin, transferred in 5 ml of trypsin so-
lution (for 6 hearts) and incubated 3 times for 5 minutes
at 370C in Hybaid thermoshaker («Thermo Scientific»,
USA). After that, the hearts were extracted, 5 ml of en-
zyme inactivation medium was added to the obtained
cell suspension which was centrifuged at 300 g for 10
minutes. The sediment was resuspended in an epicardial
cell environment (IMDM («Thermo Fisher», USA) + 1%
fetal calf serum («<ATCC», USA) + SB431542 inhibitor 10
mkM («TRC», USA) and transferred to gelatin-coated
dishes. The medium was replaced every 2 days. Epicar-
dial cell clones obtained with cloning cylinders («Sigma»,
USA) with confirmed immunophenotype and morphol-
ogy were used for the experiments. Recombinant
PDGFBB («R&D», USA; 50 ng/ml, incubation for 5 days
with daily medium replacement) was used to stimulate
epicardial cells.

Characterization of epicardial cell immunophe-
notype in vivo. The immunophenotype of explant cul-
ture cells was analyzed using immunocytochemistry. The
cells were stained with antibodies to markers Wtl
(«Abcam», USA), Kalponin («Abcam», USA) for 1 hour,
then washed and stained with antibodies conjugated
with AlexaFluor488 («Invitrogen», USA). For the detection
of smooth-muscular alpha-actin, additional staining
with antibodies conjugated with FITC dye («Sigma», USA)
was performed. For the imaging of actin cytoskeleton, the
staining with falloidin conjugated with the Alexa Fluor™
594 dye («Thermo Fisher Scientific Inc», USA) was per-
formed. Cell nuclei were stained with DAPI (4’,6-Diami-
dine-2’-phenylindole dihydrochloride) (Sigma, USA).

Microscopy and image analysis. Cell and myocar-
dial cryosections were analyzed using a Zeiss Axiovert
200M fluorescent microscope (Carl Zeiss, Germany) and
Axiovision 3.1 software (Carl Zeiss, Germany).

Results and Discussion

Examination of rat myocardial samples on the
14™ day after modeling the coronary occlusion
showed that in the area adjacent to that of necrosis,
asignificant number of newly generated capillaries
with random location were visualized. Morphome-
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¥ IIEPEHOCUJIA B YAIIKH, IOKPBITHIE YKEJTATUHOM. 3a-
MeHY CpeJlbl IPOBOIUIIM Yepes Kaskable 2 nHA. J171a npo-
BeJJeHUsI 9KCIIEPUMEHTOB UCII0JIb30BAJIN KJIOHBI KJle-
TOK 3MHUKApPHA, MOJy4YeHHbIE C TTOMOIUIHIO ITUTUHIPOB
11 KIoOHUpoBaHUA («Sigmav, CIIA), nmeBIIne mop-
TBEPsKAEHHbIH UMMYHOMEeHOTUII 1 MopdoJoruto. s
CTUMYJISIIUY KJIETOK dIIMKapAa UCII0Ib30BajId PEKOM-
6unanTHbl PDGFBB («R&D», CIIIA; 50 Hr /M1, HHKYOa-
s 5 CyTOK C e5KeTHEBHOI 3aMEHOU CPeJIbI).
XapakTepucTHKa HMMYHO()E€HOTHUIIA dITUKap/IH-
AJBHBIX KJIETOK in vivo. AHamM3 UMMYHOQ eHOoTHIIa KJle-
TOK 9KCIIAHTHOU KYJIBTYPhI IIPOBOUJIU C IOMOIIIBIO UM-
MYHOLIMTOXUMUM. KJIeTKM OKpalmBaIu aHTUTEIAMU K
mapkepaMm Wtl («Abcamy, CIIIA), kannonuH («Abcamy,
CIIIA), B TeueHnue 1 4aca, 3aTeM IPOMBIBAJIA ¥ OKPAIIIX-
BaJIM aHTUTeJIaMU, KOHbIOTUpOBaHHbBIMU C AlexaFluor488
(«Invitrogen», CIIIA). [ly1 TeTeKIu [1aJKOMBIIIIEYHOTO
asb(a-akTUHA IPOBOLUIIM OIIOJHUTEIbHOE OKPAIIIK-
BaHHeE aHTUTEJIAMH, KOH'BIOTHPOBAHHBIM C KPaCHUTEJIEM
FITC («Sigma», CIIIA). Jl;11 BU3ya/m3anuy akTUHOBOTO
LIUTOCKeJIeTa IPOBOIUIIN OKpallluBaHue (halyIOUJUHOM,
KOH'BIOTMPOBAHHBIM C KpacureseM Alexa Fluor™ 594
(«Thermo Fisher Scientific Inc», CIIIA). Aapa KiaeTok
okpamuBasu ¢ momorieio DAPI (4,6-Diamidine-2’-
phenylindole dihydrochloride) («Sigma», CIIIA).
MHUKPOCKONIHA M AaHAJIN3 N300paskeHNH. AHATN3
KJIETOK ¥ KpHOCPEe30B MUOKapAa IIPOBOIUIIM C UCIIOJIb-
30BaHueM (hJIyOpPECHEHTHOT0 MUKPOCKOIa Zeiss Ax-
iovert 200M («Carl Zeiss», [epmanus) u mporpaMMHOT0O
obecneuenus Axiovision 3.1 («Carl Zeiss», [epmanmus).

