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JeranbHoe MOHUMaHNE MEXaHU3MOB PETYISALUU
penapaTuBHON pereHepalny TKaHEeH UMEET BBICOKOE
MIPUKJIAJHOE 3HAYCHHE, TaK KaK CIYKHUT TEOPETUYECKOI
OCHOBOH 1711 pa3pabOTOK HOBBIX JIEKAPCTBEHHBIX
CPEACTB, MEAUIUHCKUX U3JEIUH U COCOOOB JIeUEeHUs
MAIMEHTOB C MOBPEXACHUAMU TKaHeH U (WJIK) OpraHoB.
[TpuMeHUTENEHO K KOCTHBIM TKaHSIM ITOPpOOHO OMHCaHbBI
(haKTOpBI PEryISALIUU OCTCOreHe3a, JACUCTBYIONHUE Ha
Pa3HBIX YPOBHSIX — FTEHHOM, JJOKJIHHOM M CHCTEMHOM —
B pa3Hble MMEepPHOJbl OHTOreHe3a (Kak B Ipe-, TaKk U B
noctHaTanbHOM) [1]. B ¢BsI3u ¢ 3TUM, aJicKBaTHOE MC-
MIOJIb30BAaHUE OCHOBHBIX OCTCOTCHHBIX (PAKTOPOB MOXKET
MO3BOJHUTH TOOUTHCS O0Jiee BHICOKOH BBIPAXKEHHOCTH
BOCCTAaHOBHUTEIHHOIO TIponecca B 001aCTH KOCTHOTO
nedexra (Wi aTpouu KOCTHOW TKaHH), YTO KpaiHe
BOCTPEOOBAaHO B KIIMHUYECKOH NMPAKTUKE — B TPABMATO-
JIOTUU U OPTOINEANH, XUPYPIHUUECKOH CTOMATOJIOTHH U
YeJIOCTHO-JIULIEBON Xupypruu [2—4].

B 3aBucHMOCTH OT IPHPOJIBI OCTEOTCHHBIX (PaKTOPOB,
HCCIIEyeMbIX B Kaue€CTBE MHIYKTOPOB penapaTUBHOIO
mporecca, B paMKax OMOMEIWIIMHCKUX TEXHOJOTHUH
c(OPMHPOBAIKCH TPH MOAXOJA: MOCTTCHOMHBIH, Kile-
TOYHBIN U IeHHBbIA. [€HHasg MHAYKLIMS penapaTUBHOIO
OCTEOI€He3a SIBJISIETCS HaUMEHee U3y4eHHOH, BCe uc-
CJIeZIOBaHMSI HAXOIATCS JIMLIb HAa TOKJIIMHUYECKOM JTalle,
B CBSI3H C YEM Pa3pPEIIEHHBIX JIJIs1 KITMHUYECKOTO IPHUMe-
HEHUS MEIULUHCKHX M3AENUH, ColepKalluX TeHHbIe
KOHCTPYKITUH, HET.

OmnpeneneHHble TPEANOChUIKY AJi BHEIPEHUS pe-
3yJBTaTOB HCCIIEIOBAHUN B paMKaxX F€HHOrO MOJIXoJa B
KITMHHIYECKYIO TIPaKTHKY ObLTH chopMupoBankl B Poccun
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Comprehensive understanding of the mechanisms re-
gulating reparative regeneration of tissues is of high practical
value, since this could serve as a theoretical basis to de-
velop new medications, medical devices and methods for
treating patients suffering tissue and/or organ injuries.
Concerning bone tissue, there is a detailed information
about osteogenesis regulating factors, which act at diffe-
rent levels, i.e. genetic, local and systemic ones, and at
different periods of ontogenesis (both pre- and postnatal)
[1]. In this regard, a proper application of basic osteo-
genic factors may stimulate the recovery processes in the
area of bone injury (or atrophy of bone tissue), which is
extremely demanded in clinics: in traumatology, ortho-
pedics, dental surgery, and maxillofacial surgery [2—4].

Depending on the nature of osteogenic factors, being
a potential inducers of reparative process, biomedical tech-
nologies have three approaches: post-genomic, cellular
and genetic ones. Gene induction of reparative osteoge-
nesis is the least explored, all the studies are only at the
preclinical stage, and therefore there no medical devices
containing gene constructs allowed for the clinical use.

