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Pe3ome

MeseHxuManbHbIe CTBOJIOBBIE KJIETKU paccMaTpUBarOTCs Kak
MEPCIEKTUBHBIA MHCTPYMEHT KJIETOUHOM Tepanuu 0Jiaroaapsi uX pereHepaTuBHBIM
U  HUMMYHOMOAYJHUPYIOIIUM cBoWcTBaM. OJHAKO pe3ysibTaThl KIMHUYECKUX
UCITBITAHUN OCTAIOTCS HEOAHO3HAYHBIMU: B P UCCIICIOBAHUNA OBIIM OTMEUCHBI
VIY4IICHUS Y YYaCTHUKOB WCCIICIOBAHUS, TOrJAa Kak B JPYrUX HE OBLIO
JIOCTOBEPHBIX OTJIMYMI OT Iwanedo, Ooyee TOro, y HEKOTOPBIX YYACTHHKOB
HaOmoaauch MmMoOouHble 3¢ dexkTsl. OIHUM U3 HaNpaBJICHUHA TOBBIICHUS
sbdextuBHOCTH U O6e30nacHocT MCK-Tepanuii sBisieTcss ux 1ejieHanpaBieHHas
npenoOpadoTka,  MO3BOJAIOIIAS  MOAU(UIMPOBATH  cekpeToM.  [pyrum
NEPCHEKTUBHBIM TOJXO0JOM BBICTYNAET MOIYJISLIMS MUTO(GAru — KIOUYEBOIO
MEXaHHU3Ma KOHTPOJIS KauecTBa MUTOXOHJPHIA, ONPENEIIIOUIETO
CTPECCOYCTOMUYNBOCTh U MMMYHOPETYJISITOPHBIE BO3MOXHOCTH ME3E€HXUMAJIbHBIX
CTBOJIOBBIX KJIETOK. AKTHUBHas MUTO(arvs yMeHbIIAeT CEHECICHIIUIO, COXPAHSET
UMMYHOMOJYJIUPYIOIINE  (QYHKIIMU  ME3CHXUMAaIbHBIX  CTBOJIOBBIX  KJIETOK,
Oylarogapsi KOTOPbIM OHU MOTYT CIIOCOOCTBOBATH pa3pelieHuto BocnaieHus. [Ipu
HapyIIEHUSX MUTO(pAruu, MOTyT HAKaIIMBAThCS MUTOXOHIPHUATIbHbIE KOMITOHEHTBI
n A®K, 4Yro MOXET yCWIHMBaTh JOKaJbHOE BocnajeHue. TeM cambiM,
TEpPaNeBTUYECKUN TMOTEHIMAT ME3EHXUMAJIbHBIX CTBOJIOBBIX KIJIETOK OyJeT
cHWKaTbcs. Takum 00pa3oMm, IENbI0 UCCIENA0BAHHUS OBUIO COMOCTAaBJICHHE
Mutodarud U BocnamuTenbHOW  TosiepaHTHOocTH MCK 1mpu  pasiuyHbIX
cTUMYJIAIMIX. B Hacrosiiem ucciaeoBaHUKM MBI COTMIOCTABWIIM 00a HaIpaBJIeHUS,
UCCJIEIOBAB MUTO(PAruuecKuil OTBET ME3EHXUMAJbHBIX CTBOJIOBBIX KJIETOK Ha
MUTOXOHJPHAIIbHBIH ~ cTpecc U QopmupoBanue  LPS-unmynupoBanHOU
TOJIEpaHTHOCTH. B Hamield pabote wHccieqoBaHa HWMMOPTAIM30BaHHAS JIUHUS
aguno3o-npoucxoxaeHus ASC52telo B IByX SKCIEpUMEHTANbHBIX cxeMax. Jlis
aHanuza wmutodaruum kietkam go0aBiasiu FCCP ans menossipysanuu
MuToxoHApuii. KiieTku cHuManu Ha KOH(OKAJIbHOM MHUKPOCKOIE C JBOWHBIM
OKpalIMBaHUEM MUTOXOHJPUN U JTU30COM. JJIsl OIEHKH TOJEPAHTHOCTH KJIETKam
B 100aBisu LPS n m3mepsiimu cexperuio muTokuHOB. Oka3anock, 4to FCCP
BBI3BIBAJI BHIPAKECHHYIO (DparMEeHTAI[MI0 MUTOXOHJIPUN U aKTUBAIUIO MUTO(Aruu.
Kpowme toro, cexkpeunss TNF u CCL2 3HauMTENBHO CHMXAJACh NMPU MOBTOPHOMU
crumynsaiuun  LPS. Takum oOpa3om, aktuBamusi MuTOGarud TpPU  OCTPOM
MUTOXOHJPHUAIBEHOM CTpecce U (PopMUPOBaHHUE TOJEPAHTHOCTHU K SHIAO0TOKCHHY LPS
B ME3E€HXUMAJIbHBIX CTBOJIOBBIX KJIETOK PEACTABIISIOT coboit
B3aMMOJIOTIOJIHAIONINE  QJalTHBHBIE MEXAaHU3MBI, KOTOpPbIE MOTYT  OBITh
MCIIOJIb30BaHbl KaK MUIIEHU JJIS MOBBIIIEHUS MPEICKAa3yeMOCTH U KIMHUYECKOU
s pexruBHOCTH MCK-Tepanmii.