Pe3ynbTaThl M 00CY:K/IEHHE

HccnemoBaHue 06pasiioB MUOKap 1a KPLICHI HA
14-i1 neHb Mocje MOAEJUPOBAHUS KOPOHAPHOM
OKKJIFO3UU TOKA3aJ10, YTO B 30HE, IOTPAHUYHOH C
00J1acThI0 HEKPO3a, BU3YaIM3UPOBAIOCH 3HAYH-
TeJIbHOE KOJIMYECTBO CDOPMHUPOBAHHBIX KATTUJLJISI-
POB, UMEBIIINX XaOTUYHOE pacnoJioskeHue. [Tpose-
JIeHHble MoOpdOoMeTpUYecKre TOJICUEeThl  He
BBISIBUJIU JJOCTOBEPHBIX PA3JIMYUI B YKCJIE KAITUJI-
JISIPOB (CTPYKTYp 6€3 mpoCcBeTa, OKPAITUBABIITNXCS
Ha CD31) B KOHTPOJIBHBIX I'PyIIIIax ¥ B IPyIIIIe C BBE-
JleHreM I'eHHOro Iipenapara (puc. 1). Ilpu atom
KOJIMYECTBO COCYLI0B C BUAMMBIM IIPOCBETOM, UMEB-
mux caoi NG2-I03UTUBHBIX KJIETOK, OBLIO B 2,7 U
1,9 pa3 60Jb11I€ TTOC/IE TEHHOU Tepartiy, YeM B KOHT-
POJIBHBIX IpyIIax (BBeJeHue (PU3n0JOTUIECKOTO
pacTBOpa U «IIyCTOr0o» BEKTOPa, COOTBETCTBEHHO),
YTO CBUIETEJIbCTBOBAJIO O CTUMYJIALIMY apTepuore-
He3a, HO He aHThoTeHe3a Ipu skcripeccur PDGFBB.

ComtacHo pgaHHbIM Juteparypsl, PDGFBB
MO’KeT peryaupoBaTh MUTPALMIO IJIaJKOMBIIIIeY-
HBIX KJIETOK/TIEPUITUTOB U UX YYacTHe B CTaOUIH-
3aruy HOBOOOPA30BaHHBIX COCYIOB [15]. AHA/M3
kondecTBa NG2-TTO3UTHUBHBIX KJIETOK (TTepUIH-
TOB) B MUOKap/ie, He BXOJUBIIIMX B COCTaB COCYJ OB
(puc. 1), mokasaJi, 4To B 1-ii KOHTPOJBHOU rpyIire
(pusmosormyeckuii pactBop) cpennee uncsio NG2-
IMIO3UTHUBHBIX KJETOK COCTAaBUJIO 11,2+3,5 KJIETOK B
T10Jie 3peHus, BO 2-1i KOHTPOJIbHOU rpyIiIe (IyCTon
BEKTOp) — 9,7+2,0, a B IpyIIIe C BBeJEHUEM I11a3-

MUTHOTO TIpernapara — 19,5+6,3 KJIETOK, 4YTO ObLIO

tric calculations did not reveal any significant dif-
ferences in the number of capillaries (structures
without lumen stained on CD31) in control groups
and in the study group who had gene injection (fig. 1).
At the same time, the number of vessels with visible
lumen, which had a layer of NG2-positive cells, was
2.7 and 1.9 times greater after the gene therapy than
in the control groups (injection of normal saline so-
lution and «empty» vector, respectively), which in-
dicated the stimulation of arteriogenesis but not
angiogenesis in PDGFBB expression.

