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KYAbTUBUPOBAHUE KAETOK MEYEHU YEAOBEKA
U ME3EHXUMAAbHbIX CTPOMAABHbIX KAETOK XWUPOBOM
TKAHU YEAOBEKA B NEPPY3UOHHOM BUOPEAKTOPE

FO.b. Bacok, A.M. Ipucopves, JI.A. Kupcanosa, H.I1. [lImepko,
XM. Xuzpoes, B.H. Cesacmvanos

PIBY (HAUMOHOABHbBIM MEANLIUHCKUM MCCAEAOBATEABCKMM LLEHTP TOAHCAAQHTOAOTMM M MCKYCCTBEHHbIX
OPraHOB MMeEHM akaaemmka B.M. LLiymakosay MuH3Apasa Poccum, Mocksa, Poccuimckas Peaepaums

Heab. KynsTuBupoBaHHE KIETOK TIEYCHH YEIOBEKA M ME3EHXUMAJIbHBIX CTPOMAIBHBIX KIETOK KHPOBOW TKaHU
geoBeKa B mepdy3noHHOM OnopeakTope. MaTepuaabl U MeToAbl. B mepdy3noHHOM OHOpEeakTope MpoBeIe-
HBI OKCIIEPUMEHTHI 110 KyJIBTUBAPOBAHUIO KIIETOUHO-nH)eHepHo! KoHcTpyknnu (KUK), cocrosimeit u3 6uorro-
JUMEPHOTO MHUKPOCTPYKTYPHPOBAHHOIO KojutareHconepxamero rugporens (BMKI'), kinerok neuenu yenose-
Ka, ME3EHXUMAaJbHBIX CTPOMAJIbHBIX KJIETOK kHupoBoi TkaHU uyesoBeka (MCK JXXTu) u KynbTypanbHON cpenbl
William’s E. PesyabraTrbl. B xo/1e sKkcriepuMeHTa yCTaHOBICHO, YTO Ha 7-€ CYTKH B KyJIbTYPaJbHbBIX KaMepax
OMopeakTopa MPUCYTCTBOBAIN KPYIHBIE KIIETKH C XapaKTEPHOM /IS TeNaTolruTOB MOP(HOIOrHer — MOIUTOHAIIb-
HOW ()OPMOH M HEHTPAIBHO PACIIONIOKEHHBIM KPYIIBIM siIpoM. MeTabonnueckasi akTUBHOCTh TEIaTOLUTOB B
uccienyemorr KMK moarseprkaanack MpuCyTCTBUEM MOYEBHHBI B KyJIbTYypajbHOM Cpelle Ha CelbMble CYTKU
KyJIBTHBHPOBaHHS B Onopeakrope u pe3opormeit BMKIT.

Knroueswvie cnosa: I’lpOI’I’IOllellz 6u0peai<mop, KJ1€MOYHO-UHICEHEPHAA KOHCMPYKYUA, KIemKU nederu
uenoesekda, 6u0n0]luM€prllj MAMPUKC, ME3EHXUMAIbHbLE CMPOMAIbHbLE KIIENKU.

CULTIVATION OF HUMAN LIVER CELLS AND ADIPOSE-DERIVED
MESENCHYMAL STROMAL CELLS IN PERFUSION BIOREACTOR

Yu.B. Basok, A.M. Grigoryev, L.A. Kirsanova, N.P. Shmerko, K.M. Khizroev, V.I. Sevastianov

V.l. Shumakov National Medical Research Center of Transplantology and Artificial Organs of the Ministry
of Healthcare of the Russian Federation, Moscow, Russian Federation

Aim: to show the progress of the experiment of cultivation of human liver cells and adipose-derived mesenchy-
mal stromal cells in perfusion bioreactor. Materials and methods. The cultivation of a cell-engineered construct,
consisting of a biopolymer microstructured collagen-containing hydrogel, human liver cells, adipose-derived
mesenchymal stromal cells, and William’s E Medium, was performed in a perfusion bioreactor. Results. On the
7th day large cells with hepatocyte morphology — of a polygonal shape and a centrally located round nucleus, —
were present in the culture chambers of the bioreactor. The metabolic activity of hepatocytes in cell-engineered
constructs was confirmed by the presence of urea in the culture medium on the seventh day of cultivation in the
bioreactor and by the resorption of a biopolymer microstructured collagen-containing hydrogel.

Key words: perfusion bioreactor, cell-engineered construct, human liver cells, biopolymer matrix,
mesenchymal stromal cells.

BBEAEHUE

IMCUCHU, CPCAN KOTOPBIX OAHHUM H3 HPUBJIICKATCIbHBIX

30JI0THIM CTaHIAPTOM B JICYUEHUN KOHEYHOW CTaNU
MEYEHOYHON HEAOCTATOUHOCTH CITYXKUT Tepecajka Ie-
YCHHU. OZ[HaKO HEXBAaTKa JOHOPCKHUX OPraHOB SABJISACTCS
cepbe3Hol mpolieMoil. B cBsi3u ¢ 3TUM HeoOXxoauma
pa3paboTKa ajmbTepPHATUBHBIX BApUAHTOB I 3aMe-
IMICHUS WJIA BOCCTAHOBIEHHS ITOBPEXICHHOW TKaHU

HAaIIPaBJICHUH SBISIOTCS TEXHOJOTUM TKAaHEBOW HMHXKE-
HEpHH, TO3BOJIAIOIINE BOCCTAHABINBATH YTPAuCHHbIC
¢byHKIH opraHos [1].