KiawudeBble ciioBa: Me3eHXUMaJIbHBIC CTBOJIOBBIC KJIETKH, MHUTO(darus,
TOJIEPAHTHOCTh K SHJIOTOKCUHY, BocnasieHue, mutoxoHnapuu, TNF, CCL2.



Abstract

Mesenchymal stem cells are considered a promising tool for cell therapy
because of their regenerative and immunomodulatory properties. However, results
from clinical trials remain inconclusive: in some studies participants showed
improvements, while in others there were no statistically significant differences from
placebo; moreover, some participants experienced adverse effects. One strategy to
improve the safety and efficacy of MSC-based therapies is targeted preconditioning
to modify their secretome. Another promising approach is modulation of mitophagy
— a key mitochondrial quality-control mechanism that determines mesenchymal
stem cells stress resilience and immunoregulatory capacity. Active mitophagy
reduces senescence and preserves the immunomodulatory functions of
mesenchymal stem cells, through which they can promote resolution of
inflammation. When mitophagy is impaired, mitochondrial components and reactive
oxygen species can accumulate, which may exacerbate local inflammation. As a
result, the therapeutic potential of mesenchymal stem cells may be diminished. Thus,
the aim of this study was to compare mitophagy and inflammatory tolerance of
mesenchymal stem cells under different stimulations. In the present study we
compared both strategies by examining the mitophagic response of mesenchymal
stem cells to mitochondrial stress and the development of LPS-induced tolerance.
We used the hTERT-immortalized adipose-derived line ASC52telo in two
complementary experimental schemes. To probe mitophagy, cells were exposed to
FCCP to depolarize mitochondria and then imaged by confocal microscopy after
dual staining of mitochondria and lysosomes. To assess tolerance, cells were
stimulated twice with LPS and cytokine secretion was measured. We found that
FCCP induced pronounced mitochondrial fragmentation and activation of
mitophagy. In a separate set of experiments, repeated LPS stimulation led to a
marked reduction in TNF and CCL2 secretion. Thus, activation of mitophagy in
response to acute mitochondrial stress and the establishment of endotoxin (LPS)
tolerance in mesenchymal stem cells operate as complementary adaptive
mechanisms. These processes may be exploited as targets to increase the
predictability and clinical efficacy of MSC-based therapies.

