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Ycnex neyeHnst oCTpoii NiydeBolt 601e3HM 3akIl0HAETCS B HEMEOJIEHHOM NoaaepXxueatoLlen Tepanun. Y na-
LIMEHTOB C OrPaHMY€eHHbIM KPOBETBOPHbBIM NOTEHLMANOM €OVHCTBEHHBIM BbIXOAOM OCTAETCH TPaHCNAaHTaumns
reMornoaTUYecknx cTBoNoBbIX kneTok (FCK). Mbl npegnonaraem, 4To anbTepHaTUBOW AJ1si NOCTPaAaBLUMX OT 06-
JlyYEHMSsI NAUMEHTOB MOXET CIYXUTb Tepanus Me3eHXMManbHbIMU CTBOI0BbIMM KneTkamu (MCK). OkcneprMeHThbl
invitro no anddepeHumposke MCK yenoseka (HMCK) B kneTkn-npepwectseHHnkn MCK n aHpooTenmin nokasanu,
410 MCK MeHs10T cB0I0 MOPd0N0rmio 1 Npodusib SKCNPECCUN FEHOB, U, MO-BUANMOMY, UMEIOT FeMOMN03TUYECKUI
noteHuman. MeiwmHble MCK (MMCK) 6b11r nofydeHsbl U3 KOCTHOro Mo3ra, nomedeHsl eGFP 1 KnoHMpoBaHsl.
JleTanbHoO 0671y4EHHBLIM MbiLaM Bblv BHYTPUBEHHO BBeAeHbl MedeHble MCK. Mbl 06HapyXunm oJIMTeNbHYIO Bbl-
XNBAEMOCTb PELMIMUEHTOB C BOCCTAHOBJIEHMEM FrEMOMNO033a Nocse TpaHcnnaHTauum nckntountTensHo MCK, 6e3
Bknaga CK. AHann3 KOMYECTBEHHOM MOJIMMEPASHON LLIEMHOM peakuym XMMEPN3Ma BbISBUI1 MEYEHLIE KITETKN B
nepudepunyeckom KpoBM cpasy Nocae BBeAeHUS 1 B nerknx yepes 24 4. OgHako Ha N034HNX CPOKax JOHOPCKMX
KJIETOK He 6blNIo 0GHaPY>XXEHO HW B OHOM U3 NCCNENO0BAHHBIX TKaHen. HecMoTps Ha BbICTPOE MCHE3HOBEHME A0~
HOPCKUX KNIETOK, MUKPOYNNOBBIM 1 @HaNn3 NoaMMepasHor LenHOM peakuym BbiiBUIM B KOCTHOM MO3re NPpU3Haku
pereHepaTMBHOro0 Xxapakrepa, NPOSIBASIOLLMECS B CHUXKEHUW BOCHaneHus, agresnmn n GopmmpoBaHus maTpukca,
1 B YBENMYEHNN NPOTUBOBOCHANUTENBHbIX N aHTUOKCUAATUBHBIX ABAEHUI, CPaBHUMbIX C TpaHcnnaHTaumen MCK.
MbI Takke nokasanu, 4To BBeaeHue cekpetTmpyemMbix MCK-MUKpOBE3MKyn MMEET Takol Xe 3aluTHbIN adhdexT,
KaK BBELAEHMNE KNETOK. B COOTBETCTBMI C HALLMMK pPe3YbTaTamMm MOXHO NPeanonoxmnTb, 4To MCK nocpeactesom
cekpeunn Tpodudeckmx GakTopos 1 MOAYNNPOBAHUS akTUBHOCTM HULW MCK 3awmiaoT 9HA0reHHbIN reMonoas
M MOTYT BbICTYNaTb B posin 6bICTPOro 1 apPeKTUBHOro CPeacTBa NeEPBON NOMOLLM MPU NHAYLMPOBAHHON 06-
Jly4YEHMEM KPOBETBOPHOW HELOCTATOYHOCTMU.

KnioueBble cnosa: paguaums, pagnobuonorusi, octpas ydeas 6051€3Hb, KOCTHbIA MO3I, FEMOMNO3TUYECKME
CTBOJOBbIE KJ1IETKW, ME3EHXMMANbHbIE CTPOMAJIbHbIE KNIETKU, FEMOMN033, paanaumoHHoe 0b6y4YeHme.

Successful treatment of acute radiation syndromes relies on immediate supportive care. In patients with limited
hematopoietic recovery potential, hematopoietic stem cell (HSC) transplantation is the only curative treatment
option. We propose MSC treatment as an alternative treatment for severely radiation-affected individuals. In
vitro differentiation of human MSC (hMSC) into progenitors for hematopoietic and endothelial cells revealed
that MSC changed their morphology and gene expression profile, suggesting that investigated cells possess
hematapoietic capacity in vitro. Mouse mesenchymal stromal cells (MMSCs) were expanded from bone marrow,
retrovirally labeled with eGFP (bulk cultures) and cloned. Lethally irradiated recipients were i.v. transplanted
with bulk or clonal MMSCs. We found a long-term survival of recipients with fast hematopoietic recovery after
the transplantation of MSCs exclusively without support by HSCs. Quantitative PCR based chimerism analysis
detected eGFP-positive donor cells in peripheral blood immediately after injection and in lungs within 24 hours.
However, no donor cells in any investigated tissue remained long-term. Despite the rapidly disappearing donor
cells, microarray and quantitative RT-PCR gene expression analysis in the bone marrow of MSC-transplanted
animals displayed enhanced regenerative features characterized by decreased proinflammatory, ECM formation
and adhesion properties and boosted anti-inflammation, detoxification, cell cycle and anti-oxidative stress control
as compared to HSC transplanted animals. We could show that injection of MSC-derived microvesicles resulted
in a similar protection as MSC transplantation. Our results suggest that MSCs, their release of trophic factors
and their HSC-niche modulating activity rescue endogenous hematopoiesis thereby serving as fast and effective
first-line treatment to combat radiation-induced hematopoietic failure.

Keywords: radiation, radiobiology, acute radiation sickness, bone marrow, hematopoietic stem cells,
mesenchymal stromal cells, hematopoiesis, irradiation.
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BeepneHune