According to the literature, PDGFBB can reg-
ulate the migration of smooth muscle cells/peri-
cytes and their participation in the stabilization of
new blood vessels [15]. Analysis of the number of
extravascular NG2-positive cells (pericytes) in my-
ocardium (fig. 2). 1), showed that in the 1st control
group (normal saline) the average number of NG2-
positive cells was 11.2+3.5 per vision field, in the 2nd
control group («empty» vector) it was 9.7+2.0, while
in the study group with plasmid injection it reached
19.5+6.3 cells, which was significantly greater than
in the comparison groups. About one third of all
NG2-positive cells (in all groups) were localized in
the epicardium/subepicardium region, which sug-
gested their possible formation by epithelial-mes-
enchymal transformation of epicardial mesothelial
cells. During embryogenesis and after acute is-
chemic injury, the entry of proepicardial/subepi-
cardial cells into epithelial-mesenchymal transition
is the key mechanism of mesenchymal cell genera-
tion for coronary vessels and myocardial connec-
tive tissue framework formation [15].

To confirm the potential of PDGFBB to medi-
ate the activation of an epicardial cell pool causing
the formation of smooth muscle cells/pericytes, ex-
periments were carried out using the heart model
ex vivo. Hearts of mice with a fluorescently labeled
epicardium were cultured in vitro in a medium with
or without PDGFBB and cryosections were pre-
pared after three days for histological studies. After
the injection of fluorescent dye, we confirmed that
the label (PKH26) specifically stains the surface
layer of the cells of the left ventricular wall and
colocalizes with the marker Wt1, which indicates its
specific inclusion in the mesothelial cells and the
possibility of using the model to trace the fate of
epicardial cells.

Culturing ex vivo hearts in an environment
with added PDGFBB has been found to cause di-
rected migration of PKH26-positive epicardial cells
into the underlying layers of the cardiac wall in
comparison with samples of control hearts. The mi-
gration of PKH26-positive cells was practically not
observed in the control group. Immunofluorescent
staining of myocardial sections showed that part of
PKH26-positive epicardial cells was positively
stained with antibodies to smooth-muscular alpha-
actin (SMA), which indicates differentiation into
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Capillaries

NG2-positive
arterioles

d e f
I:l Normal saline - «Empty» plasmid % PDGFBB plasmid

Puc. 1. OneHKa BaCKyJIsApU3anuy nepuuH(papKTHOMH 00J1acTH cepAla dyepe3 14 cyTok noce nHgpapKTa MHOKapaa.

Fig. 1. Assessment of the periinfarction area: vascularisation in 14 days after myocardial infarction.

Note. a-c — representative images of myocardial sections that following administration of normal saline (a), «empty» plasmid (b)
or PDGFBB plasmid (c) were stained with antibodies to endothelial marker CD31 (red) and smooth muscular cells NG2 (green). Cell
nuclei are counterstained with DAPI. d-f— diagrams of quantitative evaluation of the number of capillaries (d), NG2-positive ar-
terioles (e) and individual pericytes (f) in control groups and after administration of PDGFBB plasmid. * — P<0.05.

IIpumeuanue. Normal saline — ¢us. pactBop; «empty» plasmid — «rycTas» naasMuaa. a—¢ — perpe3eHTaTUBHbIe H300payKeHUs
OKpAIIIMBAHMS CPE30B MUOKAp/A (BBeJeHHe (hU3NOJI0IHUYECKOTI0 pACTBOpa — a), «ITyCTOM» I1admubl (b) u PDGFBB mutaamupi (c)
aHTUTeaMU K Mapkepy suoreus CD31 (Kpachbiil) v r1alkoMbIIIeuHbIX KeTok NG2 (3enenbiil). SIapa kiaeTok qokpaiiensl DAPI.
d—f— rpad UKy KOJIMYeCTBEHHOH OLIEHKHU Ync/Ia KanuaAapoB (d), NG2-03UTHUBHBIX apTepuo.I (€) U OTAe/IbHBIX IepULIUTOB (f) B

KOHTPOJIBHBIX I'PYIIaX U nocsie BBefeHuss PDGFBB nmitasamupbr. *

JIOCTOBEPHO OOJIBITIE, YeM B TPYIITIaX CPaBHEHMUS.
OkoJs10 Tpetu Bcex NG2-TTIO3UTUBHBIX KJIETOK (BO
BCeX I'pyIax) JOKaIN30BaAJIOCh B 00J1aCTH STTUKAP-
na/cybamukapaa, 9To TO3BOJIUIIO TIPEIITOJIOMKUTD
BO3MOYKHOCTh WX 00pa30BaHUsI MyTEM STTUTEH-
IbHO-Me3eHXMMaJIbHOU TpaHC(opMaIum KJIETOK
SMUKAPANAIFHOTO Me30Teusl. B mepuop aMOpuo-
reHe3a U IocJje OCTPOro MUIIEMHAYECKOTO TTOBPEsK-
JIeHUs1 BCTYIIJIeHNe KJIETOK ITPO3NUKap;ia/anuKap-
Jla B 9NUTEJIMAIbHO-Me3eHXUMAaJIbHbINA Mepexo]l
SABJISETCS KJII0YEBBIM MeXaHu3MOM (OpMUPOBaA-
HUSI ME3EeHXMMHBIX KJIETOK-IPeIIeCTBEHHUKOB
JIUIS1 TIOCTPOEHUSI KOPOHAPHBIX COCYII0B U COETMHU-
TeJIbHO-TKaHHOI'0 Kapkaca cepana [15].