B nureparype onmcaHbl OCHOBHBIE TpeOOBaHUS
K KOHCTPYKIIMM OHOpPEaKTOpOB, IPUMEHSEMBIX IS
KYJIBTHBUPOBAHMS KJIETOK IIeYeHH. PeakTtop MOIDKeH
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MOAZCPKUBATh  aHAJIOTWYHBIA  (PU3HOJIOTHYECKOMY
YPOBEHb MUTATENBHBIX BEIIECTB, IIUTOKWHOB M Ta30B.
W3BecTHO, YTO TemaTtonuT MOTPeONsieT KHCIOpPOA CO
ckopocteio 0,3-0,9 mmons/c/10° kierok [2], B TO Bpe-
Msl KaK CpeNHsSsl CKOPOCTh HCIIOIB30BAaHUS KHCIOpOJa
OOJNBIIMHCTBOM KJIETOK OpraHH3Ma COCTABIISIET OKOJIO
2-40 nvons/c/10° knetok [3]. CrenoBaTensHO, TMMUTH-
pytormM (HhaKTopoM IS )KU3HECTIOCOOHOCTH TeTaToIH-
TOB SIBIISIETCA JIOCTaBKa KHCJIOpOaa, U OMopeakTop J0I-
JKeH 00eCIeYnBarh in Vitro yCIOBUsl, B KOTOPBIX KIETKU
MEYEHN HE OKaXyTCS B COCTOSHMM T'MIIOKCHHU. Taroke
cXeMa yCTpPOMCTBa JOJDKHA MPEAyCMaTpUBaTh BO3MOXK-
HOCTH PETYJSIPHOTO 0TOOpa Mpod ISt U3MEpeHHsT HeoO-
XOAMMBIX TTapaMeTpoB 0e3 yiiepOa a1t CTEpUIIBHOCTH.

OtmeTnM, 9TO TIepdy3HOHHBIN OHOpeakTop Hambo-
nee 3¢ (HeKTUBHO UMUTHPYET (PU3UOJIOTHUECKHE YCIIO-
BUS in Vitro, 00ecrieunBas MUTaHUE KIIETOK, TPAHCIIOPT
K HMM Ta30B M BBIBEACHUE TPOAYKTOB OOMEHa 3a CUET
MTOCTOSTHHOHM 3aMeHBI KyJIbTypanbHO# cpenbl. OcobeH-
HO 0OJIBIIIOE 3HAYEHHE UMEET ONTUMHU3AIUS CKOPOCTH
MOTOKa KyJBTYpalbHOM Cpefbl, TaK KaKk OrpaHUYeHHe
MOTOKA HEOOXOAMMO JJIsl TOAIEpKaHUsl MOP(OJIOTHH 1
(YHKIMM TenaToluTOB, a YpEe3MEPHOE CHIKEHHUE TO-
TOKAa KMJIKOCTH YMEHBIIUT MOCTYTUICHHE KHUCIOpoa K
KJIETKaM.

OcHOBHOH NpoOeMoi TpH KyJTUBUPOBAHUY T'eTa-
TOLMTOB B OMOpeaKTope SBJIsETCs ObIcTpast MOTepst UX
MHOTOUHCJICHHBIX (DYHKIIMIA B YCIOBHSIX in vitro. B cBs-
3M € 3TUM JJIsl HOAJepKaHus MX QYHKIIMOHAILHON aK-
TUBHOCTH HCIIOJIB3YIOT COKYJIBTUBUPOBaHHUE TeNaro-
LUTOB C APYT'MMH KJIETKAaMH: 3BE3AYaThIMU KIJIECTKaMHU
MEYEHH, ME3CHXMMAJIbHBIMHA CTPOMAJIBHBIMHU KIIETKA-
Mu [4, 5]. YCTaHOBIEHO, YTO B OTIIMYKE OT MOHOKYJIb-
TUBHPOBAHUS TE€NATOLMTHI B MPUCYTCTBUH CTBOJIOBBIX
KJIETOK B OMOPEaKTOPE COXPAHSIOT OOJIBIINHCTBO CBO-
uX (yHKINH, 9TO TIOATBEPXKIATOCH ONPEAeTICHIEM Te-
naToCcreru(uuecKux Mapkepos [5, 6].

Panee B oTzmene OMOMETUIIMHCKUX TEXHOJOTMH U
TkaneBo uHxkeHepun OI'BY «HMUILL THO um. ak.
B.1. lllymakoBa» Mun3apasa Poccun 01T pa3paboran
MasiorabapuTHBI OMOPEaKTOp C YETBIPbMS STYCHKaMH
JUISL CO3/IaHUSI TKAHEWH)KEHEPHBIX KOHCTPYKIMH, 1M03-
BOJISIFOILIMI TPOBOANTE 1OJITOBPEMEHHBIC SKCIIEPUMEH-
ThI B YCIIOBHSIX NTOTOKA U CTEPUIIBHOCTH TIPH 3aIaHHBIX
napaMeTpax BIKHOCTH M TEMIIEpaTyphl KyJIbTypasib-
HOU ¥ ra3oBoii cpea. yHkumnonagbHas 3G HeKkTHBHOCTD
pa3paboTaHHOro OHopeakTopa ObLIa IPOIEMOHCTPHPO-
BaHa Ha MpPUMEpPE XOHIPOTeHHOH nnddepeHInpoBKI
KJIETOK B KJIETOUHO-MHKeHepHo! koHcTpykin (KUK),
cocrosiiiel 13 ONOMOIMMEPHOTO MUKPOTETEPOreHHOTO
koJutarenconepkamero ruaporens (BMKI), xmerox
x)upoBoit Tkanu denoBeka (MCK XTu) u quddepen-
[IUPOBOYHON XOHAPOTEHHOU cpefbl [7, 8].

Llenpio paboTHI SBISIIOCH KyJABTUBUPOBAHUE B OMO-
peakrope KUK, cocrosmeil U3 KIETOK MEYEHU 4e-
noseka, MCK XTu u BMKI" B cpene William’s E, u
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uccienoBanue nomydeHusix KUK ¢ momompio rucro-
XAMHAYECKNX U OMOXUMHUYECKUX METOJIOB.