Tepanus naumMeHToB C OCTPOW NyyeBon 60-
nes3Hbio (OJ1B) no-npexHeMy ocTaeTcs 60sbLLIOW
npobnemoii. BocctaHoBneHne remonoasa npu
VHAYUMPOBAHHOM 06/1y4eHNEeM KOCTHO-MO3rOBOM
HEeO0CTaTO4YHOCTU 3aBUCUT OT NOJIYYEHHOW O,03bI
M MHTEHCUBHOCTM NOALEPXMBAIOLWEN TEPANUN,
MPWU3BaHHOM 3aLUNTUTL OT NIeTaNbHbIX NHDEKLWNI
1 06ecneyvnTb COXPaHMBLUMMCS CTBOJIOBbLIM KJeT-
KaM noagepXxky onga pasmHoxexHus. [nsa Toro,
4YTOObI AOCTUYb ONTUMAasbHOM 3DPEKTUBHOCTU U
obecneynTb HaMy4Llylo Tepanuio NocTpaaaB-
1M, NONyYMBLLIMM ODSTy4EeHMeE B pedysibTaTte Tep-
POPUCTMHECKMX aKTOB M TEXHOTEHHbIX KATacTPod,
MeAUNLMHCKNE MepOonpuUaTns A0MXHbl ObliTb
OCYLLECTBJIEHDbI B MEPBbIE AHWN NOCNE NHUMNOEHTA
[71. NMonHbIM CcNeKTp MEPONPUSTUIA BKIIKOYAET NOA-
LEPXNBAIOLLYIO TEPANMIO, TEpPannio POCTOBbLIMU
dakTopamm B Nepsble 2 HER, NOCNE BO3OENCTBUS
paguaumm nnu TpaHcnnaHTaumio KOCTHOrO MO3-
ra (TKM) / reMonoaTnyeckmx CTBOSIOBbIX KIIETOK
(I'CK). Tak kak apdekT OT pagnaLoHHOro obny-
YEeHMS Ha CTBOJIOBbIE KIETKM KPOBU MPUXOANTCS
Ha O03bl 3HAYUTENbHO MEHbLLE, YEM HA KNETKMN
OPYrnx KPUTUYECKNUX OPraHoB, TO ObICTpoe 13-
MEHEHME COCTaBa KNeTok nepndepmnyeckon Kpo-
BW ONKTYET OCHOBHbIE TEPANEBTUYECKNE MEPDI.
dakTryecku ToTanbHoe 06J1y4eHME Tena YenoBeka
B f03ax 6bonee 7-8 'p NpMBOAUT K MOIHOMY Ony-
CTOLLEHMIO KOCTHOro mogara (KM). o aTtoro no-
POrOBOro 3HAYEHNS1 CNOHTAHHOE BOCCTAHOBIEHME
remMornoa3a 3a CYeT COXPAHUBLUMXCA CTBOJIOBbIX
KJIETOK W KNETOK-NPEALECTBEHHNL, BO3MOXHO B
TeyeHme 30-50 gHen, 0gHAKO 3TOT NEPMOL Xapak-
TEpU3yeTCs NaHUMTOMEHNEN: CHMKEHNEM YMCna
rpaHysounToB, TPOMOOLUMTOB U 3PUTPOLIUTOB.

TKM npownssoguTcst B criydae HeobpaTumoro
MOBPEXAEHWNS NySia FrEMOMNO3TUYECKNX CTBOIOBbIX
KneTok. MIHTepecHo, 4TO Aaxe nocne ToTasbHOro
0651y4eHnst Tena pagnope3ncTEHTHbIE CTBOJIOBLIE
KNeTkn Oblnn 0OHApYXeHbl B pasfiniHbIX 30HAX
KM, coctaBnss nya oCTaTo4vyHbIX CTBOJIOBbIX Kle-
TOK 1 kneTok-npegwecteeHHuy, [11]. OJ1b xapak-
Tepm3yeTcs HE TOJIbKO NOBPEXAEHNEM KOCTHOIO
Mo3ra. MuwieHssMmn 061y4eHnst CTaHOBATCS pas-
JINYHbIE OPraHbl, 4HTO NPUBOANT K 3HAYUTESNIBHOMY
BbIOPOCY BOCNANUTENbHbIX LMTOKMHOB [3], cpaB-
HUMOMY C GEHOMEHOM «LIUTOKMHOBOIO LUTOPMa»,
OMNMUCaHHOr0 NPM peakunn TpaHcnaaHTaT NpoTuB
xo3sauHa (PTIMX) [6].

Y BbIKUBLLNX XEPTB aTOMHbIX 6bomMbapanpo-
BOK OblM 3adUKCMPOBaHbI NPOSIOHIMPOBAHHbIE
3P DEKTbl MOHUBNPYIOLLETO N3NYYEHNS B BUAE
MOCTOSIHHbIX Npn3HakoB BocnaneHus [10]. B go-
NMoJsIHeHNe K 3TOMY CBOW Bknag, B 00LLYy0 CMepT-
HOCTb BHOCUT OKCUAATUBHbIN CTpecc. Tepanus

Introduction

The management of patients suffering from
acute radiation syndromes (ARS) still remains a
major challenge. Survival of radiation-induced
bone marrow failure depends on the dose of
radiation received and the intensity of supportive
care which can protect from otherwise lethal
infection and give surviving stem cells a chance
to expand. To provide the best possible care for
radiation accident victims in acts of terrorism or
catastrophicincidences, medical countermeasures
need to be made within the first few days for
optimal efficacy [7]. Overall measures include
supportive care, treatment with growth factors
within the first two weeks after radiation exposure,
or hematopoietic stem cell transplantation
(HSCT). Since radiation effects on blood stem
cells occur at doses generally lower than on other
critical organs, the rapidly emerging changes
in the peripheral blood cell lineages dictate the
treatment options. In fact, total body irradiation
(TBI) at doses more than 7-8 Gy in human
corresponds to medullar eradication. Under this
threshold spontaneous recovery from residual
hematopoietic stem and progenitor cells may be
expected within 30-50 days but going through
cytopenic phases of granulocytic, megakaryocytic
and erythrocytic lineages.

HSCT should be considered if the victim’s
hematopoietic stem cell (HSC) pool is essentially
irreversibly damaged. Interestingly, even after
TBI, intrinsically radioresistant stem cells have
been detected in distinct bone marrow (BM)
areas comprising a residual hematopoietic stem
and progenitor cell pool [11]. ARS does not only
imply damage to the bone marrow. Different target
organs are affected, resulting in a significant
release of inflammatory cytokines [3] comparable
to that of acute graft-versus-host disease (GvHD)
with the observed "cytokine storm” [6].

Long-term effects of ionizing radiation have
been documented in atomic bomb survivors
with persistent signs of inflammation [10].
Additionally, oxidative stress after high dose
ionizing radiation has been involved in delayed
morbidity. Management of ARS therefore relies
on tissue damage repair processes that might
be supported by therapies directed at mitigation
of inflammation [11].

Efforts to improve outcome for affected
individuals focus on the stem cell niche. Therefore,
visionary therapies should augment niche activity
to accelerate hematopoietic recovery in vivo.
One integrative part of the BM stroma are the
mesenchymal stromal cells (MSC), also described
as osteoblastic progenitors [8]. The niche stromal
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OJ1B ocHOBbIBaAETCS Ha penapaTUBHbIX NPOLLECCaX
B MOBPEXAEHHbIX 00/Tly4eHMEM TKAHSX, KOTOpbIe
MOryT ObITb NoaAep>XaHbl MepamMu, HarnpaBieH-
HbIMW Ha CHUXEHME BOCNaNNTESNbHbIX peakuui
[11]. Ycunua no ynyyweHutio TepaneBTU4eCckmnx
pesynbTaTtoB CPOKYCMPOBaAHbI HA HMLWIAX CTBO-
no.bIx kneTok. CnegosarenbHO, Tepanuns 4OHKHA
YBENNYNTb aKTUBHOCTb HULLI 4191 TOTO, YTOObI YCKO-
pUTb BOCCTAHOBMIEHME KPOBETBOPEHMUS in Vivo.