[ nonTBepskaeHnsa Bo3MoskHOCTH PDGFBB
K OIIOCPEI0OBAHHOM aKTUBAIIUM SITMKAPIUATBHOTO
yJia KJIETOK, BBISBIBAIOIENl 0Opa3oBaHue IIa-
KOMBIIIIEYHBIX KJIETOK/TIEPUITUTOB, OBLITN ITPOBE-
JleHbI 9KCIIEPUMEHTHI C UCITOIb30BaHUEM MOJIE/U
cepana ex vivo. Cepiia MblIliieH ¢ (pJiyopeciieHTHO
MEYEHHBIM 3IIUKAaPAO0M KYJIBETUBAPOBAJIN N Vilro
B cpefie ¢ nob6aBiaenrieM PDGFBB miu 6e3 Hero u
yepe3 Tpoe CYTOK MOJATOTaBJIUBAIN KPUOCPE3bI
JIJISI TUCTOJIOTMYECKUX HcciemoBaHuii. [lociie BBe-
neHusi (payopeciieHTHOTO KpacuTessi Mbl IOJI-
TBepamH, uTo MeTka (PKH26) ciertudrano okpa-
IIMBaeT MOBEPXHOCTHBIA CJIOM KJIETOK CTEHKU
JIEBOTO KeJTyJIoUKa U KOJIOKAJIU3yeTCsI C MapKe-

— p<0,05.

smooth muscle cells. The total number of
PKH+SMA-positive epicardial cells was 2.3 times
greater after PDGFBB-stimulation than in control
hearts, which may be suggestive of epicardial cell
pool activation (fig. 2, a, b).

In order to study the possibility of epithelial-
mesenchymal transition (EMT) stimulation in the
epicardial cells under the action of PDGFBB, we
conducted experiments in vitro. It was shown that
when epicardial cells are cultured in a standard
medium, they have «cobblestone» morphology, ex-
press Wtl markers, demonstrate a low-organized
cytoskeleton with a predominant distribution of
actin filaments over the periphery of the cell. The
addition of recombinant PDGFBB in the culture
medium caused significant changes in cell culture
(fig. 2, ¢, d). After PDGF stimulation, structured fil-
aments of smooth-muscular alpha-actin and
calponin were formed in epicardial cells, which
were not visualized during culturing in a control
medium. The obtained data suggest EMT activation
producing pro-migratory phenotype and causing
differentiation into pericytes/smooth muscle cells
after PDGFBB stimulation.

The increasing incidence of ischemic diseases
and limited availability of targeted treatments en-
courage growing interest in studying the mecha-

nisms of vascularization and finding new ap-
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Puc. 2. Ouenka qugdepeHIMpoBOYHOM CIIOCOOHOCTH KJIETOK IMUKAP/A B INIaAKOMBIIIEYHOM HANIPAaBJIEHUH I10CJIE CTUMY-
Jsauuua PDGFbb in vitro u ex vivo.

Fig. 2. Evaluation of epicardial cell ability of differentiation into smooth muscle after PDGFbb in vitro and ex vivo stimulation.
Note. a, b — representative images of myocardial sections staining with antibodies to smooth muscular alpha-actin (green) after
culturing in control medium (a) and medium containing PDGFBB (epicardial activation model ex vivo, b). The epicardium is labeled
with the fluorescent dye PKH26 (red). Cell nuclei are counterstained with DAPI. ¢, d — representative images of epicardial cell stain-
ing with antibodies to calponin (c, green) and smooth muscle alpha-actin (d, green) after culturing in the medium containing
PDGFBB. Fibrillar actin is stained red. Cell nuclei are counterstained with DAPI.