MATEPUAABI U METOADI

Jis mpoBeleHUs IKCIEPUMEHTOB 10 KYJIBTHBU-
POBaHUIO KJIETOK TE€YE€HU B AMHAMHUYECKUX YCIOBHUSIX
WCIIONIb30BANI  MOJU(HUIIMPOBAHHBIA BapuaHT Tmep-
¢dy3uoHHOrO OHOpeakTopa [7], cxema KOTOpOro mnpej-
CcTaBiieHa Ha puc. 1. BpUT ONTUMHU3UPOBAH pacxoi
KyJbTypaJbHON Cpelbl 3a CUeT MOIKIIOUEHUS YeThI-
pexX KyJIbTypaJIbHBIX KaMep B CHUCTEMY LUPKYJISINUN
K OJIHOMY pe3epByapy co cpenoi. IIpu 3ToM Kaxablii
MEPUCTAIBTUYCCKUI Hacoc oOecrieunBaj JBMIKEHHUE
JKUKOCTH Yepe3 JIBe KyIbTypalbHble Kamepbl. Oomas
JuinHa nuiaHroB (Saint-Gobain Performance Plastics,
Opanuus) i nepdy3un napsl KylbTypaibHBIX Kamep
cocrasisia 2,6 M.

Kynberypansabie kKaMepsl, EeMKOCTb IS ITUPKYIUPY-
IO Cpezpl, MUIAHTH U COEAMHUTENbHBIE 3JIEMEHTBI
U3 MOJUNPONHIIEHA U MOJHAJIJIOMEPa CTEPUIM30BaIH
MyTeM aBTOKJIABUPOBAHUS B Te€UCHHE 45 MUH IIPU TEM-
neparype 121 °C. OxoHuarenpHy0 COOpPKY H 3aIoiiHe-
HHUE CUCTEMBI KYJIBTYpaJIbHOW Cpellod MPOU3BOJIMIIN B
CTCPUIIBHBIX YCIOBUSIX.

BButy OTCYTCTBUS BO3MOKHOCTH IIPSIMBIX METOIOB
onenku cocrosans KUK BryTpH Onopeakropa B cucre-
My ObLT 00aBiieH 00K oTOopa Mpod It MOHUTOPHH-
ra cocraBa KyJIbTypaJbHON Cpenbl, PacIlOJIOKEHHBII
3a KYJIBTYpaJIbHOW KaMepou IO HalpaBIICHUIO MTOTOKA
)kunkocTr. [IpoOsl 0ObeMOM 5 M1 OTOMpaJIH IIIIPH-
[IeM, UCTIONb3ys CTepUIIbHBIN puibTp, uepes 1, 3, 7 u
10 cyTok mocie 3amycka ouopeaxkropa. B momydeHHBIX
oOpasnax uccnenoBasii pH 1 KOHIIEHTpAIH TITFOKO3bI
Y MOYEBHHBI.

OJIHUM M3 MEPCICKTHBHBIX HANPABJICHUHA B TKaHE-
BOM MHXXECHEPUU U PETEHEPATUBHON MEJULUHE SIBIISCT-
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Puc. 1. Cxema 6uopeaxropa: 1 — pesepByap ¢ KyJIbTypajbHON
cpenoil; 2 — nepucTanbTUYECKUI HAcoC; 3 — KyJNbTypaibHast
kamepa; 4 — memOpana, ynepxusaromas KUK; 5 — crepmis-
HBIA QUIBTP
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Fig. 1. Bioreactor set-up: 1 — reservoir with medium; 2 — pe-
ristaltic pump; 3 — culture chamber; 4 — membrane holding
the cell-engineered construct; 5 — sterile filter
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csl BOCCO3/IaHMe (MMHUTAIMS) HaTUBHOTO MHUKPOOKpY-
JKEHMsI, HapyIIEHHOTO MPH MaToJIOTHYECKOM IIPOLECCE,
C HCIIOJIB30BAHUEM TaK Ha3bIBAEMbIX OMOMHMMETHKOB
BHeKkJieTouHoro marpukca (BKM) — OnonmxeHepHBIX
pe30pOupyeMBbIX THApOreIel, 00eCTIeunBAIOIIUX CXO/-
HBIE C BHEKJIETOYHBIM MATPUKCOM YCIIOBHS JUISl JKU3HE-
JIeSITEIbHOCTH KJIETOK [9].

B kadectBe Takoro OHMOJIOTMYECKOTO MaTpHKCA
(ouomarpukca) anst KUK, otHocsimerocss k kiaccy
OMOMUMETHUKOB BHEKJIETOUYHOro Marpukca (BKM),
ObuT BBIOpaH OMOIOIMMEPHBIH MHMKPOTETEPOTrCHHBIH
Kotarenconepkamuit ruaporens (BMKI) [10, 11] u3
JUHEMHOTO psja KOMITO3UIIMN MMIJIAHTHUPYEMOTO Te-
teporerHnoro renst Cgepo®I'EJIb (mpoussoautesns AO
«buomup cepsucy», r. Kpacnoznamenck). buomarpukc
Cghepo®I'EJIb mpakTHUECKH TIOJIHOCTHIO HUMHUTHPY-
et cocraB BKM, uto oGecrieunBaer cxonnyto ¢ BKM
MUKpocpeny (HUILY), CIOCOOCTBYIOIYIO Mpoiudepa-
n 1 AU HEepeHIMPOBKH KIETOK C COXpAaHEHUEM MU
POCTOBBIX, IIMTOTEHETHYECKUX M MMMYHO(DEHOTHIIH-
YecKuX xapakrepuctuk [11].

OcHoBHbIE XapakTepucTuueckue coiictsa bBMKI':
cpenHuid paszmep Mukpouactull — 145,79 £ 0,09 mxwMm;
Monyne ympyroctu — 1170 + 12 Ila; Mmomyns BsI3KOC-
™ — 62,9 = 7,9 Ila; nHabyxaemocTb — He HIDKE 86,6 +
3,0 macc.%; Bpemsi Ouopesoporun BMI'M — 1o 9 me-
CSILIEB.