Keywords: Mesenchymal stem cells, Mitophagy, Endotoxin tolerance,
Inflammation, Mitochondria, TNF, CCL2.
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1 BBenenmne

Me3senxumaiibHble  cTBOJIOBbIe KieTkn (MCK) o0nmagaroT MIMpOKAM
pPErCHEPAaTUBHBIM M HMMYHOMOYJUPYIONIUM TMOTEHIIHAJIOM.: OHH CIIOCOOHBI
CEKPETUPOBATh BHEKJIETOYHBIC BE3UKYJBI, COJACpXKAIINE MHUTOXOHAPUHU, YTO
CHOCOOCTBYET BOCCTAHOBJICHHMIO TMOBPEXKAEHHBIX TKAaHEW © MOAYJIHMPOBAHUIO
BocnajieHus. Otu coiictBa MCK 00ycnaBnuBarOT MHTEpeC I PacCMOTPEHUS
TEpaneBTUYECKOTO TMOTEHIMalla J3TUX KJIETOK, YTO JIErJI0 B OCHOBY HX
JOKIMHUYECKUX M KIMHUYECKUX UCIBITAaHUI B T€panmuu Takux 3a00JeBaHUM, Kak
PEBMATOMIHBIA apTpUT, arepockiepo3d u Ap. [1,2]. OnHako pe3ynbTaThl
kinHuyeckux wucneiTanuii MCK  okazanuch HEOJAHO3HAUYHBIMU: B HEKOTOPBIX
paboTtax Habro1aNCs TepaneBTUUYECKU YPHEKT, B JPYTUX — OTIUUYHUA OT KOHTPOJIS
He ObLIO, a Takke ObUIM BBIABICHBI TOOOYHBIE IP(DHEKTHL. DTO MOAUEPKUBAET, YTO
npaktuyeckas peanuzanus MCK-tepanuii TpeOyeT 6ojiee rIyOOKOro moOHUMaHUs
WX BHYTPHUKJIETOUHOU uznosnorun [3,4].

Opgnum u3 HampaBieHuidl noBbilieHUs 3¢ dextuBHOCTH MCK  sBisercs
KOHTpoJiupyemasi npenodpadorka. Hampumep, LPS-npeno6paboTka oxa3biBaeT
BIMSHHUE Ha COCTaB CEKPETHUPYEMBIX BE3WKYJ, KOTOpPBIE B CBOIO OYepeIb
CHOCOOCTBYIOT — TOJNSpH3AIMM  Makpo(daroB MO MPOTHBOBOCHAIUTEIHLHOMY
(GbeHOTUIy, YTO COMPOBOXKIACTCS CHIDKCHHEM CEKPEIUU TPOBOCHATUTEIIBHBIX
IUTOKHHOB [5,6].

bouio  mokazano, uyto MCK cnocoOHBI  yNMakoBBIBaTh  (PparMeHTHI
MUTOXOHJPUM B BE3UKYJIbI U CEKPETUPOBATh UX JAPYyTrUM Kierkam. [lostomy mis
MCK oueHb BaXHO TOJJEPKUBATh KayeCTBO MUTOXOHApuil.  Hapymenus
MUTOXOHJPHUAIBHON (YHKIIMM CBS3aHbl CO CHIDKEHHEM MpoJiudepaTUuBHON
AKTUBHOCTH, UIMMYHOMOJIYJISITOPHBIX CBOWCTB M YCTOWYMBOCTH KIJIETOK K CTpECCy
[7,8]. B a1o0it cBs3um 0coOoe BHMMaHHE YICHACTCS MUTO(aruu — mporeccy
CCJICKTUBHOTO  yAQICHUS  JUCPYHKITMOHAIBHBIX  MHUTOXOHAPUH,  KOTOPBI
paccMaTpWBaeTCs KaK OJIMH W3 TJaBHBIX MEXAaHW3MOB MOJCP)KaHUS KadecTBa
KJIETOYHOTO TMyJa. YcuieHue MHUTO(aruu SKCIEPUMEHTAIbHO TOKa3aHO Kak
cTparerust Jyisl NOBbIIEHUS yCTOMYMBOCTH MCK K TUIOKCHH, OKHUCIUTEILHOMY
CTpECCY ¥ BOCHAIMTEILHBIM CTUMYJIaM, a TaK)Ke JUTIsl COXPAHCHUS X IMapaKpUHHON
aKTUBHOCTU. TakuM 00OpazoM, MOIYJSAIUS MHUTO(GArMk paccMaTPUBACTCA Kak
NEPCIIEKTHBHBIN T0aX0 4 K «mmoaroroBke» MCK mis tepamuu [4,9,10].