IIpumeuanue. a, b — penpe3eHTaTUBHbIe H300pa’KeHUsI OKPAIINBAHUA CPE30B CepAlla aHTUTeJIaMH K [VIAJKOMBIIIEYHOMY
asb(da-aKTUHY (3e/eHblll) IoC/Ie KyJIBTUBUPOBAHUS B KOHTPOJIBHOM cpejie (a) u cpene, coaep:kaiieit PDGFBB (Monesb akTuBa-
LMY NIUKapAa ex vivo, b). dnukapa nomevex guryopecreHTHbIM KpacuresaeM PKH26 (kpachouil). Sinpa kiretok qokpariesns: DAPI.
¢, d — penpeseHTaTUBHbIE N300pasKeHNsI OKPAIIMBAHUA KJIETOK dIIUKap/1a aHTUTEIaMHU K KaJIIIOHUHY (¢, 3eeHblll) U IJIaJKO-
MBIIIIEYHOMY asib(a-akTuHy (d, 3eseHblil) ocie KYJIBTUBUPOBAHUs B cpefie, conepskanieit PDGFBB. ®uOpuaasspHbIi aKTUH

OKpallleH KpacHBIM. fInpa kj1eTok nokpaiieHbl DAPL.

poM Wtl, 4To yKasbIBaeT Ha ee crenuduieckoe
BKJIIOUEHUE B KJICTKU ME30TeJIUI U BO3MOKHOCTD
HCIOJIb30BAHUA MOJEIH JJI IPOCJIEKUBAHUSA
CyAbOBI aNIMKapANAIbHBIX KJIETOK.

BB1710 BBIABJIEHO, YTO KYJIETUBUPOBAHUE CEP-
Ier ex vivo B cpeme ¢ mobaBiaenuem PDGFBB
BBI3bIBAeT HalpasjeHHYI0 murpauuo PKH26-
MIO3UTUBHBIX KJIETOK 3MMKApAa B MOJJIesKallue
CJIOU CepIeuHOl CTEHKU B CPaBHEHUHU ¢ 00pasIa-
MU KOHTPOJIBHBIX cep/iell. B KOHTpoJIbHO Ipytine
murpanusa PKH26-1103UTUBHBIX KJIETOK PAKTU-
4yeCKH He HabJioanack. VIMMyHodIyopeciieHT-
HOE OKpAalllMBaHNe CPe30B cepjila I0Ka3aso, 4To
yacTb PKH26-O3UTHBHBIX KJIETOK 3IHUKapAa
MOJIOKUTEJIBHO OKpAallIMBAJIaCh aHTUTEJAMU K
IQAKOMBIIIIEYHOMY anbda-akTuHy (SMA), 4dto
yKa3blBaeT Ha NpU3HaAKU AuddepeHnpoBKu
KJIETOK B NIAJKOMBIIIEYHOM HalpPaBJIEHUU.
O61ee uncao PKH+SMA-IO3UTUBHBIX KJIETOK
anuKkap/a 0bu10 B 2,3 pasa 6osbiie mocae PDGE-
CTUMYJIAALIAY, Y€M B KOHTPOJIBHBIX CEPALAX, YTO
MOSKET YKa3bIBaTh HA IPU3HAKU aKTUBALUU 3I1U-
KapAnaJILHOTO ITyJ1a KJIETOK (puc. 2, a, b).

proaches aimed at its stimulation. One such ap-
proach may be gene therapy using plasmids (mo-
bile genetic elements shaped like a DNA circular
molecule) encoding basic proangiogenic factors.
Plasmids are safe from the point of view of muta-
genesis and integration into the genome, and after
injection into myocardium they are able to trans-
fect mammalian cells, providing transient (up to 14
days) expression of a transgen, generating the gra-
dient of vascular factors necessary for stimulation
of vascular assembly.