MCK XKXTu n kJIeTkn TedeHd OBUTH TTOyYCHBI U3
(parMeHTOB TOJKOXKHON >KUPOBOM KIJICTUATKU U TIC-
YeHH OT 310poBBIX JOoHOPoB B PI'BY «HMUIL THUO
uM. ak. B.W. lllymakoBa» Munsapasa Poccuu. Knetku
BBIJICJISUIN U3 J)KMPOBOM TKaHU IO CTaHIAPTHOW METO-
nuke [12]. @parMeHT TKaHU MEUYEHU OTMBIBAJIUA pac-
TBOPOM XDHKCA, U3MENBYAIN C MOMOIIBIO CKaJIbIIENs
U TOMEILIATIN B NPOOUPKY ¢ (hEpPMEHTUPYIOLIUM pac-
TBOpOoM. [IpobHpKy MHKYOHpOBaIN B TEpMOCTATE TPHU
37 °C. 3atem conep:KUMOe MTEPEHOCUIH B HOBYIO TIPO-
Oupky 4epes cuto ¢ auamerpom mop 100 MM, 0OHITb-
HO TPOMBIBAsi CBEXHMHU MOPLUUSIMH OXJIAKICHHOU 110
+4 °C pocToBO cpempl sl KICTOK TIEUYCHU, COnIep-
Kared kynsrypanbayto cpeny William’s E («Thermo
Fisher scientificy, CLLIA), 3MOpHOHANBHYIO TENSYBIO
ceiBopoTKy (HyClone®, HyClone UK Ltd) — 10%;
HEPES («Thermo Fisher scientificy, CILIA) — 1%, an-
THONOTUK-aHTUMHKOTHK («Thermo Fisher scientificy,
CLIA) — 1%; Cell Maintenance Supplement («Thermo
Fisher scientificy, CIIA). [lomydeHHyI0 CycCTeH3HIO
KJIETOK IeHTpudyruposanu npu 180 g B TeueHne 2 MUH
npu Temneparype 20 °C. Jlamee HaIOCaAOUHYIO KU-
KOCTh CJIMBAJIHM, & TMOJYYEHHBIH KIETOYHBIH CI'yCTOK
pecycnen3upoBaiu cexeld cpenoi. Ilocne noBTop-
HOTO MEHTPU(YTUPOBAHKS B MONYICHHOU KIICTOTHOU
CYCIICH3HHU ONPEICISITN KOJTMYECTBO KU3HECTTOCOOHBIX
KJIETOK. Jlanee U3 UCXOMHOW CyCHEeH3UM MOoIydaln pa-
00uyr0 ¢ 3aJaHHON IUIOTHOCTBIO JKUBBIX KIIETOK JJIS
MTOCIIEAYIOIINX YKCTIEPUMEHTOB.
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Bre160p onTHManbHONW CKOPOCTH IMOTOKa B OHOpe-
aKTOpe TPH COBMECTHOM KYJIbTUBHPOBAHHH KJIIETOK
neyenn 1 MCK JKTu ObLI cenad 1o BEJIUYMHE CO3a-
BAaE€MOTO JaBJICHUS B OMHCHIBAEMOW CHCTEME, 3aIloj-
HEHHON MOJEIBHBIM pacTBopoM. [l 3TOrO B cHcTe-
My LUPKYJSIIMK OMOpeakTopa mepen KyJIbTypajbHOM
kamepoii, conepskameit 1,0 mn BMKI, ycrtanaiauBanu
MOJKITIOYEHHBI K KOHTPOJUIEPY AAaTYUK TABICHUS C
cercopoM PendoTECH Pressure Sensor Polycarbonate
(«PendoTECH», CIIIA).

B MHOroCcyTO4YHOM 3KCIEPHUMEHTE AIUKBOTHI pado-
4uX CyCIeH3Hi, copepxkamux 7,5 X 10° kneTok neyenu
u 1,5 x 10° MCK KTu, nocnoiino cmemusanu ¢ 1,0 M
TH/IPOTENIEBOTO0 MaTpHUKCa, MEPEHOCHIN Ha HEHJIOHO-
Byro nomnoxky (Millipore, Upnannns), Ha Hell mome-
Iagu B KyJIBTYpaJIbHYIO Kamepy OuopeakTopa W WH-
kyouposainu B cpene William’s E B Teuenue cyTtok 6e3
MOTOKA. 3aTeM YETHIPE 3arOJHEHHBIC KYJIbTYpajbHbBIC
KaMephbl MOJKIIOYaIN K CHCTEME LUPKYISIIUN Onope-
aKTopa W MHKyOHMPOBAJM B YCJIOBHUSAX MOTOKA MPH CKO-
poctu U o0beMe upKyIupyroiiei cpenst 0,02 Mi/MUH
u 110 ma coorBercTtBenHo. Ha 3, 5, 7 u 10-e cyTku 1o
OJIHOH KyNbTypaJIbHOW Kamepe M3bIMalli U3 OHopeax-
Topa, hukcupoBanm obpazer; 10% pactBopom ¢opma-
JIMHA W TIPOBOJAMIIM THCTOJIOTMYECKOE HCCIIEOBAaHNUE.
3aMeHy KyJabTypajibHOM Cpe/bl MPOBOAMIIN Yepe3 HeJle-
JIFO KyJIbTUBUPOBAHUSL.

[TpumennmocTh KynpTypansHO# cpeasl William’s E
qutst pocta MCK KTy onienuBanu B npeiBapuTeIbHOM
9KCIIEPUMEHTE C HCIOJIb30BAHMEM aBTOMATHU3MPOBAH-
HOTO UHTepakTUBHOTO MUKpockona «IncuCyte ZOOM»
(«Essen Biosciencelnc.» CIIA) myTem HenpepbIBHOTO
HaOrO/IeHNS U (POTOCHEMKH B PEIKUME PEaibHOTO Bpe-
MEHH.

KoHueHTpanuuio mroKo3sl 1 MOYEBHHBI OIPEAEIISIIN
Ha OmoxummdeckoMm aHammsarope Konelab Prime 60i
(Thermo Fisher Scientific, @unnsnans ), NPUHIAI JeHc-
TBUS KOTOPOTO OCHOBAH Ha U3MEPEHUH 3HAYEHUI ONTH-
YECKOH TUIOTHOCTH JKUIAKOH OMOIOTHYECKOM MTPOOEHI.