Certain prerequisites for the implementation in clinical
practice of research results obtained within the genetic
approach have been formed in Russia by our research
group. In particular, we have developed and registered
in Russia and Ukraine the world’s first gene drug (Neo-
vaskulgen), which expressed angiogenic activity and
could be used in clinics for treatment of patients with
chronic lower limb ischemia [5]. The main active sub-
stance of the drug is plasmid DNA with the gene enco-
ding vascular endothelial growth factor (VEGF165).
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Hallleld UCCIeA0BaTeNlbCKONW Ipymnnoi. B uactHocTH,
pa3paloTaH U 3aperucTpUpoBaH Ha Tepputopur Poccun
1 YKpauHBbI IEPBbIi B MUpe reHHblH mpenapat («Heosac-
KyJTCH»), 00J1aJaroNii BRIpaKCHHON aHTHOTCHHON aK-
TUBHOCTBIO M IOKA3aHHBIH [ JIeUeHH AlUEeHTOB C XPo-
HUYECKOM UITIeMHUEH HIKHIX KOHEUHOCTEH [5]. OcHOBHOE
JICHCTBYIOIIIEE BEILIECTBO Mpenapara — miazmMuaasie JJHK
C TEHOM, KOJIMPYIOIIUM COCYAMCTBIA IHAOTEIHATbHBIN
¢axrop pocra (VEGF165). Eciu yuuTbIBaTh, 4T0 aHTHO-
TeHe3 3a CYET MOBBIILIEHHS TapLUATBHOTO JaBJIECHHS KHC-
JIOpOJia U TIPUBHECCHUSI KAMOUAIBHBIX KIIETOK B 30HY
KOCTHOTO Ae(eKTa SBISACTCS KPUTHUYCCKH 3HAYUMBIM
(haxTOpOM, MHITYIUPYIOIIMM PENapaTUBHBIA OCTEOTeHE3
[7], To ucnonp3oBanue mwiazmMuaabix JJHK ¢ vegf B ka-
YecTBE OMOIOrMYECKHU aKTUBHBIX KOMIIOHEHTOB I'€H-aK-
THBHUPOBAHHBIX OCTEOILIACTUIECKUX MAaTEPHAJIOB TEOPEe-
TUYECKU ONPaBIaHOo.

B 2T10# cBsI3M Halle uccieoBaHue ObLIO HALEJIEHO
Ha pa3pabOTKy YaCTHOI'O BapHaHTa TEXHOJIOT MU FTeHHON
WHJYKIIMY PEapaTHBHOTO OCTEOTeHe3a IIa3MUTHBIMU
JHK c vegf, a Taroke orieHKy 3 (QEeKTHBHOCTH pean3alii
HX TEPaIeBTUUECKOTO ICHCTBUSL.

B xone 1a6opaTopHOro 3Tarna BhIIOIHEHO COBMeILe-
Hue miasMuanbix JJHK ¢ HocurensimMu pa3nuuHol npu-
POJbL, B TOM YHCIIE aJNIOTE€HHBIM AEMUHEPATU30BaHHBIM
KOCTHBIM MaTPUKCOM, KOMIIO3ULIMOHHBIM MaTepUaIoM U3
KOJJTareHa ¥ TUIPOKCHAIIATHTa, KCCHOTCHHBIM JICTIPOTEH-
HHU3HPOBAHHBIM KOCTHBIM MaTPUKCOM, CHHTETHYECKHIM [3-
Tpukanbimidocharom u ap. C momorpto GyopecieHT-
HOU CHEKTPO(OTOMETPUU ONPEAEIIN MAKCUMAIIbHBIE
KoHUeHTpauuu miazmMuaHbix JJHK, koropeie Moru ObITh
COBMEIICHBI C KOXIBIM U3 MCCIETYyEMBIX HOCHUTEIEH,
BBIOMpaNK JBa BapHaHTa C HanOOJIbIIEH eMKOCThIO IS
HYKJICHHOBBIX KHCIIOT.