This study demonstrated that intramyocardial
injection of a genetic construct encoding PDGFBB
after a myocardial infarction can stimulate vascular
network repair by increasing the formation of NG2-
positive arterioles and venules. These effects may be
based on several mechanisms. The first is related to
the well-known ability of PDGFBB to upregulate ex-
pression of VEGF (VEGF189, VEGF183, VEGF164),
the key factor responsible for activation and specific
differentiation of endothelial cells [6, 7]. In addition,
PDGFBB stimulates the growth and differentiation
of precursor endothelial cells, their subsequent mi-
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[ mccnenoBanysa BO3SMOYKHOCTYA CTUMYJIA-
nuu IMII B kjeTKax anuKapja non nelcTBUeM
PDGFBB 0bLI TIPOBEIEHBI 3KCIEPUMEHTHI in
Vitro. BbL10 ITOKa3aHo, 4TO IIPU KYJIETUBUPOBAHUN
KJIETOK 3IMKapjAa B CTAaHIAPTHOU cpele OHU
ob6agaroT «cobblestone» Mmopdosiorueii, skcmpec-
cupylor Mapkepbl Wtl, IMeIOT HU3KOOPTaHU30-
BAHHBIA IUTOCKEJIET C IPEeUMYIeCTBeHHBIM pac-
npejejeHreM aKTHUHOBBIX (PUJIAMEHTOB 10
niepudepun KiaeTKU. JlobaBjeHre B Cpeny KYJIBTH-
BUpoBaHUs pekoMbmHauTHOrO PDGFBB BHI3BIBA-
JIO CyllleCTBEHHbIe U3MeHeHUs KJIeTOYHOU KY/Ib-
TypHI (puUc. 2, ¢, d). Ilocae ctumynsinuu PDGFBB B
KJIETKAX 9IMKapJa GOPMUPOBAJINCH CTPYKTYpU-
poBaHHBle (PUIAMEHTBHI IVIAJKOMBIIIEYHOIO
anb@a-akTUHA U KaJIIOHUHA (puc. 2, ¢, d), KOTo-
pble He BU3yaJU3UPOBAJIUCH IIPU KYJIETUBUPOBA-
HUU B KOHTPOJIbHOH cpefe. [losydyeHHbIe TaHHbIE
YKa3bIBAIOT Ha IIpu3HaKu aktusauuu IMII, npnu-
BOJsAIIME K POPMUPOBAHUIO IPOMUTPALIMOHHOIO
¢deHoTHUna U TIPU3HAKOB UG HepeHIIuPOBKU B
HalpaBJICHUW II€PULUATOB/IJIaAKOMBIIIEYHBIX
KJjeTok nnocsie PDGF crumynianuu.

JuHaMuKka pocTta 3aboJieBaHUN HIIEMHUYe-
CKOI IIPUPO/IbI U OTPAaHUYEHHOCTD TepaleBTuye-
CKUX CPEeJICTB TaPreTHOTO BO3EeUCTBUSA CTUMYJIU-
pyeT pOCT MHTepeca K U3YYCHUIO MEXaHUu3MOB
BACKy/IsApU3allud W IIOMCKY HOBBIX IIOOXOIOB,
HallpaBJIEeHHBIX Ha ee cTuMyaAnui. OgHuM us
TaKWX ITO/IXO/I0B MOKET OBITh TeHHAasl Teparus C
HCIOJ/IF30BaHNEM TTa3MU/T (MOOMJIBHBIX TEHETH -
YeCKHUX 3JIEMEHTOB B BUJe KOJbI[EBOU MOJIEKYJIbI
JHRK), Kogupyomuyx OCHOBHBIE IPOAHTMOT€HHBIE
(paxTopsl. [Tma3mMuabr 0€30T1aCHBI C TO3UITAN MYTa-
reHe3a U MHTerpalyuy B T€HOM, a II0CJIe BBEICHU
B MHOKap/ CIIOCOOHBI TPAHC(PUITUPOBATH KIETKU
MJIEKOTIUTAIONINX, O0ecrieunBasi TPAaH3UTOPHYIO
(70 14 mHel) 9KCIIpecCcHuIo TPaHCTeHa, (opMUpOBa-
HHe TIpajueHTa COCYJUCTBIX (PAaKTOPOB, YTO
HEOOXOIMMO JIJTsI CTUMYJISIIIIN COOPKY COCYIOB.

B pamMkax maHHOrO HCCJ/IefOBaHUA NpoJe-
MOHCTPHPOBAJIH, YTO BHYTPUMUOKApAUAJIbHOE
BBeJleHUe TeHEeTUYeCKON KOHCTPYKUIUU, KOIHU-
pytomeit PDGFBB, nocie nadapkra Muokapaa
MOSKeT CTUMYJIMPOBATh BOCCTAHOBJICHUE COCYIV-
CTOU CeTH 3a CYeT yBeJWYeHHWs 00pa3oBaHUSA
NG2-11o3uTUBHBIX apTepUOJI U BeHYJI. B ocHOBe
9TUX MPOSBJEHUN MOYKET Jie)KaThb HECKOJIBKO
MexaHu3MoB. [lepBbIii U3 HUX CBSI3aH C U3BECT-
HOHNl cmoco6HOocThI0 PDGFBB wmHaymupoBars
nosblIeHHy10 akcunpeccuro VEGFE (VEGF189,
VEGF183, VEGF164) — wJioueBoro ¢akTopa,
OTBEYAlOIIero 3a aKTUBALMIO U cienu(PUKAIUIO
9HJIOTeJUAJILHBIX KJEeTOK [6, 7]. Kpome ToOTO,
PDGF ctumynupyeT pocT u auddepeHIupoBKy
3HIOTEJINAJIbHBIX KJIETOK-IIPEAIIeCTBEHHUL], UX
IIOCJIEAYIOIIYI0O MUI'PALYIO U aAre3UI0, YTO AeJiaeT
€ro OJHUM M3 KJII0YEBbIX NTPOKOB B «OPKECTpe»
AHTUOTEHHBIX POCTOBBIX (DAKTOPOB, NeHCTBUSA