3uagenus pH cpempl M3MepsiIM MOTEHINOMETPH-
YeCKHUM MEeTOJIOM Ha crarmoHapHom pH-merpe HI 2211
(Hanna Instruments, Bearpus).

I'mcronornyecknii aHamu3 0OpasLOB MPOBOIMIN
MyTeM OKpAIIWBaHUS TEMATOKCUIMHOM M 303WHOM CO-
IJ1aCHO CTaHJapTHOW Metoauke. OOpasiiel, (HUKCUPO-
BanHble B 10% 3a0ydepeHHom pactBope (opmaiuHa,
MIPOMBIBAJIM B T€UEHUE 15 MHH B NMPOTOYHOH BOAE U
00e3BOKMBAJIM B CIIMPTaX BOCXOJSAIINX KOHIICHTPAITHI
(8 nByx nopuwmsix 70%, 80%, 96% sTanona; mo S MUH B
Ka)XJIOH CMEHE CHHPTOBOTO PACTBOPA), BBIACPKUBAIIH
1o 5—7 MUH B CMECH 3TaHoja U xjopodopma, B XJO-
podopme u 3anmmBanu B mapaduH. Cpesbl TONIIMHON
4-5 MKM, TIOJlydeHHbBIE C MOMOIIBI0 MUKpoToMa Lei-
ca RM3255, nemapaduuupoBaiy, peruapaTupoBaIu
U OKpalMBalId. AHann3 M (POTOCHEMKY IMOJYYEHHBIX
TIpemnapaToB MPOBOINIIHN, UCTIONE3YsI MUKpockor Nikon
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Eclipse («Nikon Corporationy, SInoHusi), OCHaIlICHHBI
uQpoBoii porokamepoii.

CraTucTHYecKy0 00pabOTKy JaHHBIX MPOBOJIUIN C
WCIIOJIb30BAHUEM CTaHJIAPTHOTO TaKeTa rmporpamm Mi-
crosoft Excel.

PE3YABTATbI U OBCYXAEHHUE

[pu ckopoctsix moroka 2; 1; 0,5 Mi/MuH JaBieHne
B cucteme cocraBmio 3,0 £0,2; 1,7+ 0,4; 0,4 £ 0,1 mm
PT. cT. cooTBeTCTBEHHO. Kak BuaHO Ha pHc. 2, n30bITOY-
HOE JaBJIeHWE Tpu ckopoctr motoka 0,02 mi/MUH HE
npeBbImano (OHOBOTO 3HAUCHHs. AHAJOTHYHYIO Kap-
TUHY HaOMogaIn npyu ckopocTH rnotoka 0,01 mi/mMuH.

VYuuTsiBasi, 4ro (yHKUMEH Onopeaxropa sSBISETCS
s dexTruBHOE 00CCIICUCHHE KICTOK ITUTAaHNEM U OKCH-
reHanus Ipu MUHUMaibHOM ToBpexaeHnn KUK, mis
9KCIEpPUMEHTA IO COBMECTHOMY KYJIBTUBHUPOBAHHIO
knetok nmedern 1 MCK XKTu Opina BeIOpana cKOpoCTh
0,02 ma/MuH.

OTMeTHM, YTO OINMCAHHBIE B JIUTEpAType CKOPOCTU
MOTOKa KYJBTYpaJIbHOW Cpenbl 3HAYUTEIBHO pa3inya-
IOTCSI B 3aBUCUMOCTH OT THIa ouopeakrtopa. Hanbonee
BBICOKHE CKOPOCTH TOTOKAa YCTaHaBIHWBaJM B CHCTe-
Max, MpeJHa3HauYeHHBIX JJIS UCIOJIb30BAHUS B Kayec-
TBE 3KCTPAKOPIOpPaIbHON HMCKYCCTBEHHOM NEueHH, U
IpU PEeLeIUTIONAPU3aLuU LEJIOH ACLeNIONsIpPU30BaH-
Hoi mevenu [13—15]. Taxxe B KOMMepUecKH TOCTYI-
HBIX MHOTOKaMepHBIX OnopeakTopax MpPOU3BOJICTBA

Stem cell systems GmbH (I'epmanust), OCHOBaHHBIX Ha
TMOJIBIX BOJIOKHAX, TIPY KYJTETUBUPOBAHUH KIIETOK TIeUe-
HU HCIIONIF30BAIA CKOPOCTH MOTOKa OoT 7 A0 10 Mi/MuH
[16, 17]. CToms BEICOKHE CKOPOCTH IMTOTOKA OOBSICHSIIOT-
Csl HATMYMEM B KOHCTPYKITUH CTPYKTYP, 3aIUIIAOITIX
KJICTKU OT CHJIBI CJ[BUTA, YTO B OpraHu3Me o0ecrieunBa-
ercst sHnorenreM. OTMETHM, YTO B TPEX ONMHCAHHBIX B
JUTEPATYpPE CHCTEMAaX C MPSIMBIM BO3ICHCTBHEM TOTO-
Ka Ha KJIETKH CKOPOCTU TMoToKa Obuu Hu3kumu: 0,006;
0,03 u 0,00014 myr/MUH, 9TO IOATBEPIKIAST HAIIl BBIOOD
BeJIMYUHBI cKopocTu noToka 0,02 mur/muH [5, 18, 19].

B mpenBapuTenpHBIX 3KCIIEPUMEHTAX C HCIOIB30-
BaHUEM (POTOCHEMKHU B PEKHME PEAIILHOTO BPEMEHH
OBLiIa MPOBE/ICHA OLIEHKA IPUTOTHOCTH KYJIBTYPaIbHOM
cpenst William’s E st pocta MCK XKTu. beuto moxka-
3ano, yTo MCK XXTu Ha 370l cpene AeMOHCTPUPYIOT
YCTOWUYUBBIN POCT, COXPaHsis Ha MPOTSKEHUM ITacca)xa
XapaxkTepHblid peHoTH (puc. 3).