BriOpaHHble BapuaHThl MAaTPUKCOB HCIOJIb30BAIN
JUTSL CO3TIaHUS TeH-aKTHUBUPOBAHHBIX KOCTHBIX I'paToB
(I'AKT). B psine cixy4aeB B kauecTBe OMOJIOTHYESCKH aK-
TUBHOT'O KOMIIOHEHTa MaTepuaioB MPUMEHSUIN JBYXKac-
cernbie JIHK-ma3muel, koTopsie Hapsiy ¢ vegf conep-
JaJu reH 3eneHoro QiyopecueHTHoro 6enka (GFP) ans
UACHTU(PHUKAIINY TPaHCHEKINH KIIETOK in vivo. [lomyden-
HBbI€ MaTepHUabl ObLIM UCCIEIOBAHBI B AKCIIEPUMEHTE Ha
Kkponukax (n = 34), kaxa0My U3 KOTOPBIX BBITOIHAIN
JIBYCTOPOHHHE CHMMETPHYHBIC NEPEKTHl (InaMeTpoM
10 MM) TEMEHHBIX KOCTEH: 1e(heKThI IPaBbIX TEMEHHBIX
kocreit 3anonasimu [AKI (3xcniepuMeHTaIbHBIE TPYIIIBI
1 u 2), a neBbIX — HOCcUTenem 6e3 JIHK-mma3zmun (coot-
BETCTBYIOIINE KOHTPOIbHBIE TPyHIIE! 1 1 2). PesymnbraTs!
oneHuBanu uepes 15, 30, 45, 60, 90 cyTok ¢ HCTIOIB30-
BaHHEM KomibloTepHO# ToMorpadun (KT), rucronorn-
9YeCKOTr0, UMMYHOTHCTOXUMHUYIECKOTO U TUCTOMOP(oMeET-
PHUECKOTO UCCIeA0BaHui. JlaHHbIE THCTOMOP(HOMETPUU
00pabaThIBAIIN CTATHCTUYECKHU U 3HAYUMOCTD PA3ITHUIHil
MEXy TPYIIaMu ONPEAEsIU ¢ TOMOIbI0 U-KpuTepus
ManHa-YuTHU (A1 MEXTPYNIOBBIX CpaBHEHUN) U
KpuTepHs: BuikokcoHa (IIpw CpaBHEHHH IOKa3aTeleit
OJIHOHM TpyNMNbl HAa Pa3sHBIX Cpokax). Jlns nerekuuu
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Taking into consideration that angiogenesis contributes
to increasing of oxygen partial pressure and delivery of
cambial cells into bone injury area and therefore is a
critical factor in reparative osteogenesis induction [7],
using of plasmid DNA vectors with vegfas active com-
ponents of gene activated osteoplastic materials is theore-
tically justified.

In this regard, our study was directed to develop a
particular case of the technology of gene induction of
reparative osteogenesis using plasmid DNA with vegf,
as well as to evaluate their therapeutic effect.

At the first laboratory step we performed the embed-
ding of plasmid DNA into scaffolds of different nature,
including allogenic demineralized bone matrix, collagen
and hydroxyapatite composite, deproteinized xenogenic
bone matrix, synthetic B-tricalcium phosphate etc. The-
reafter fluorescence spectrophotometry was used to es-
timate maximum concentration of plasmid DNA uptaken
by each of the investigated carriers and two types of
scaffolds with the largest capacity for the nucleic acids
were chosen.

The chosen samples were used to create gene activated
bone grafts (GABG). In some cases, the biologically ac-
tive component of the graft was double cassette DNA
vector, where vegf gene was accompanied with the green
fluorescent protein gene (GFP) to detect the transfection
of cells in vivo. The resulted samples were used in an
experiment in rabbits (n = 34): parietal bones of each
animal were subjected to a bilateral symmetrical injuries
(of 10 mm diameter): the right parietal bone defects were
filled with GABG (experimental groups 1 and 2) and left
ones were grafted with carriers without plasmid DNA
(corresponding control groups 1 and 2). The outcomes
were evaluated in 15, 30, 45, 60, and 90 days using
computed tomography (CT), histological, immunohisto-
chemical and histomorphometric studies. Histomorpho-
metry data were statistically processed and significance
of the differences between groups was determined by
Mann-Whitney U-test (for intergroup comparisons) and
Wilcoxon test (comparison of the data within one group
at different stages). Cell transfection with plasmid DNA
of grafted GABG was identified immuno-histochemically
using antibodies for GFP, and for the visualization of
vessels the reaction with antibodies for a-SMA was
performed. All the experiments were conducted in
compliance with the bioethical principles and biosafety
regulations.