Takum oOpa3zom, eI UCCASA0BaHUS OBLJIO COMOCTaBICHUE MUTOMAruu 1
BOCMAJIUTENIbHOU TosiepaHTHOCTH MCK npu pa3iuyHbIX CTUMYIISIIUSX.

2 MaTtepuaJjbl 1 MeTO/IbI

B pabGore wucnonp3oBaiMCh UMMOPTAJIM30BAaHHBIE ME3CHXUMAJbHBIC
CTBOJIOBbIE KJIETKHM uenoBeka u3 xkupoBod Tkanum ASC52telo (hTERT, SCRC-
4000™, ATCC).

Knerku nonnepxkusanu B cpeae DMEM ¢ HU3KOM TIIIOKO30M, TOTIOJHEHHON
10% FBS, 50 Ex/mn nenunmmuaa u 50 ur/miu crpentomununa, pu 37 °C u 5%
CO:z. IInoTHOCTH MOCEBA cocTaBisiia 8% 10° KIIETOK/MIL.

Kinerku BriceBanu 1o 800 ThIC KiIeTOK/MI B 24-TyHOUYHBIE IUIAHIIETHI (10 1
MI Ha JTyHKY ). lo6asisiiu LPS (Sigma) B koHIeHTparmu 1 MKI/MIT 1 HHKYOUpOBau
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4 4, mocne yero MeHsUM cpeny u go6asisuin LPS cHoBa Ha 20 4. B utore nomyyanu
4 obpasma (K K, K LPS, LPS K, LPS LPS). Ilocie otoupanu cynepHaTaHT s
aHaJIN3a CEKPEUNU UUTOKMHOB MeToaoM MDA,

NDA npoBogumn B 96-nmyHounoM 1uta”umere (SPL) ¢ ucnonbs3oBanuem
HabopoB DuoSet ELISA Development System (TNF (R&D Systems), I1L-6, IL-8,
CCL2) cornacHo mpoTOKOJy Mpou3Boautess. ONTUYECKYIO0 TNIOTHOCTh 00pa3IoB
u3Mepsuin ¢ momonibio TutanmeTHoro puuaepa ClarioSTAR. Konuentpanuun
IIUTOKWHOB PACCUUTHIBAIIU B IIT/MJI HA OCHOBaHUU KaJTMOPOBOYHOU KPUBOM.

Jlist onleHKH mMuTO(aruM KIeTKU MHKyOupoBanu B mnpucytctBuu 100 HM
muToxoHapuansHoro (MitoTracker Green (Thermo Fisher Scientific)) u 50 uM
mu3ocomaibHoro (LysoTracker Deep Red (Thermo Fisher Scientific)) sougos Ha 30
MuH. Knerku uentpudyrupoBanu, npomsiBasii PBS u mnepenocunn Ha
koH(pokanbHble yamku (Jet Biofil). Jlnsg wmuaykumm MuTO(daruu MCIOJIb30BaIU
pazobmmTens MuToxoHApranbHOoro moTeHImanta FCCP (Sigma). KondoxkansHbie
n300paxeHus nojayvaiu Ha koHpokarbHoM MuKpockorie Leica DMi8 STELLARIS
S.

CratucTiyeckuil aHaiau3 NPOBOJIMIICA C MCIOJIB30BaHHEM IporpamMmsl IBM
SPSS Statistics. [y JaHHBIX ¢ HEHOPMAJIbHBIM pacupeneseHueM npumensics U-
KpuTepuil ManHa-YUTHU (1711 HEMApHBIX cpaBHEeHUM). CTaTHCTUYECKH 3HAYUMbIM
cuutasioch 3HaueHue p <0,05.

3 Pe3ysabTaThl U 00CyKIeHHE

YToOb! OLIEHUTH CIOCOOHOCTh ME3EHXUMAJIbHBIX CTBOJIOBBIX KJIETOK YJAJIATh
TUCPYHKIIMOHATIbHbIE MUTOXOHIPUH, K1eTKH oOpadateiBasiu 2 uM FCCP B Teuenue
64. B kierkax HaOmrofanach BbIpaXKeHHas (QparMeHTalus MUTOXOHAPUN U
ycunenue mutodaruu (Puc. 1).