OOHMM N3 KOMNOHEHTOB CTPOMbI KM aBASIIOT-
CS1 Me3eHX1MasbHble CTBOJI0BbIE KNneTkn (MCK),
TakXe ONnMCcaHHbIE B KAYECTBE OCTEOrEHHbIX Npea-
wecTBeHHNKOB [8]. CTpomManbHble KNETKM OKpY-
xatoT CK, co3paBas MUKPOOKPYXEHME, KOTOPOE
obecneunBaeT nogaep>XKaHne u camoobHOBNEHWE
CK, akpaHupys nocnegHue ot CTumynoB andde-
peHumpoBku 1 anonto3a. CoctosiHMe nokoa MCK
obecnevrBaeTCcs NOCPeOCTBOM NogaepXXaHns nx
B ctagmn GO kKneTo4yHoro umkna; nponmdepaums,
andodepeHumposka n Bbixoa NCK B BACKYNSIPHYIO
HULLY MOIYT PerynmpoBaTbCcst KOCTHO-MO3rOBbIMU
CTpoMarbHbIMMK kneTkamu [25]. Takum obpasom,
dunanonormnyeckas dyHkuma MCK cocTtonT He
B MPSAIMOM 3aMELLEHNN TKAHEN ME3EHXMMHOIO
MPOMCXOXAEHNS, TAKMX KaK KOCTb, X MEPBUYHAS
1 Hanbosee 3Ha4YMMast QYHKLMS 3aKoHaeTcs B
nognepXaHnm 3aluTHOrO U PeEreHepaTMBHONrO
MUKPOOKpYxeHuna anga MCK.

B kn1HMYeckom npakTuke Obi10 Noka3aHo, YTo
MCK BA1SIOT Ha OCTPYIO OPraHHyi0 HEA4OCTATOY-
HOCTb. [1pn coBMECTHbIX TpaHchnaHTauusx ¢ MCK
MCK ctumMmynmpytoT BOCCTaHOBJIEHNE KPOBETBOPE-
HWS NOCNE XMMWNO- U JTy4EBOW TEPANNK, S3HAYUTESb-
HO COKpaLLas BpeEMS MOJHOr0 reMOnNO3TUYECKOrO
M 4aCTUYHO TPOMOOLIMTAPHOr0 BOCCTAHOBNIEHNS
[12]. B oononHeHun K 3TOMyY CYLLLECTBYIOT 00Jb-
woe konm4yecTso hakToB, NOATBEPXAALLMX
addekTneHoctb MCK npun Tepanmm ctepouvi-
ycTonumBon PTMX 6e3 kaknx-ando noboyHbIX
acppekToB, paxe ecnnm MCK npoucxooat u3s
KM He poHopa, a TpeTbero nuua [17]. HakoHeu,
MCK cekpeTupyloT Lenbili cnekTp 61onornyeckm
aKTUBHbIX Monekyn [21], cpean HUX HECKONbKO
OCHOBHBbIX reMOMo3Tn4eckmnx GakTopoB PocTa,
Bknovas UJ1-6, -11, pakTop MHrmburnposaHus
nenkemum (leukemia inhibitory factor, LIF), ¢dak-
TOp CTBOJIOBbLIX kKNneTtok (stem cell factor, SCF),
nuraHg FIt3 (FIt3 ligand); dakTopbl, o6nagatouwme
VMMMYHOMOLYNPYIOLWMM CBOWCTBOM, Hanpu-
Mep TpaHchopmupylowmi dakTop pocta betal
[TGF-B1, npoctarnanamnH E2 (prostaglandin E2),
nHoonamuH 2,3-gunokcurerasa (indoleamine
2,3-dioxygenase)] u ap. [20]. Takum o6pa3om,
MCK gaBngioTca nogxogawmmM KaHauaaTtom Ha
pPOJb Perynaropa akTMBHOCTM FEMOMO3TUYECKOW
HULLIN.

cells surround the HSC and their progeny, thus
providing a sheltering microenvironment that
supports the maintenance and self-renewal
of HSC by shielding them from differentiation
and apoptotic stimuli. The regulation of HSC
quiescence, through the maintenance of HSC in
the GO phase of the cell cycle in the endosteal
niche, and the control of HSC proliferation,
differentiation and recruitment in the vascular
niche can be ascribed to bone-marrow stromal
cells [25]. Thus, the physiological function of MSC
is not the direct replacement of mesenchymal
tissues such as bone, but their primary and most
important function is to establish a protective
and regenerative microenvironment for HSC.

Clinically, MSC have been proven to intervene
with acute organimpairments. Cotransplanted with
HSC, MSC augment hematopoietic recovery after
chemo- or radiotherapy significantly decreasing
the time to full hematopoietic and particularly
platelet reconstitution [12]. Additionally, there is
alarge body of evidence for MSC effectiveness
in the treatment of steroid resistant GvHD
without any side effects even when obtained
from BM of third-party donors [17]. Finally, MSC
secrete a plethora of bioactive molecules [21].
Among these, several essential hematopoietic
growth factors including IL-6, IL-11,leukemia
inhibitory factor (LIF), stem cell factor (SCF) and
FIt3 ligand are produced but also factors with
immunomodulatory effects, e.g. transforming
growth factor-p1 (TGF-B1), prostaglandin E2,
indoleamine 2,3-dioxygenase, and others [20].
Therefore, MSC might be a good candidate for
the modulation of hematopoietic niche activity.

In summary, MSC have emerged as a promising
therapeutic tool for tissue regeneration and repair.
Further clinical interest has been raised by the
observation that MSC are immunoprivileged and
might be used from unreleated, i.e. allogeneic
donors [20, 25]. Altogether, we assumed that
MSC with their comprehensive trophic potential
could serve as areadily available treatment option
after severe radiation exposure.

Methods and Results

In vitro differentiation of human MSC (hMSC).
As first experiments, we investigated the capability
of BM-derived MSC to differentiate into progenitors
for hematopoietic (HSC) and endothelial cells
(EC). Human MSC were thoroughly characterized
according to the ISCT (International Society for
Cellular Therapy) criteria [5], comprising flow
cytometry and differentiation capability into
three mesodermal lineages [14]. To avoid any
contamination of MSC with HSC, cloned cells
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Cymmumpysi, MOXHO cka3daTtb, 4To MCK BbI-
CTynaloT MHOroo0eLLaloLwMM TePaneBTUYECKNM
CpeacTBOM 19 pereHepaumm n penapawmm Tka-
Hen. KnuHnyeckunii nHtepec k MCK Bo3poc nocne
obHapyxeHus Toro dakrta, 4to MCK aBnaioTcs
VMMYHOMPUBUIErMPOBAHHBIMU KNETKAMW 1 MOTYT
MCMNOJIb30BaTbCHA B HEPOACTBEHHbIX (A/1/1I0MEHHbIX)
TpaHcnnaHTaumsx [20, 25]. Bce aTn kavecTtBa
MCK COBMECTHO C UX LUMPOKMUM TPODUYECKUM
NOTEHLMANOM NO3BONSIOT paccMaTpmBaTb CTPO-
MaJsibHbI€ KJTIETKM KaK rOTOBOE U J0CTYMNHOE cpes-
CTBO Tepanuu nocine pagmalmoHHOro obayyeHus.