The studies allowed to select two types of carriers
presented the maximum capacity for plasmid DNA which
was thereafter used to create GABG: collagen and hydro-
xyapatite composite (GABG1; experimental and control
groups 1) and deproteinized xenogenic bone matrix
(GABG?2; experimental and control groups 2) with DNA
uptake of 176 and 116.4 ng/mg, respectively.

In 15 days after grafting no significant differences
according CT data between regenerates of the right and
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TpaHchekuun kiaetok mrazmunamu FAKI ucnons3oBamm
UMMYHOTUCTOXUMHUYECKUI aHanu3 ¢ antutenamu k GFP,
JUI BU3yaIU3aluy COCYIOB — PEAKLHIO C aHTUTEIaMHU K
0-SMA. Bce 3kcniepuMeHTH! BBITIOJIHEHHI ¢ coOuonie-
HHEM IPUHIAIIOB ONO3THKY ¥ HOPM OHOJIOTHYECKOH Oe-
30IIaCHOCTHU.

B pe3ysbrare npoBeieHHBIX HCCIICI0BaHUH BHIOpAIIN
JIBa THIIa HOCUTEJEH C MaKCHMMaJIbHOM €MKOCTBIO IS
mnasmuanbeix JJHK, koTopeie 3aTeM HCMONb30BaIu A
co3nanusa 'AKI: KoMo3UIIMOHHBIN MaTeprall U3 Kojia-
reHa u rugpokcuanaruta (TAKI'1; sxcnepumenTansHas
1 KOHTPOJIbHAS TPYTIIHI 1), a TAKXKE KCEHOT€HHBIN AETpo-
TEMHU3UPOBaHHbINA KocTHBIN MaTpukc (TAKI2; sxcniepu-
MEHTaJlbHast U KOHTPOJIbHAsI TPYIIIbI 2) ¢ eMKocTsMU 176
u 116,4 Hr/Mr COOTBETCTBEHHO.

Uepes 15 cyTok cyniecTBEeHHON pa3HULIbI 10 JAHHBIM
KT mexny pereneparamu IpaBod U JIEBOM TEMEHHBIX
KOCTEW HE BBIABIICHO; INIOTHOCTh PETEHEPATa COOTBETCT-
BOBaJIa IUIOTHOCTH PBIXJION BOJIOKHUCTOMN COETMHUTENb-
HOU TKaHW; B TKAHU pereHepara HabIroqaiu YacTUIIBI C
MOBBILIEHHONH PEHTTEHKOHTPACTHOCTBIO — (hparMeHThbl
Hocutenei. Yepes 30 cytok nocne ncnonszoBanus TAKT'1
pa3mepsbl IeGeKTOB yMEHBIIAIKCE B CpeIHeM Ha 1-3 MM,
UX KOHTYPbI OBUTH HEpOBHBIMH. B KOHTpONEHO# rpymme 1
IpaHUIBl Te(EKTOB TAK)KE CTAHOBUINCH MEHEE YSTKH-
MH, B CpaBHEHHH CO CPOKOM HalioneHus 15 cyTok; u3Ha-
yajgpHasg okpyrias ¢Gopma U pa3Mepbl COXPAHSIIHCH.
B nemom, Ha Bcex cpokax HaONIONEHHS B IKCIICPUMEH-
TQJIBHBIX TPYNIaxX PEHTITC€HKOHTPACTHOCTh pereHepara
ObLIa BHIIIE, a pa3Mepbl BUAUMOTO JedeKTa TeMEHHOM
KOCTH MEHbIIIE, YeM B KOHTPOJIBHBIX IPpyIHax.