[TapannensHo, MbI onieHUBaIM ciocooHocTh MCK hopmMupoBaTh HIMMYHHYIO
TOJIEPAHTHOCTH. KIeTku moaBepranuch AByKpaTHOM cTUMYJsiiuu LPS: mepBas — Ha
44, Bropas — Ha 24 4. Cexpeunst TNF n CCL2 nmocne mMOBTOPHOM CTUMYJISLUN
JIOCTOBEpPHO cHUXkanach Ha 50%, 4TO yka3bpIBaeT Ha (POPMUPOBAHKE TOJEPAHTHOCTH.
Cumxenne IL-6 u IL-8 Gputo mpumepro Ha 10% 1 He AOCTUTIIO CTAaTUCTHUECKOM
3HaunmocTH (Puc. 2).

MCK cnocoOHBl JKCTpEHHO pearupoBaTb Ha oOpazoBanue ADK wu
BBICBOOOXKJIEHUE MUTOXOHJIPHUAJIbHBIX KOMIIOHEHTOB, YTO pEaJu3yeTcsl uepes
aKTUBAIIMIO MEXaHU3MOB KOHTPOJISI KaueCTBAa MUTOXOHIPH, BKJIIOUass MUTO(Aruio
[8]. B psine pabor mokasaHo, yTO ycuieHHe MuTOodaruu coxpansio y MCK
CIOCOOHOCTH K audpepeHIupoBKe U CHIKAIO0 KieTounoe crapenne [10,11]. Hamm
JAaHHBIE O BBIpaXEHHOM wMHUTO(aruu mocie 6-yacoBoil oOpabotku FCCP
COIJIACYIOTCS ¢ MHUPOBOM JUTEpPATypoil. KpoMe BHYTPHUKIECTOYHOM YTUIIM3ALINH,
MCK ucrnosb3yroT BHEKJIETOUYHBIE ITyTH KOHTPOJS KAauyeCTBA MHUTOXOHJIpHUM. Tan
Y.L. ¢ coaBT. mponeMoHcTpupoBainu, yTo MCK uCnonb30Baiu MEXKKIETOYHBIN
nepeHoc e(heKTHBIX MUTOXOHAPHU Yepe3 Be3uKyJibl A1 mutodaruu [8]. Phinney ¢
COABT. MOKAa3aJIM, YTO yINaKOBAHHBIE B BE3UKYJIbI Ie(PEKTHbIE MUTOXOHJIPUH 3aTEM
nomomamck Mmakpodaramu [7]. Takum o6pazom, MCK pacmonarator kak BHyTpH-
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, TAK M BHEKJIETOYHBIMU CTPATETHAMH KOHTPOJISI Ka4ECTBA, KOTOPHIE COBMECTHO
orpannunBatoT AOK/mt/IHK-omocpenoBaHHy0 IPOBOCHAIUTEIEHYIO aKTUBAIIUIO.

Heckonbko padboT nokassiBarot, 4to npeaoopadorka MCK (Hampumep, LPS)
MOIU(DULIUPYET UX CEKPETOM U YCHIIMBAET HMMYHOPETYIISITOpHBIE cBoiicTBa. Chen
X. € COaBT. MPOJEMOHCTPUPOBAIM, UYTO CMEpPTHOCTh y Mblmend ¢ LPS-
oopadotanubiMu MCK mipu monenu PIICS Obiia Hike mociie BHYTPHOPIOIIMHHON
uabekuu LPS [5]. Ko J.H. ¢ coaBt. mokaszamu, uto MCK mormm npenoOydarthb
peCHTOPHBIE MOHOLIUTRI/MaKpodard K ToJIepaHTHOCTH in vivo [6]. Hamm manHbIC
o LPS-tonepantHoctn (cHmkenue TNF u CCL2 npu moBTOpHOW CTUMYIISINHN)
MCK cornacyroTcsi ¢ MUPOBBIMU UCCIIEIOBAHUSIMU.
4 3ak/0ueHune