MeTopabl n pe3ynbTaTthbl

LnppeperHumposka MCK yenoseka (YMCK) in
vitro. UccnepoBanu cnocobHoctn MCK kocTHOro
mMo3ra ambdepeHUMpoBaTbCs B KNETKU-NpeaLle-
ctBeHHUUpbI TCKn sHooTenust. MCK yenoseka 6b1iv
OxapakTepr30BaHbl B COOTBETCTBUM C KPUTEPUAMMU
MexayHapoaHoro o6LLecTBa rno KNeTOYHON Tepa-
nuu [5], BKNIOYAIOLLMMUN LUTOMETPUHECKNE XapakK-
TEPUCTUKM 1 CNOCOBHOCTU AnddepeHLMpPoBaTLCS
B 3 Me3oaepMalbHbIX HanpaeneHusx [14]. YTobbl
n3bexaTtb KOHTamuHaumn kynstypbl MCK remo-
NO3TUYECKUM KNeTKamMun, NCMofb30Bann UCKIIO-
YUTENBHO KJIOHMPOBaHHbIE KNETKW. KNoHMpoBaH-
Hble MCK anddepeHumpoBann B HanpaBneHUu:
1) reMonoaTN4eCcKoM, NCMOJIb3Yys POCTOBbLIE YCN0-
BUS, ¢ o6aBneHnem/6e3 006aBNEHNS CbIBOPOTKY;
2) sHpoTenuanbHbIX KneTok [16].

durbpobnactononobHsie MCK (puc. 1a) dop-
MUPOBAJIN KNETKU, MOXOXNe Ha OnacTebl C 3aMeT-
HbIM YMEHbLUEHNEM AMaMETPa OT N3HaA4aNIbHOIro
(28,9 £6,6) no (15,7 £ 3,5) MKM — B npougecce
onddepeHUNPOBKN B reManoaTU4eckoM (puc.
1b) u aHpgoTENManbLHOM (pUcC. 1C) HaNpaBieHUsX.

YcnoBus KyibTUBMPOBaHUS npuBenu K pop-
MWUPOBAHMUIO KNAaCcTEPOB — 3KBUBAJIEHTOB CTPO-
MarbHbIX CTPYKTYP in vitro, n3 KOTopbIX HAYMHAET-
ca andodepeHumposka. B knetkax, auddepeH-
LLMPOBAHHbIX B reMOMNO3TMYECKOM HanpasieHnn,
M3MEHUNACh 3KCNPECCUs reHOB B HanpasneHun
npoduns, TUMMYHOrO 4S9 PaHHUX NPeaLlEeCTBEH-
HukoB (CD117, CD133, CD45) n 3penbix remo-
noaTtnyeckux knetok [CD14, CD16, rmnkodopuH
A (glycophorin GlyA), CD31, podoplanin PDPN]
(puc. 2a).

MHTepecHO, 4TO akcnpeccus peuentopa
3pUTPONO3TUHA BO3POCA NPaKTU4ECKN BO BCEX
KJIOH2X 1 MPW BCEX MCMOJIb3YEMBIX YCNOBUSIX KYJlb-
TMBMPOBAHWS, YTO CBMAETENLCTBYET 00 onpene-
NSIOLLLEN PONN 3PUTPONOIATUHA B Nponndepaumnm
1 anddepeHUMpoBKe NpeaLecTBEHHNKOB Me-
304epManbHOro NPONCXoXaeHus. Kpome Toro,
B YCNOBUSIX KYNbTUBUPOBAHUSA B NPUCYTCTBUN
CbIBOPOTKWM TakXe BO3POCna 3Kcnpeccus pas-

were used exclusively. Cloned human MSC were
subjected to differentiation into (i) hematopoietic
cells using serum-containing or serum-depleted
growth conditions and (ii)endothelial cells (for
methodical details see ref. [16]).

Fibroblastoid MSC (Fig. 1a) formed blast-like
cells with noticeably decreased diameter from
originally (28.9 £ 6.6) to (15.7 £ 3.5) um during
the differentiation into hematopoietic (Fig. 1b)
and endothelial (Fig. 1c) lineages.

Puc. 1. Kynbtypa knoHansHor YUMCK BO Bpems akcnaHcum
(a), amdpdepeHUMPOBKM B remoTonoatTmnyeckue (b) unm
3HAOTEeNNasnbHbIE (C) KNETKN.

Fig. 1. Human MSC display a fibroblastoid morphology
during in vitro expansion but form blast-like cells after
induction of differentiation. One clonal hMSC culture
is shown during expansion (a), differentiation into
hematopoietic (b) or endothelial (c) cells.
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Puc. 2. KpaTHOCTb M3MEHEHWSsI 3KCNPECCUM YKa3aHHbIX reMOMN03TUYEeCKNX (a) N aHaoTeNManbHblx (b) reHoB
nocne guddpepeHumpoBke Npu cpaBHeHMn ¢ HeanddepeHumpoBaHHbIMn MCK.

Fig. 2. Human MSC significantly upregulate expressions of hematopoietic and endothelial genes after
induction of differentiation. Shown are the fold changes of gene expression of indicated hematopoietic (a)
and endothelial (b) genes after differentiation compared to undifferentiated h(MSC.

JINYHBIX TPAHCKPUMNLMOHHbBIX HGaKTOPOB, OTBET-
CTBEHHbIX 3a 3apuTtponoas (SCL/tall), sputpo-
merakapunonoas (GATA1, GATA2), numdonoas
(GATA3) n mnenonoas (NOTCH1, RUNX1). Tak
kak SCL n RUNX1-TpackpunuuoHHbie pakTopsbl,
onpegenawowmne popmupoaHmne NCK nocpea-
CTBOM NIMHENHOM cneundwmkauunm [9], Mbl caenanuv
npegnonoxeHne o6 MHAYKUUU OAHHOTO MyTw
onddepeHumpokm B MCK.

C nomoLLb0 METOAA UMMYHOMDNIOOPECLIEHLINN
MapKepPOB CTBOJIOBbIX U 3PENbIX FreManoaTnye-
CKUX KJIETOK (AaHHbIE HE MPUBOAATCS, CM. [16])
OblNn BbISIBNIEHBI aHTUTEH-MO3UTUBHbIE KJTETKW
C MafieHbKVUMUW KPYMbIMA AW MOANMOPOHBIMY
aapaMu  C 9KCNpeccuen MapkepoB Ha HU3KOM
ypoBHe. [NapannenbHO 3TN Xe CaMble KINETKM Npu
KYNbTUBUPOBAHNN C SHAOTENVANBHBIMUY hakTopa-
MW NPOAEMOHCTPUPOBaN MOPGDOSIOrMIO SHAOTE-
JINanbHbIX KNETOK U CNOCOBHOCTb K 9KCNpPeccum
XapakTepHbIX ANng OaHHON AnddepeHUnpPOoBKU
reHoB (puc. 2b). Ha 6enkoBoM ypoBHe Obljin Bbl-
SIBNIEHbI KNETKW, MO3UTUBHBIE MO OAHOBPEMEHHO
[BOWHOWM okpacke Ha mapkepbl CD31/VWF (dak-
Top doH Bunnebpanga — von Willebrand factor)
n VEGFR-2 (BackynspHbIi 3HAOTENNANbHBIN
dakTop pocTta)/CD34 [16].