Pesynerarer KT monreepxkaeHb! THCTOIOTHYECKIMHU
naHHeiMU. Yepes 15 cyTok BO Bcex rpymmax Ae(eKThl
OBUIN 3aITOJTHEHBI PEaKTUBHO W3MEHEHHOM BOJIOKHUCTOM
COCIMHUTENBHOM TKaHBIO, BKIFOYABIICH (hparMeHTHI HO-
cureseid. Co CTOpOHBI KOCTHBIX OMTUJIOB HAOIOAJIN TOH-
KHH CJIOH pereHepara n3 peTHKyI0(prOpo3HOit KOCTHOM
TKaHU. B 30He penapaTHBHOIO OCTEOreHe3a IKCIIEPUMEH-
TanbHOU rpynmnsl BoisiBieHbl GFP -kneTky, uto noarsep-
JKIa70 BhICBOOOXKIeHME MmaasMuanbix JJHK u3 cTpyk-
TYpbl MaT€pPHANIOB, MTOCTYIJIEHUE B KIETKU-MHILIECHU U
9KCIIPECCUIO B HUX. B 3KCIepUMEHTANbHBIX TpyMmax
HaOIromascs 6osee BRIpaKeHHBIH aHTHOTEHE3, YTO MOXKET
O56ITH 00yciIoBIICHO OBHIIICHHOH AKcnipeccueit VEGF B
JKCIIEPUMEHTAIBHBIX IpyNIax 3a cyeT ma3Muanbix JJHK.

Hauwnnas ¢ 30-x cyToOK, Ha BceX CpOKaxX HaOIIOICHNUS
npu ucnons3zoBanuu AKI onpeznensiics 6osnee Bbipa-
YKCHHBII perapaTHBHBIN 0CTEOreHe3 (T.¢. OO 00BeM
KOCTHOTO pereHepara) Co CTOPOHBI KOCTHBIX OTIHJIIOB, IT0
CpaBHCHHIO ¢ KOHTpoaeM. [IpumeuarensHo, uTo (par-
menThl [AKT, pacnionokeHHbIE B IEHTPAILHON YacTH Jie-
(eKTOB, OBUTH OKPY)KEHBI HOBOOOPA30BAaHHOM KOCTHOM
TKaHBIO, YTO SIBJISLIOCH MPSIMBIM MOATBEPKICHHEM OCTE0-
WHIYKTUBHOTO AeWcTBUs MaTepuaina (pucyHok). Ilpu
UCIOJIb30BaHNN MaTepHuanoB 0e3 miasmuaaeix JTHK
OCTEOMHIYKTHUBHOTO JICHCTBHS HE HAOIONAaIoCh, pere-
HepaT 00pa30BBIBAJICS TOIBKO CO CTOPOHBI KOCTHBIX OITH-
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left parietal bones were found; density of regenerate was
similar to the one of loose fibrous connective tissue;
inside the regenerate tissue we observed highly radio-
paque particles, considered as fragments of the carriers.
In 30 days after implantation of GABG1 the dimensions
of injuries were decreased by 1-3 mm in average, their
outlines became jagged. In the control group 1, the edges
of the injuries also become less distinct if compared
with day 15; initial rounded shape and size were preser-
ved. Generally, during whole observation term radio-
pacity of regenerates in the experimental groups was
higher and the dimensions of the visible injury of the
parietal bone were less than that in the control groups.
Computed tomography data were confirmed histo-
logically. In 15 days after grafting the defects in all the
groups were filled with fibrous connective tissue with
reactive changes, which included the fragments of carriers.
Along the bonesaw-line we observed the thin layer of
regenerate bone consisted of reticular fibrous bone tissue.
In the areas of reparative osteogenesis in experimental
group we found GFP* cells, that confirmed the release
of plasmid DNA from the scaffold, its delivery into target
cells and expression therein. The experimental groups we-
re characterized with more evident angiogenesis, which
may be caused by increased expression of VEGF in the
experimental groups due to the presence of plasmid DNA.
Starting from day 30 after grafting all the observation
terms were characterized by more pronounced reparative

PereHepat B 06nacTu KoCTHbIX AedekToB Ha 30-e cyTku nocne
umnnadTauum: A — akcnepumeHTtansHas rpynna 1 (FAKIM), B —
KOHTponbHas rpynna 1 (Hocutens 6e3 nnasmug); x100; okpacka
no MaccoHny-longHepy.