gration and adhesion, which makes it one of the
major players in the «orchestra» of angiogenic
growth factors whose actions are aimed at enhanc-
ing the microcirculatory network [16, 17]. Another,
no less important mechanism of proangiogenic ac-
tion of PDGFBB is the regulation of functions of
smooth muscle cells and pericytes [5, 18]. Animals
knocked out on PDGFBB or PDGFR genes have de-
fects in vascular maturation due to impaired peri-
cyte integration into the vascular wall [19], which
leads to an increase in vascular permeability,
swelling, and fatal bleeding in late embryogene-
sis [20, 21]. The introduction of neutralizing anti-
bodies to PDGFR disrupts the migration of pericytes
and their embedding in the vascular wall leading to
angiogenesis disorders [22]. However, the effect of
PDGF on myocardium is not limited to vascular ef-
fects only. We first discovered that PDGFBB might
stimulate the epicardial pool of cardiomyocytes.
During embryogenesis, the epicardium is a source
of paracrine signals and a producer of smooth mus-
cle cells, pericytes, conduction system cells, and, ac-
cording to some reports, coronary endothelium and
cardiomyocytes [10]. In the postnatal heart, epicar-
dial activity is significantly reduced, but it retains
the ability to reactivate and participate in post in-
farction reparative regeneration.

With epicardial activation ex vivo, PDGFBB has
been shown to stimulate the formation of epicardial
precursor cells, some of which express markers of
smooth muscle cells/pericytes. This process is prob-
ably based on cell entry into epithelial-mesenchy-
mal transition (EMT), which promotes the acquisi-
tion of a migratory phenotype and the ability for
directed differentiation. These data are based on the
results of experiments with epicardial cells in vitro,
indicating the possibility of their entry into EMT
after PDGFBB-mediated stimulation. In addition to
the ability to differentiate in vascular direction, epi-
cardial cells are able to provide angioprotective ac-
tion due to production of cocktails of secreted mi-
togens (FGF-1, -2, -4, -6, -9 and -16, IGF-1, -2) [10,
23-25], as well as modulation of inflammatory re-
sponse during the repair period [26, 27].

Conclusion

Thus, intramyocardial injection of the genetic
construct encoding PDGFBB after myocardial may
have multifaceted effects on the processes of vas-
cular network restoration. Injection of a genetically
engineered preparation resulted in an increase in
the number of new vessels and accumulation of
vascular cells (smooth muscle cells/pericytes),
which is probably due to direct mitogenic action or
mediated secretion of VEGE as well as stimulating
effect on the epicardial cell pool. This suggests the
prospect of using PDGFBB as a new tool to stimu-
late epicardium and post infarction vascularization

and heart repair processes.
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KOTOPBIX HAllpaBJIEHbI HA yBEJIMYCHUE CETU COCY-
OB MUKpoUupkryaanuu [16, 17]. dpyrum, He
MeHee Ba)KHbIM, MEXaHU3MOM TTPOAHTUOTEHHOTO
Boaaelictuss PDGFBB saBsdercsa perynanusd
(pYHKITH T71aIKOMBIIIIEYHBIX KJIETOK U ITepPUIIH-
TOB [5, 18]. ¥V KMBOTHBIX, HOKAYyTUPOBAHHBIX 110
redam PDGF-BB wmum PDGFR, mabmamopaiorcs
Ie(eKThl CO3peBaHMsI COCY0B BCJIEACTBUE HAPY-
LIEHVSA WHTerpalyuy [NepUulUuTOB B COCYIUCTYIO
CTeHKY [19], YTO BelleT K YBEJIUUYEHUIO COCYANCTON
IIPOHUIIAEMOCTH, OTEKOB U JIETAJbHBIX KPOBO-
TedeHUH B mo3qHeM aMbpuorenese [20, 21]. Bse-
JIeHue HeliTpanuaylomux antutes kK PDGFR Hapy-
[IaeT MUTPAIUIO TIEPUIIATOB U UX BCTPAWBAHUE B
COCYIMCTYIO CTEHKY, UYTO IPUBOIUT K HAPYILIEHUIO
anruoreHesa [22]. Ognako, geiicteue PDGFBB na
MHOKapJ He OrPaHUYMBAETCA UCKJIIOYUATEIBHO
cocynucTteIMu 3(ppexramu. MbI BriepBble 00HapY-
sk, 9To PDGFBB MoskeT okas3bIBaTh CTUMYJIN-
pyloliiee BJIUsIHNUE Ha STTUKapIUaIbHbIN yJI KJle-
TOK cepjiiia. B mepuonm ambproreHesa smukap
CJIY>KUT UCTOYHMKOM ITapaKPUHHBIX CUTHAJIOB U
IIPOIYIIEHTOM IVIaJKOMBIIIIEYHBIX KJIETOK, IIE€PU-
[IUTOB, KJIETOK IIPOBOISIIIIEN CHCTEMBI, a IT0 HEKO-
TOPBIM TaHHBIM KOPOHAPHOTO 9HIOTEJINA U Kap-
muomMuonuToB [10]. B mocTHaraabHOM cepAare
AKTUBHOCTB 9IIMKapJa CylleCTBEHHO CHUKAETCH,
OJIHAKO OH COXpaHsIeT CIIOCOOHOCTDh K PEAKTUBA-
MU ¥ yY9aCTUIO B pelapaTUBHON pereHeparuu
rocJsie nH(papKTa.