Ina reMonosTnyecknux v SHAOTENMNANbHbIX
npeLlecTBEHHNKOB XapakTepHa akcnpeccus
onpepeneHHoro Habopa reHoB, BKJ4Yas
VEGFR-2, CD34, SCL, GATA2, RUNX1 n CD31.
MOo>XHO NpeanonoXnTs, 4To nccnepyemsie MCK
yenoBeka MUMEIOT in vitro reMonoaTnYyecknin no-
TEeHLUMan, n NCNONb30BaHME HEXapaKTEPHbIX
GaKTOpPOB B Ka4eCTBe PErynaTtopos JIMHENHOMN

The in vitro conditions led to cluster formation
appearing as an in vitro equivalent of stromal
structures from which differentiation procee-
ded. Hematopoetically differentiated cells
changed their gene expression towards a typical
profile of progenitor (CD117, CD133, CD45)
and mature (CD14, CD16, glycophorin GlyA,
CDS31, podoplanin PDPN) hematopoietic cells
(Fig. 2a).

Interestingly, the erythropoietin receptor
(EPOR) was upregulated in almost all clones
and under all conditions suggesting a definite
role for EPO in proliferation and differentiation of
mesodermal progenitors. Additionally, a variety of
transcription factors responsible for erythropoiesis
(SCL/tal1), erythro-megakaryopoiesis (GATA1,
GATA?2), lymphopoiesis (GATA3), and myelopoiesis
(NOTCH1, RUNX1) were upregulated upon
serum-containing differentiation. As SCL and
RUNX1 are transcription factors essential for HSC
formation by instructing lineage specification
[9] we hypothesized an efficient induction of
this differentiation pathway in MSC.

Using immunofluorescence, antigen-positive
cells with small round or polymorphic nuclei were
detected showing the expression of hematopoietic
progenitor and mature antigen expression (not
shown, refer to ref. [16]), albeit to a rather low
degree. In parallel, the same cells were able to
acquire endothelial morphology and expressed
endothelial genes upon cultivation with endothelial
promoting factors (Fig 2b). At the protein level, single
double positive cells for CD31/VWF (von Willebrand
factor) and VEGFR-2/CD34 were detected [16].
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HanpaBAEeHHOCTN MOXET UrpaTb ONPEnENSIOLLYIO
ponb B npouecce andpdepeHumpokn. Camomn
3HaunTenbHOM anddepeHUMpPOBKN yaanochb oo-
CTWYb B KynbTypax, roe MCK npuHanu Ha cebs
GYHKUMIO CTPOMbI, HanpaBnsaa HE3HAYNTENbHYIO
yacTb KNEeTOK B AndPpepeHUMPOBKY.

Ha ocHoBe pe3ynbTaTtoB, NOMYYEHHLIX in Vitro,
Mbl 3akaoumnam, 4to MCK mMorytT BOCCTaHOBUTb
cMcTeMy remonoasa. NMnoTeTnyeckn ogHa nio-
pUNOTeHTHas KNieTka cnocobHa cnacTu ieTanbHO
06y4eHHbIN OpraHn3m, HO B peasibHOCTU He-
obxoammo okono 6 knetok [13], T.e. MOXET ObITb
[0CTaTOYHO WecTu NaopmnoTeHTHbIX MCK ¢ co-
OTBETCTBYIOLLMM NOTEHLMNANOM.

MCK cnoco6cTBYIOT BOCCTAHOBIEHUIO Fe-
MOMNo33a nocre netanbHOro obnyyvyenus. ns
TOro, 4ToObl NpoTecTupoBaTb cnocodbHocTn MCK
BOCCTaHaB/AMBAaTb KPOBETBOPEHME NETANIbHO
0b6ny4yeHHbIM (7-8 'p) camMkam MbILLEN NNHUK
C57BIl/6J-CD45.1, Obinv BHYTPUBEHHO BBEAEHDI
MeyeHHble eGFP kneTkn CO0OpHOWN KynbTypbl Mbl-
wurHbIx MCK (MMCK) camuoB B konndectse 106.
BoccTaHoBneHne nemnkoumToB 1 TPOMOOLUUTOB
OblN10 CPaBHNUMO C TakOBbIM MPW TPaHCMIaHTaLUMK
CK (puc. 3), npm KOTOPOM HOpMann3auma nem-
KOUMTOB gocturaetcs kK 4-i Hegene. CocTosiHMe
peuunueHTa n pacnpegeneHne B Nnonynaunm
KPOBETBOPHbLIX KNETOK NMPMXoasaT B HOpMy 6-8
Hen cnycTa (Tabn. 1). YcTaHOBNEHO NO OKpacke
maskoB no Pappenheim.

Moxoxune onbITbl ObIIM NPOBEAEHbI C KITOHN-
poBaHHbiM1 MMCK, cpean KOTOpPbIX OOMH KJTOH
(IXH8) nokazan Hawnyywme cnocobHOCTU, BNU-
SIloLLME HA BbKMBAEMOCTb XMBOTHbIX (Tabs. 2).
3HaMeHaTeNbHO, YTO 3TOT KJIOH Obl1 MOpPdO-
NOrn4eckn oTnuyeH ot apyrux kynetyp MCK, ¢
noBblleHHON akcnpeccuen CD34 n CD45, Ho
He CD105. Kynbtypbl eGFP TpaHcaoyumpoBaH-

Hematopoietic and endothelial progenitors
share expression of a number of genes, including
VEGFR-2, CD34, SCL, GATA2, RUNX1, and
CD31, suggesting that investigated hMSC
possess hemangioblastic capacity in vitro, and
the extrinsic factors used might play a decisive
role in the differentiation process as lineage-
instructive regulators. Most potent differentiation
was achieved in cultures where the majority of
hMSC adopted stroma function instructing a
minor part to differentiate.

From the in vitro results we concluded that
MSC might reconstitute the hematopoietic
system. Hypothetically, one pluripotent stem
cell would suffice to rescue lethally irradiated
hosts, however in reality approx. 6 cells are
needed [13], i.e. six pluripotent MSC with the
respective potential might suffice.

MSC promote hematopoietic recovery after
lethal irradiation. To test the in vivo capability
of MSC to replenish the hematopoiesis after
eradication, lethally irradiated female recipients of
the C57BI/6J-CD45.1 strain were i.v. transplanted
with 10% eGFP-marked male bulk-culture mouse
MSC (mMSC). Leukocyte and thrombocyte
recovery was similar to recipients transplanted
with HSC (Fig. 3) reaching normalization of white
blood cells after 4 weeks. Seven months later,
the recipients were hematologically well with a
normal distribution of peripheral cell populations
(Tab. 1) estimated using Pappenheim-stained
blood smears. Similar experiments were carried
out with clonal MMSCshowing one clone (IXH8)
with superior survival promoting properties.
Impressively, clone IXH8 was morphologically
different from all other cultures showing increa-
sed CD34 and CD45 but no CD105 expression
(Tab. 2).
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Puc. 3. MbiwmnHble MCK cnacatoT nocne ToTanbHOro 06sy4yeHus Tena.