Regenerate in bone injury area on day 30 after grafting: A —
experimental group 1 (GABG1), B — 1 control group (carrier without
plasmid DNA); x100; staining according to Masson-Goldner.
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noB. Heo0XonumMo oTMETHTB, YTO, HaunHast ¢ 45-X CYTOK,
HaNOOJBIINI 00bEM KOCTHOTO PereHepaTa BEISIBISUIN B
JKCTIEPUMEHTANBHOMU IpyNIIe 2, T. €. KCEHOTeHHbIH 1enpo-
TCHMHU3UPOBAHHBIA KOCTHBIH MaTPHKC, BRIOPAHHBIH B Ka-
yecTBe HOocUTEIs Iy miasMuaubix JIHK, o6raman 6016-
IIIUM OCTCOKOHAYKTHBBIM JIEHCTBHEM, [0 CPABHEHHIO C
KOMITO3UIIMOHHBIM MaTpUKCOM M3 KOJIareHa M T'HIpo-
KcuaraTura.

[IpoBeneHHEIH THCTOMOP()OMETPUUCCKHUN aHAIIN3
MOJATBEPAUI JaHHbIE TUCTOJIOTMYECKUX HaOIIONEHUH:
00beM KocTHOTO pereHepara B rpynmnax ¢ [AKI Obin
3Ha4uMo BbI1Ie (p < 0,05) Mo cpaBHEHHUIO C KOHTPOJIbHBI-
mu rpymnmnamu. [lonydeHHbple HAMU JaHHBIE COTJIACYIOT-
Csl ¢ pe3yabpTaTaMy IpyTrux Ucciiel0BaHui B paMKax I'eH-
HOM MHIYKIMH penapaTUBHOTO OcTeorenesa [6].

Takum 00pa3oM, SKCIIEPUMEHTAIBHO MMOKa3aHa BO3-
MO>KHOCTb YCIICUTHOM r€eHHOW MHAYKITUH PEIapaTUBHOTO
ocTeoreHesa ¢ nomoinpto miazMuaHeix JJHK ¢ renom
vegf, BBEICHHBIX B 00yacTh AedekTa. CTerneHs BoccTa-
HOBJICHUS IIEJIOCTHOCTH KOCTHOW TKaHU B 30HE Jie(eKTa
3aBHCeJIa HE TOJBKO OT BO3/IE€HCTBUS OMOJOrMYECKH aK-
THBHBIX KOMIIOHEHTOB — FeHHBIX KOHCTPYKIIUH, HO B OT
BBIPKCHHOCTH OCTEOKOHTyKTHBHBIX CBOUCTB HOCHUTEIIS.
VYenemHpie pe3yabTarbl SKCIIEPUMEHTOB 3aKJIaIbIBAIOT
OCHOBY JJIs OyIyIIMX KIIMHUYECKUX UCCIECIOBAHUH.
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osteogenesis (in terms of bigger amount of bone regene-
rate) along bonesaw-line in case of GABG if compared
with the control. It was noteworthy that GABG frag-
ments located in the central part of the defects were
surrounded by newly formed bone tissue, that could be
a direct confirmation of osteoinductive action of the graft
(Figure). Application of the grafts without plasmid DNA
did not allow to see any osteoinductive action: regene-
rate was formed only along the bonesaw-line. It should
be noted that, starting from the 45" day the greatest
amount of bone regenerate was found in the experimental
group 2, i. e. xenogenic deproteinized bone matrix selec-
ted as a carrier for the plasmid DNA possessed higher
osteoinductive effect if compared with collagen and
hydroxyapatite composite.

Performed histomorphometric analysis confirmed the
data of histological observation: volume of bone rege-
nerate bone in groups with GABG implantation was signi-
ficantly higher (p < 0,05) if compared with the control
groups. Our findings are consistent with the reported
data of studies concerned with gene induction of repara-
tive osteogenesis [6].

Collectively, the possibility of successful gene induc-
tion of reparative osteogenesis using plasmid DNA vec-
tors with vegf gene, introduced into the injured area,
was experimentally demonstrated. Amplitude of bone
tissue integrity restoration in the injured zone depended
both on the effect of biologically active components,
i.e. the gene constructs, and the expression of osteocon-
ductive properties of the carrier as well. Successful out-
comes of the experiments lay the foundation for future
clinical studies.
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