Wsmepenns conmepskanus Troko3bl 1 pH B mpobax
KyJIBTYpaTbHOU Cpenbl u3 OnopeakTopa MpOIEeMOHCT-
pUpPOBAIM TIOCTOSHCTBO B TeueHUe 10 CyTOK M He BBI-
XOAWIN 3a TIpeleibl AOMYyCTHUMBIX 3HaueHuM. Takum
o0pa3oM, WX W3MEHEHHE HE OKa3bIBAJIO BJIWSHHUA Ha
YCIIOBHSI COKYJIETUBHPOBaHUS KieTok meuenn 1 MCK
KTu (puc. 4).

Ha mepseie cytku kyneruBupoBanus KUK B Ouno-
peaKTope ComIacHO JaHHBIM THCTOJIOTHYECKOTO HUCCIIe-
JIOBaHUST HAOTIOMATd MHOTOYHCIICHHBIE (ParMEHTHI
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Puc. 2. JlaBnenue B cucteme O6uopeakropa mpu ckopocTd motoka 0,02 mu/muH. CTpeskoil 0003HaYeH MOMEHT BKIIIOUCHHUS

MEPUCTAIBTUICCKOI0O Hacoca

Fig. 2. The bioreactor system pressure at a flow rate of 0.02 ml/min. The arrow indicates the moment of activation of the

peristaltic pump
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Puc. 3. Kirerku MCK XXTu npu kysapTuBHpoBaHnU Ha poctoBoii cpexe mist MCK (a) u cpene Williams E (0). Pasmep mac-

mrrabHoM Helku 300 MKM

Fig. 3. Cultivation of human adipose-derived mesenchymal stromal cells (hADSC) on growth medium for stem cells (a) and

on William’s E Medium (6). Scale 300 pm
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Puc. 4. Yposens mimoko3s! (a) u pH (6) B mpobax KyasTypalbHOW Cpelbl MPU COKYTFTHBHPOBAHUH KIIETOK medeHn u MCK

’KTu B OuopeaxTope

Fig. 4. The level of glucose (a) and pH (6) in samples of culture medium from co-cultivation of liver cells and hADSC in the

bioreactor

ruaporens. Cpeau HUX OOHAPYKWIH TPYIITHI KIIETOK,
HE MPUKPEIMBIINXCS K Marpukcy (puc. 5). Hemocpen-
cTBeHHO Ha noBepxHocT BMKI pacnionaranuce rpyn-
el MOP(OJIOTHYECKH HE HM3MEHEHHBIX IEYeHOYHBIX
KJIETOK M HEOOJBINNE TUIACTHI KIETOYHOTO MOHOCIOS.
[TprdeM B OTHOCHUTENILHO KPYMHBIX (hparMeHTax MOHO-
CJI0sI, HE MPUKPENMBLINXCS K THAPOTEIIO, HaOII0aamu
pa3o0IeHne KIETOK B IJIacTe ¢ pa3pbiIBOM KIETOYHBIX
KOHTakTOB. OTMETHM, YTO B 3THX KJIETKaX BU3yaJH3H-
POBAICH TUIIEPXPOMHBIE SIIpa M OONBIIMHCTBO M3 HUX
yTparuin cheprudeckyto GopMmy, YTO XapaKTepHO st
mporiecca mapaHexposa (puc. 5).

WNHTepecHo OTMETHTB, YTO YacTh KIJIETOK, TPUKpE-
MUBINASCSI K POBHOW MOBEPXHOCTH THUAPOTENsi, o0Opa-
3yeT KIETOYHbIE IUIAcThl. KIeTKH, HemocpeacTBEHHO
CBSI3aHHBIE C TTOBEPXHOCTHIO THIPOTENs, BBIIVISICTH
0ojiee IKU3HECIIOCOOHBIMU, MOP(OIOrHUYSCKUX TPH-
3HAKOB JICCTPYKIIMU B HUX HE OOHAPYKHBAJIU. YKe Ha
CTOJIb paHHEM CpOKe HaOmromeHus ObuIa 3aMeTHa Jac-
tiyHas pezopormss BMKI (puc. 6, a). Ilpu 6ombmem
yBenmueHnn (puc. 6, 0) Ha mpemnapare OBITH 3aMETHBI
XapaKTepHbIC BUIUMbIC TIPU3HAKK MHTAKTHBIX TeaTo-
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Puc. 5. I'mcronornueckas kapruna KUK uepes 24 gaca Kynb-
TUBHPOBAHMS B yCIOBUSIX OTOKA 1pu ckopocTH 0,02 Mit/MUH.
Moposorust KJIeTOYHBIX IUIACTOB, HE MPUKPEIMBIINXCS K
BMKT. OxpamuBanue reMaTOKCHIMHOM U 303uHOM. X100.
1 — BMKT'; 2 — ckormieHHe KIETOK

Fig. 5. A histologic pattern of cell-engineered construct cul-
tivating for 24 hours at a flow rate of 0.02 ml/min. The mor-
phology of cell layers not attached to the surface of a biopoly-
mer microstructured collagen-containing hydrogel (BMCH).
Hematoxylin and eosin staining. x100. 1 — BMCH; 2 — cells
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Puc. 6. I'ucronornyeckas kapruna KUK gepes 24 yaca KyJIbTUBHPOBaHMS B YCIOBUSX MMOTOKa npu ckopoctu 0,02 mii/MuH.
®DopMupoBaHKEe KJIETOUHBIX MacToB Ha nmoBepxHocT BMKI' knerkamu neuenu: 1 — BMKI'; 2 — ckorutenune knerok. Oxpa-

[IMBaHHE FeMATOKCHIIMHOM U 303uHOM; a — X100; 6 — x400

Fig. 6. A histologic pattern of cell-engineered construct cultivating for 24 hours at a flow rate of 0.02 ml/min. The formation of
human liver cell layers on the surface of BMCH: 1 — BMCH; 2 — cells. Hematoxylin and eosin staining: a — x100; 6 — x400.