Fig. 3. Mouse MSC rescue mice after total body irradiation.
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Tabnuua 1

Monynsaumsa KNeTok nepucepryecKon KPOBM XUBOTHLIX Yepes 5 mec nocne TpaHcnnaHTauun mMCK

Table 1. Peripheral blood cell populations after 5 months in mMMSC transplanted animals

Knetku kpoeu (blood cells) (M + o) %
numcountsl (lymphocytes) | HeiTpodounel (neutrophils) [ MoHouuTs(monocytes) | so3uHodunbl(eosinophils)
7213 21+3 5+2 2+1
Ta6bnuua 2

®eHotTn MMCK 1 BbIXXMBaAEMOCTb PELMNUEHTOB NOCNe TpaHcnnaHTauum

Table 2. Phenotypical characterization of mMSC (%) and recipients’ survival rates after transplantation

Knetkm | CD34 | CD45 | CD59 | CDS0 | CD105 | CD117 | Sca-1 | BbbkuBaemocTb Yepes 7 mec
(cells) (survival at 7 months)(%)
Bulk 1.6 0.5 95.4 0.5 85.9 0.9 96.7 19/28 (67.9)
IXH8 9.8 4.1 97.4 27 1.6 1.5 99.2 15/17 (88.2)
IVH7 1.2 1.3 547 0.5 94.1 2.8 81.9 2/12 (16.7)
IXC2 0.9 2.2 79.6 1.2 94.0 1.5 90.2 3/10 (30.0)
VIIE7 1.2 1.1 71.1 2.0 93.1 1.5 96.4 4/10 (40.0)
VF10 22 22 459 0.7 74.0 34 77.9 3/10 (30.0)
KoHTponk - - - - - - - 0/15 (0.0)
(radiation
control)

HbIX COOpPHBLIX U KNoHMpoBaHHbIX MMCK nocne
akcnaHcum 66y No3nTMBHLI o CD59, CD105 m
Sca-1 n HeraTuBHbI MO reMOMNO3TUYECKUM Map-
kepam CD34, CD45, CD117 1 CD90. KnoH IXH8
oTnuyancsa oT APYrux KynbTyp rno aKcrnpeccuun
CD34/CD45 v otcytcTteuio CD105 (B Tabn. 2 Bbli-
AeneHo n/x wpudTtom). TpaHcnnaHTaumsa aToro
KJ0OHa NpuBena K HanbOoJbLEN BbIXXMBAEMOCTU
00.J1y4EHHbIX XMBOTHBLIX, MPEANONIOXMUTENBHO MNO-
BbILLEHHBIM ypoBeHb CD34 n CD45 n oTcyTCcTBME
CD105 moryT ObITb NPEANoChIIKON ans 60see Bbl-
COKMX PenonynsaunoHHbIX cnocobHocten MCM.
TpaHcnnaHTUPOBaHHbIE AOHOPCKME KNEeTKN
00OHapyXnBalTCA HA PaHHUX, HO HE Ha NO34HUX
cpokax. [nga onpeneneHvs xmumepmnama nepude-
puyeckas KPpoBb, KOCTHbIM MO3I U KJIIETKM TUMYCa
peunnueHTa OblNM NpoaHann3npoBaHbl MeTOo-
[OM NPOTOYHOM LUTOMETPUM C UCMNOJIb30BaAHNEM
aHTuten CD45.2. HTepecHO, 4TO KNETOK, N03u-
TMBHbIX N0 CD45, Ha pa3HbIX CPOKaXx BbISIBIEHO HE
ObI10, 3TO O3HAYAET, YTO pereHepauust He Obina
onocpenoBaHa JOHOPCKUMM KJeTKaMu.
Y-XPOMOCOMHBIN aHanu3 xmMmepmama c Uc-
noJsib30BaHMEM creundu4eckoro npammepa
Y-XpOMOCOM /19 KOJIMYECTBEHHOW NonMMepas-
HOI LLeNHOM peakuym He CMOT BbISIBUTb JOHOPCKNX
KNeTOK HM B OOHOWN U3 UCCNEAYEMbIX TKAHEMN,
Bk/tovas KM n nepmdepuryeckyto KpoBb, XOTS Bbl-
XMNBAEMOCTb XWBOTHbIX Oblna yBennyeHa.
CnekTpanbHOE KapuoTUNNPOBAHME KNOHANb-
Hbix MCK nokazano otcytcTtBue Y-XpOMOCOM
(puc. 4), npn atom cbopHble MMCK, BnioTe Ao
13-ro naccaxa, 66111 Y-NO3UTUBHLIMU (OaHHbIE HE
npusoaaTcs). NMo-sugumomy, MCK moryT Tepsatb

64

Transplanted donor cells are detectable short-
but not long-term. To detect donor chimerismiin
recipients, we stained recipient peripheral blood
(PB), BM and thymus cells with CD45.2 antibodies
and carried out flow cytometry. Interestingly, no
CD45.2-positive cells were found at any time
point, thus not showing regeneration through
donor cells.

Y-chromosome-based chimerism analysisin
female recipients using specific Y-chromosome
primers for quantitative PCR could not detect
donor cellsin any investigated tissue including PB
and BM (not shown), although animals survived
long-term. Spectral karyotyping of clonal mMMSC
detected the loss of theY-chromosome (Fig. 4),
whereas bulk cultures of passage13 were still
Y-positive (not shown). Thus, mMSC might lose
sex-specific chromosomes.

Next, we used eGFP-specific primers for
quantitative PCR-based donor cell detection.
Primers for stably integrated eGFP-sequences
however also failed to detect any donor cells and
no eGFP-positive cells were found in PB, BM or
thymus by flow cytometry (not shown). Our results
support the concept of impaired transplantability
of expanded MSC [19] but also challenge the
hypothesis of high plasticity of MSC [1].

The distribution kinetics of eGFP+-donor
cells after i.v. transplantation supported the
fast disappearance from PB, reaching ca. 2 %
after 8 hours and no cells at d10 (Fig. 5a). In
contrast, mMSC trapped in lungs quickly (Fig.
5b), however without long-term residence and
embolization as shown by lack of donor signals
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Puc. 4. CnektpanbHoe kapunotunuposaHmue MMCK. MNoka3aH aHanm3 knoHa IXH8.
AHanu3 OTaeNbHbIX AUMAONAHbIX MeTadas BbisBUA OTCYTCTBME Y-XPOMOCOM,
1 370 HabnganM BO BCEX MPOAHANIM3MPOBaHHbLIX MeTadasax.

Fig. 4. Spectral karyotyping of mMSC. Shown is the SKY analysis of clone IXH8.
SKY analysis of a representative diploid metaphase revealed the loss of the Y-chromosome
and this has been observed in all metaphases analyzed.