[Ipn akTMBaIMK dNMKApPAA ex Vivo IIOKa3asu,
uyto PDGFBB cTtumMynupyeT oOpa3oBaHue amnuKap-
JIVAJIbHBIX KJIETOK-IIPENIIIeCTBeHHUI], YaCTh W3
KOTOPBIX 3KCIPECCUPYIOT MapKephl IVIaTKOMBI-
[IEYHBIX KJIETOK/TIEpULIUTOB. BepoATHO, B OCHOBE
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TAKOI'0 IIPOLEeCCa JIESKUT BCTYILJICHHE KJIETOK B
IUTEJNATbHO-Me3eHXUMaJJIbHbBIN nepexoji
(OMII), uTo croco6CTByeT MPUOOPETEHUIO TIPO-
MUTPAITMOHHOTO (PeHOoTuIa M CIIOCOOHOCTH K
HarpaBJeHHOU MuddepeHnpoBKe. ITU TaHHBIE
OCHOBBIBAIOTCS Ha pe3yJbrarax IpOBeJeHHBIX 9KC-
IIEpUMEHTOB C KJIeTKaMU dIIUKapaa in vitro, yka-
3bIBAIOIIMX Ha BO3MOYKHOCTb MX BCTYILJICHUA B
IMII nocsie PDGFBB-omnocpenoBaHHOM CTUMYJISI-
muu. B qonosHenre kK Bo3MoskHOCTU TuddepeH-
VPOBKUA B COCYAWCTOM HalpPaBJICHUU KJETKU
aMMKapaa CIIOCOOHBI OKa3bIBaTh AHTHOIPOTEK-
TUBHOE JefiCTBHE 3a CUeT MPOAYKIIUU KOKTEUIsA
cekperrpyeMbIx MmutoreHos (FGF-1, -2, -4, -6, -9 u -16,
IGF-1, -2) [10, 23-25], a TakKe MOZY/IALMA BOCHa-
JINTEJIbHOI'0 OTBeTAa B IIepUO[ pernapanuu [26, 27].

3akJrouenue

TakuM 00pasoM, BHYTPUMHUOKAPAHAIHHOE
BBeJleHle FeHeTUYeCKON KOHCTPYKIIUH, KOIUPYIO-
et PDGFBB, mocsie nagapkTa MosKeT OKa3bIBaTh
IJIEOTPOITHOE BO3Ie!ICTBHE Ha IIPOLIECChl BOCCTA-
HOBJIEHUSI COCYAUCTOU ceTUu. BBeeHne reHHOTo
Ipeniapara cCrroco0CTBOBAJIO YBEJIUUEHHIO YK CIa
c(pOpMUPOBAHHBIX COCYA0B 1 HAKOIJIEHUIO COCY-
JHCTBIX KJIETOK (INIaJKOMBIIIEYHBIX KJIETOK/ IIepH-
IIUTOB), YTO, BEPOSITHO, OOYCJIOBJIEHO TPSIMBIM
MUTOTEHHBIM BO3/I€HICTBUEM UJIU OIIOCPENOBAaH-
HbIM cekperreiil VEGE a Takke CTUMYIMPYIOITUM
BJIMSIHMEM Ha 3IMKapAUAJIbHbBIN Y/ KIETOK. ITO
nmo3BoJseT paccmarpuBatb PDGFBB B kauecTBe
HOBOI'0O MHCTPYMEHTA [IJI CTUMYJ/IALNY dNIUKapAa
U MIPOIECCOB MOCTUH(APKTHOU BACKYJISIpU3ALUU
U periapanuy cepana.
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