[IUTOB — TIOJIMTOHAIbHAS (hOpMa, IIEHTPATBHO PACIIONO-
JKEHHBIE KPYTIIbIE SIpa.

OyHako MecTtaMH HaONIoAany pa3pbIXJICHHE Kile-
To4yHOrO 1wiacta (puc. 7). [Ipu 3ToOM KIIETKH Ha OIUCHI-
BaeMBIX Y4acTKaX TePsIIH MEKKIETOUHbIC KOHTAKTHI, B
HEKOTOPHIX KIIETKaX si/ipa HE BU3YAJIN3UPOBAIUCH, UTO
CBHJICTEIHCTBOBAJIO 00 WX THOenu. B »TuX ke 30HaX
BBISIBJISUTU KJICTKU C MIMKHOTHYHBIMU SIJIPAMH, YTO SIBIISI-
€TCs IPU3HAKOM HEKPOOH03a — HEOOPATUMBIX IaTOJIO-
rudecknx m3MeHnenni B kietke. MCK JKTg Ha manHoM
CpOoKe HaOMIO/IEHNsSI HE BBISBIISUIHCE.

Ha 3-u cyTku KyJIbTUBHPOBaHUs HAONIOIAIN aKTHB-
Hyo pe3opounto BMKI' B MecTax KOHTaKTa MaTpuKca
C aATe3WpOBaHHBIMU KJIETKaMH IedeHu (puc. 8, a, 0),
YTO MOYKET KOCBEHHO CBUJIETEIHCTBOBATH O META00NIH-
YECKOW aKTHBHOCTH TeIaTOIIMTOB.

B romme BMKI" ¢popMupoBanich HAIIK U JTAKYHBI,
3aroiHeHHbIE KIeTKaMu (puc. 9).

YacTh KJIETOK JIEMOHCTPHUPOBAIa MOP(OIIOTHIO, Xa-
PaKTEPHYO JUIsl FeIIaTOLUTOB, HO OCTABILIUECS TIEPEILITH

Puc. 7. 'ncronornueckas kapruna KUK gepes 24 yaca Kyib-
TUBUPOBAHHSA B YCIOBUSAX MoTOKa Tpu ckopoctr 0,02 mir/
MUH. Pa3peIxiieHne KIETOYHOTO IIacTa U THOENb KIETOK Ha
noBepxHoct BMKI': 1 — BMKT'; 2 — cxomenue kietok. Ok-
pamuBaHue TeMaTOKCHIMHOM U 303uHOM; X100

Fig. 7. A histologic pattern of cell-engineered construct cul-
tivating for 24 hours at a flow rate of 0.02 ml/min. The de-
condensation of cell layer and cell death on the surface of
BMCH: 1 — BMCH; 2 — cells. Hematoxylin and eosin stai-
ning; x100

Puc. 8. I'mctomornueckas xaptiaa KHK Ha TpeThH CyTKH KYITBTHBHPOBAHUS B YCIOBUAX MOTOKA TIpH ckopoct 0,02 Mi1/MHUH.
Buopezopbmms ¢pparmenroB BMKI™ kiretkamu mewenun: | — BMKT'; 2 — ckomienne kiietok. OKpammBaHie TeMaTOKCHITHOM

u s03uHOM; a — %x200; 6 — %400

Fig. 8. A histologic pattern of cell-engineered construct cultivating for 3 days at a flow rate of 0.02 ml/min. The bioresorption
of BMCH fragments: 1 — BMCH; 2 — cells. Hematoxylin and eosin staining; a — x200; 6 — x400
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B CTaaUIO0 NECTPYKIMU — HAPYIIWIACH ILETOCTHOCTH
KJICTOYHBIX MEMOpaH, fiJjpa HE BH3YaJIM3HPOBAINUCH.
OTMETHM, YTO KJIETKH B CKOIUICHHUSX, HE TIPUKPEITHB-
MIUXCS K TIOBEPXHOCTH THIPOTENS, pa3pyIIaliuch, Spa
B HUX HE ONPEICIISIINChH; CKOIUICHUS ObLITH MTPE/ICTaBIIe-

HBl B OCHOBHOM Maccoii rpy0oro KJIEeTOYHOTO JETpUTa
(puc. 10).

Ha 7-e cyTku KynbTHBHpPOBaHHUSI Ha MOBEPXHOCTHU
TUIporesiss OOHapyKUBAJIOCh 3HAYMTEJIBHO MEHBIIIEE
KOJIMYECTBO KJIETOK, YeM Ha MPEAbLAYIIEM CpPOKe Ha-

Puc. 9. T'mctonornueckas kaptuaa KWK Ha TpeThu cyT-
KM KyJIbTUBHUPOBAHUS B YCJIOBHMSX IOTOKA HPU CKOPOCTH
0,02 mn/mun. @opmuposanue Hum U gakyH B BMKI u 3a-
nonHeHue ux kierkamu: 1 — BMKI'; 2 — ckomieHne KieTok.
OxpammBaHre TeMaTOKCHINHOM U 203MHOM; X400

Fig. 9. A histologic pattern of cell-engineered construct cul-
tivating for 3 days at a flow rate of 0.02 ml/min. The forma-
tion of niches and lacunas in BMCH subsequently filled with
cells: 1 — BMCH; 2 — cells. Hematoxylin and eosin staining;
%400

Puc. 11. Pa3pyIeHue KJI€TOYHOTO IU1ACTa U €r0 CIIyLIMBaHNUE
¢ moBepxHOCTH rupaporens. CeapbMmble CYTKH KyIbTHBUPO-
BaHMS B yCJOBUSIX 1oToka rnpu ckopoctu 0,02 mur/mun: 1 —
BMKT'; 2 — crorutenue kiieTok. OKpaniBaHie TeMaTOKCHITH-
HOM H 03uHOM; X200