MoJIOBble XPOMOCOMbI. [lanee Mbl UCMONb30BaNN
eGFP-cneundunyecknin npanmep onsa Konunye-
CTBEHHOro onpeaeneHns AOOHOPCKUX KNEeTOoK.
Mpanmepbl CO CTaOUNIBHO MHTErPUPOBAHHbLIMM
eGFP-nocnenoBaTenbHOCTAMU TakXke HEe CMOIMN
0OHaPYXWUTb HN B AOHOPCKMX KIETKaX, MEYEHHbIX
eGFP-no3utuBHbIMUK KneTkamu, HU B KM, HU B
nepudepmnyeckon KpoBu, HN B TUMYCE (AaHHbIE
He nNpuBoaAaTcs). Hawu pesynbstaTthl NoanepXxu-

after d10. Accordingly, no donor cells were
evident in the spleen, liver, BM (Fig. 5b), aorta,
kidney, intestine, fat, thymus or lymph nodes
(not shown).

Although we did not find donor derived MSC
in the BM, the morphology of this organ was
preserved by MSC transplantation showing a
normal distribution of different compartments
(Fig. 6). Without MSC, adipocytes seem to

%
40-

30 —+— GFP-no3UTUBHLIE KNETKN
(GFP-positive cells )

204

101

GFP-no3uTUBHbIE KNETKN B KPOBW
(GFP-positive cells in peripheral biood)

) 5 10 15 20

%
< 47 b
z_
. “w
F 2
5% 3- EE 244(24h)
[T [ 2404 (240 h)
E3
g2 2
o=
£E8
5%
g 1
& o
- HO
© (ndy HOMd)  ng nd
1 0'
25 Nerkwe  CeneseHka [MeveHb KOCTHbIA Mo3r
(Lungs)  (Spleen)  (Liver) (Bone marrow)

Bpema nocne TpaHcnnaHTauywu, Y (time after transplantation, h)

Puc. 5. JoHopckne MMCK He BbISIBNAOTCS HA A/IUTENbHbIX CPOKaX.

a — otcnexuvBaHne eGFP-MeueHbix knoHanbHbix IXH8 MCK nocne TpaHcnnaHTaLmm nokasano nx 6bICTpoe CHMXEHNe
B nepudepunyeckon Kposu. MNprnbnmsntensHo 2 % BbISIBAEHO B Nepudeprnyeckor KpoBM B TeHeHmne 8 4 1 nonHoe
oTcyTcTBMe — yepe3 10 gHen (n = 8 gnsa kaxaoro cpoka); b — MCK Hakannneanuce B Nerkux B TevyeHue 24 4
n ucyesnu 3a 10 gHeli (240 u). CeneseHka, NeyeHb U KOCTHbI MO3r He coaep>kann MeTkn Ha cpokax 1 1 10 aHel
(HO - He oBHapyXeHO).

Fig. 5. Donor mMSC are not detectable long-term.

a — tracking of eGFP-labeled clonal IXH8 donor mMSC after transplantation revealed a fast decrease in peripheral
blood (PB). Within 8 hours, approx. 2 % were quantified in PB and none after 10 days (n = 8 for each time point);
b — mMSC accumulated in Lungs within 24 h and disappeared within 10 days (240 h).

Spleen, Liver and BM were negative at d1 and d10 (nd — not detected).
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BalOT KOHLUEMNUMIO O CHMXEHHOM TPaHCMaHTaum-
OHHOW CNOCOOHOCTMN pasMHOXeHHbIXx MCK [19],
HO TakXke ocrnapmBatoT rmnoTesy 06 Mx BbICOKOMN
nnacTuyHocTw [1].

Knnetunka pacnpenenerHns e GFP+-goHopCKmnx
KJIETOK NOCNE BHYTPUBEHHOIO BBEAEHNS AEMOH-
CTpUpYeT BbICTPOE NCHE3HOBEHME KJIETOK 13 Ne-
pudepun, gocturaa 2 % vyepes 8 4, n nx NonNHoe
otcytcTBmsa 4eped 10 gHen (puc. 5a). KneTtkn
ObICTPO HakanJIMBalTCA B Nerkux, ogHako 6e3
ONNTENbHOro 3aceneHuns n ambonmnsaumm, Kak
OblN10 NOKa3aHO N0 OTCYTCTBUIO JOHOPCKOrO CUr-
Hana 4yepe3 10 gHen. COOTBETCTBEHHO HUKAKMUX
[OHOPCKMX KNEeTOK He Oblsfio BbISIB/IEHO B Cleyi0-
LMX opraHax: ceneseHka, KM, nedeHb (puc. 5b),
aopTa, MNOYKM, KNLLIEYHUK, XNPOBasa TKaHb TMYC A
anmartunyeckme yanbl (4aHHbIE HE NPUBOAATCS).

XoTsa foHOpCKKUX kKneTok B KM He 6bino Hain-
[EeHO, HO MOPdONOrns AaHHOIo opraHa 4EMOH-
CTPUPYET 3aLLUNTHOE AENCTBUE TPAHCMNAHTMPO-
BaHHbIXx MCK ¢ HOpmasnbHbIM pacrnpeaeneHmnem
pas3fiMyHbIX KOMMNOHEHTOB reMOnO3TUYECKOW
KOCTHOM TKaHu (puc. 6). bea TpaHcnnaHTauum
MCK konnyecTBo agnnoumToB B KOCTHOM MO3re
ObICTPO YBENMYMBAETCS, YTO COMNPOBOXOAETCS
HapyLieHneMm cTpykTypbl KM.

MCK n3meHsaoT akcnpeccuto reHoB KM. XoTtsa
noHopckmne MMCK He 3acensioT KM peupnmneH-

take over within short time, thus destroying the
marrow structure.

MSC change the BM gene expression. While
donor mMSC did nothome to the BM, we observed
along term survival and assumed an influence of
MSC on the BM function. Therefore we carried
out microarray analysis of bone marrow from
MSC transplanted animals and compared the
gene expressions to that of HSC-transplanted
animals and aged matched controls [16]. The gene
expression profile in BM changed significantly,
clustering as separate group compared to
untreated BM or HSC-transplanted mice. Validation
of selected genes with high variance proved
the beneficial role of MSC in endogenous
hematopoietic reconstitution [16]. MSC in a
complex mechanism upregulated protection from
oxidative stress, cell cycle, anti-inflammatory and
detoxification processes (e.g. gene expressions
of BRPK, Cdknla, Thbs2, Gstm5) whereas
lymphoid development, proinflammation, protein
degradation and adhesion/matrix formation for
improved cell motility (e.g. gene expressions
of Vpreb1, Rag2, KIk6, Klk1b5, Uchl1, Sykb,
Gpam, Col5a3, Emid1) were downregulated
[16]. Summarising the microarray expression
data we showed the upregulation of genes which
are beneficial to the reconstitution of the BM
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Puc. 6. l'vctonorusa KM npu Hannumm n 6e3 TpaHcnnaHTaummn MCK.
MapadunHoBbIE 6AOKN ANVNHHBIX KOCTEN KOHTPObHbBIX XXMBOTHbIX 1 XXMBOTHbIX C TPAHCMIAHTUPOBaHHbIMM MCK
OblIN Hape3aHbl, U KONNYECTBO aAMMOLIMTOB NOACHUTLIBAIOCH B 2 30HaAX (A) B KXA0M KOCTU OT MbILLN
¢ MCK tpaHcnnaHTaumen yepes 4(B), 12 (D), 24 (F) u 36 (H) 4 unn 6e3 MCK (C, E, G n | cOOTBETCTBEHHO).
CnpaBa — KOJIM4eCTBO aANMNOLUMTOB Ha KaX0M CPOKE.