B 3akmtouenue, Hamui HaOmoaeHHs JeMOHCTpupyior, uro y ASC52telo
BBIpDOKEHHAsT MUTOGAruss TMpd OCTPOM  MHUTOXOHAPUATIBHOM  CTpecce U
TOJIEPAHTHOCTh K SHAOTOKCHHY LPS BBICTymamT Kak B3aWMOJOTMOJIHSIOIINE
MEXaHU3Mbl OOECIEYeHUs] YCTOMYMBOCTH. BbISABIEHHE NMPUUMHHO-CIEACTBEHHBIX
CBSA3€H NO3BOJIUT HANTH KOHKPETHBIE MUIIIEHU JJI MOBBILIEHUS MPEACKA3yEMOCTH,
0e3onacHocTH U KimHU4Yeckon s pextuBHocTH MCK-Tepanuid.

Paborta BemosineHa npu noaaepxkke Poccuiickoro Hayunoro ®@onna (I'pant
Ne 22-15-00273-I1).

Ms1 Onarogapum Llentp kosmexktuBHoro mnons3oBanus WBIT PAH 3a
BO3MO>KHOCTh MCIIOJIb30BaHUs 00opynoBanusi, AuapeeBy Eneny Pomyansnosnay u3s
MNMBII PAH 3a npenocraBiennyto kyiaptypy MCK.



PUCYHKHA

Pucynok 1. Onenka mutodaruu 8 MCK.
Figure 1. Assessment of mitophagy in MSCs.
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KOH(l)OKaJ'IBHBIC 1/1306pa>1<eH1/15[ MC3CHXHMAJIbHBIX CTBOJIOBBIX KJICTOK B KOHTPOJIC U
nocie oopadbotku FCCP. Cnea nHampaBo mokaszanbl MutoxoHapuu (MitoTracker
Green), m3ocombl (LysoTracker Deep Red), nanoxxenue kaHajioB u (pa3oBbIi
KOHTpAacT. B HIDKHEH yacTu npecTaBlIeHO pacipeiesieHne ypoBHI MUTOhAruu st
KOHTPOJIbHBIX KJIETOK (3eN€Has KpuBas) u kieTok, oopadoranusix FCCP (kpacHas
kpuBas). [IIkana 10 pm. Meananpl oTMEYEHBI MyHKTUPHBIMU JInHUSIME. ** —p <0.01
10 pe3yJibTaTtaM Tecta MaHHa-YUTHHU.

Confocal images of mesenchymal stem cells in control and after FCCP treatment.
From left to right: mitochondria (MitoTracker Green), lysosomes (LysoTracker
Deep Red), merged channels, and phase-contrast. The lower panel shows the
distribution of mitophagy levels for control cells (green curve) and FCCP-treated
cells (red curve). Scale bar — 10 um. Medians are indicated by dashed lines. ** P <
0.01 (Mann-Whitney U test).



Pucynok 1. Cnoco6nocts MSC gopmupoBaTh HIMMYHHYIO TOJIEPAHTHOCTb.
Figure 1. Capacity of MSC to induce immune tolerance.
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Cronlupl OTpaXkaroT CEKPEUI0 MUTOKMHOB MPU ABYKPATHOU CTUMYJISILIUM KJIETOK
LPS (nepBast ctumysnus / BTopas ctuMyiisiius): —/—, —/+, +/—, +/+. Ha rpadukax
nzoopakena cexperus nutokuaoB TNF, IL-6, IL-8, CCL2, xoTopyto OIieHuBaIu ¢
nomonibio MDA, Jlanusie npeactaieHsl, kak meauana (Q1-Q3). N=3, * — p <0.05,
** —p <0.01 mo pesynpraTam Tecta ManHa-YUTHH.

Bars show cytokine secretion after two consecutive LPS stimulations (first
stimulation / second stimulation): —/—, —/+, +/—, +/+. Plotted are levels of TNF, IL-
6, IL-8 and CCL2 measured by ELISA. Data are presented as median (Q1-Q3). N =
3. *P <0.05, ** P <0.01 (Mann—Whitney U test).
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