Fig. 11. The destruction of cell layer and its detachment from
the surface of hydrogel. 7-day cultivation at a flow rate of
0.02 ml/min: 1 — BMCHj; 2 — cells. Hematoxylin and eosin
staining; %200
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Puc. 10. Yactuunas aecTpyKuus KJIETOK Ha THAPOTEICBOM
MaTpukce. TpeTbu CyTKU KyJbTUBHUPOBAHUS B YCIOBUSX IO-
Toka rpu ckopocty 0,02 ma/mun: 1 — BMKI'; 2 — ckoruteHue
kJeToK. OKpalBaHue reMaTOKCHUIIMHOM U 303uUHOM; X400

Fig. 10. The partial destruction of cells on a hydrogel matrix.
3-day cultivation at a flow rate of 0.02 ml/min: 1 — BMCH,;
2 — cells. Hematoxylin and eosin staining; x400

Puc. 12. Mop¢onorudecku He U3MCHEHHBIC KIETKH B TOJIILE
ruzaporens. CenbMble CYTKH KyJIbTUBUPOBAHUS B YCIOBHSIX
notoka rpu ckopoctu 0,02 mu/mun: 1 — BMKI; 2 — ckomn-
nenue Kinetok. OKpaluBaHue TEMAaTOKCHINHOM M 203MHOM;
%200

Fig. 12. Morphologically unaltered cells inside the hydrogel.
7-day cultivation at a flow rate of 0.02 ml/min: 1 — BMCH;
2 — cells. Hematoxylin and eosin staining; x200
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Puc. 13. JlakyHa B THApOTEINE C KIETOYHBIM JIeTpuToM. Cenb-
MBIE€ CYTKH KyJBTUBHPOBAHHS B YCIOBHSX ITOTOKA IIPH CKO-
poctu 0,02 mi/mMuH. OKpalMBaHie TeéMaTOKCHIMHOM U 30-
3uHOM. X200

Fig. 13. Lacuna in hydrogel with cell detritus. 7-day culti-
vation at a flow rate of 0.02 ml/min. Hematoxylin and eosin
staining. x200

omonenus. [Ipomcxoamno crmymuBaHWE KIETOYHBIX
TUTACTOB C MOBEPXHOCTH THJPOTENST U THOENb KIETOK
(puc. 11).

OTMeTuM, YTO yepe3 HEACTIO KyJIHTHBHPOBAHHS B
YCIIOBUSIX TIOTOKa MOPQOJIOTHYECKH HE W3MEHEHHBIE
KJICTKH COXPaHSINCH B TONIIE THApOTeNs (puc. 12).

OpHaKO U B 3TOM Cliyyae HaOJF01aeTCsl THOCIb Kile-
TOK B CKOIUICHUSIX, PACTIOIOKEHHBIX B JIAKYHAX B TOJ-
e ruzpporens (puc. 13).

K 10-m cyTkam KylbTHBHpPOBaHHS OCHOBHAs Mac-
ca KJIETOK ObUIa TIPE/ICTaBICHA ACTPUTOM, KICTOUHBIE
TUTACTBl HAXOIWJIMCh B COCTOSHMM JeCTPYKUUH. Ku3-
HECIMOCOOHBIX KIJIETOK MTeUYeHU He HAOIIOIaIH.

buoxumudeckuit ananu3 nmpod KyIbTypaabHOU cpe-
JIbl U3 OMOpeaKTopa Ha MepBhIe U TPETHU CYTKH JKCIIe-
pUMEHTa He BBISIBUI B 00pa3liax MOUEBUHBI Ha YPOBHE,
MPEBBIIAONIEM TIpeed oOHapyxkeHus 1,1 MMoOmb/i.
OjiHaKo K CeIbMBIM CyTKaM coJiep)KaHUEe MOYCBUHBI B
KyJIBTYpajibHOM cpene coctaBmio 2,1 = 0,14 MMomns/1,
YTO CBUJCTENBCTBYET HE TOJBKO O MPUCYTCTBUU B OHO-
peakTope MOp¢OIOTHIESCKH He N3MEHEHHBIX TeaToIN-
TOB, HO U 00 MX METa0O0JNUYECKOMH aKTUBHOCTH.

3AKAIOYMEHUE

TakuM 00pa3zoM, pe3ynbTaThl MPOBEICHHBIX JKCIIe-
PUMEHTOB IT0Ka3aJii, 4TO B OMOpEaKTope MPH CKOPOCTU
noroka 0,02 MJI/MUH Ha CelbMbIe CYTKH SKCTIEpUMEHTA
kynsruBupoBanuss KK, cocrosiieid U3 KJIETOK meye-
a1, MCK KTy, BMKT u cpenst Williams E, B kyibTy-
pajbHBIX KaMepax MPHUCYTCTBOBAJIM KPYIHBIE KIETKH
C XapaKkTepHOU JIs TeMaToIuTOB MOP(OIOTHe — Imo-
JUTOHATBHOW (OPMONM M IEHTPAIBHO PACIIOIOKECH-

77

HBIM KPYDJIBIM siIpoM. MeTtabosinyeckasi aKTHBHOCTb
renaroiuToB B uccienyemoin KUK noareepknanach
MPUCYTCTBUEM MOYEBHUHBI B KYJIbTYpaJIbHOU Cpelne Ha
CeIbMBbIC CYTKH KYJIBTHBHPOBAHHUS B OWOpPEAKTOpE U
pesop6iueit BMKI. 'mGenp renaronutoB Ha Ooliee
MO3/IHUX CPOKAX CBHUJICTEIBCTBYET O HEOOXOAMMOCTH
ONTHMH3AIINN COCTaBa KyJIbTypaIbHOMN Cpeibl, 00IIEeTo
kosmyecTBa ki1etok B BMKI' marpukce 1 COOTHOIIEHUS
renarorutoB © MCK XKTu.

Kpome Toro, octanach HEBBISICHEHHOU POJb B MOJI-
Jep>)KaHUM  KU3HenesaTeabHocTH renatrouutoB MCK
’KTu, kotopeie He OOHApYKMBaJUCh B THCTOJOTHYE-
CKHX TpernapaToB.
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