Fig. 6. Histomorphology of BM with and without MSC transplantation.

Paraffin embedded long bones from MSC-transplanted or control animals were cut and the number of adipocytes
counted in 2 designated areas (A) per bone from mice with MSC transplantation after 4 (B), 12 (D), 24 (F)
and 36 (H) hours or without MSC transplantation (C, E, G, and |, respectively). The right figure shows the number
of adipocytes at each time point.
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Ta, Mbl BbISBUAN VX BANSIHWE HA BbIXXMBAEMOCTb U
npegnonoxunn, 4yto MCK BansitoT Ha pyHKummn KM.
MoaToMy Mbl MPOBENN MUKPOYMNOBbLIN aHann3 KM
nocne TpaHcnnavtaummn MCK v cpasHunm npodu-
nun akcnpeccumn reHoB KM nocne NCK TpaHcnnan-
Taumn 1 KM KOHTPOSIbHOIrO XWUBOTHOIO TOrO X€e
Bo3pacrTa. [Npodunb 3KCNPECCUPYIOLLINXCS FTEHOB
B rpynne MCK-Tepannu 3Ha4MTeNbHO OTan4an-
csa, dopmMupysa oTaenbHbIn knactep. lNMposepka
CUNbHO pasnuyalrowmxcs reHoB nogTeepamna
nonb3dy MCK npu aHAOreHHOM BOCCTaHOBJIEHMN
KpoBeTBopeHusa [16]. MCK B cBOEM KOMMIEKCHOM
[EeCTBNI OKa3bIBan NOSOXKUTENBHOE BANSHME HA
3alnMTy OT OKCUAATUBHOIO CTPECCa, Ha NPOLECCHI
KJIETOYHOrO LMKNa, BOCManeHms n OETOKCMKaLMn
(skcnpeccus reHoB BRPK, Cdknia, Thbs2, Gstmb),
B TO BPEMS Kak MPOBOCNaNNTENbHbIE MPOLLECCHI,
npouecchbl NMMmdonoa3sa, aerpagaumm npoTeENHOB,
aaresnmn/popmMrpoBaHna MaTpukca nog BAnNsHU-
em MCK yrHetanmcbe (akcnpeccus reHos Vpreb1,
Rag2, Klk6, KIk1b5, Uchl1, Sykb, Gpam, Col5a3,
Emid1) [16]. CymMupys OaHHblE aHanM3a 9KC-
NPeCccun reHoB, Mbl NOKa3asn, YTO NOSIOXMTENbHAs
perynsums BbisiBieHa y reHOB, NOJIE3HbIX AN pe-
KOHCTPYKumn KM, B TO BPEMS Kak reHbl, npeano-
JIOXKUTENbHO CBSA3aHHbIE C BbISBAHHbIM paanaumnen
onyctoweHmnem KM, nogasnsnuce (puc. 7).

Bo3MmoxHbIvi napakpuHHbI mexaHnam MCK.
Bonpoc, kak MCK, 6yay4m 3anepTbiMn B NErkux,
TPaHCAMPYIOT CBOW pereHepaTmBHbIN 3 dEKT Ha
KM, ocTtaeTcs oTKpbITbIM. Mbl CMOMM NokasaTb,
YTO BBEAEHME MUKPOBE3NKYI, BblOENEHHbIX U3
MCK, nmeeT 3awmTHbI 3ddeKT, CpaBHUMbIN C
nencrtemem knetok (puc. 8). Mmkposeankynbl
npencTaBnaAioT coboi YacTulbl ¢ BUANNNAHON
MembpaHon pasmepom 30-1000 mMKm (BKtoyas
3K30COMblI), NnepeHocsiLme 6enku, nunuabl, MRNA
1 microRNA [23]. Kaxgblii N3 3TUX KOMMOHEHTOB
MOXET y4aCcTBOBaTb B 3aLUMTe OT 0O1y4eHUs Npu
nonagaHun B KM. NHTepecHOo, 4TO BOCCTaHOBE-
HMe TPOMOOLMTOB B 3TOM CJly4ae NPouCXoauT B
3HAYNTENTIbHO MEHbLLUNE BPEMEHHbBIE PAMKUN, YEM
npu genctemmn MCK. lononHUTEeNbHbIE UCCAENO-
BaHNS HEOOXOAVMbI, HTOObI ONPEAENNTb TOYHbIN
MeXaHM3M, NOCPEACTBOM KOTOPOro MMKPO4YaCTU-
LLbl OCYLLIECTBAAIOT 3aLMTY OT 00J1y4eHMUS.

O6cyxaeHue

Hamn npepocTtaBneHbl gokasarenbcTea, 4to
MCK He BoccTaHaBnAMBalT CUCTEMY KpPOBeE-
TBOPEHUS, HO CNOCOOCTBYIOT CNACEeHUI0 COo-
XpaHuBLmxca npu obnaydeHnn MCK. O6nyyeHne
BbI3bIBAET YPE3MEPHbIM BOCMANUTENbHbIN OTBET
[22], npuBoasawmii Kk rmbenmn MCK, ecnmn mepbl He
NpuHATLI. Cpean apyrux opraHoB HanbobLuemMy
noBpexaeHnto nocne obny4yeHns NoABEPXKEHbI

Mmmyroaedmyur

(immunodefense) rpegynpexaenue socnanemma
MoABMKHOCTL KNETOK =, (antiinflammation)
(cell motility) _
Npepynpexaerve
KReTouHbl anonTosa

meTabonuam
(cell metabolism)

[Devoxcukauun|
(detoxification)} "
A
KneTounsil yuan / nponudepaumn / sookuaanme
(cell cycle / proliferation / survival )
KnetoyHoe
BOCCTaHOBNeHwe  Bocnanetve
(cell retention) ___(inflammation)
AnonToz
apoptosis)
N,
a I'Imcbono_as_
Orpasnetne (lymphopoiesis)
(toxification) \

XomuHr-adderr
(homing)

MopaeneHue KNETOMHOMD uukna /
nponudepayma / BbrkuBaHue
(inhibition of cell cycle / proliferation / survival)

Puc. 7. TpaHcnnaHTaums MCK netanbHO 06/1y4eHHbIM
XUBOTHBLIM M3MEHSIET aKcnpeccuto reHoB KM.
JaHHble No 3KCNPeccumn reHoB NOJTyYeHbl aHANN30M
MWKPOYMMNOB, 3HAYUTENBHO U3MEHEHHbIE MEHbI
chOpMUPOBaHbI B KJlacTepbl. IKCApPeccust oTobpaxeHHbIX
bYHKUMOHANbHbIX FPYNN FEHOB U YBENMYNBAETCS
(MSC up, Bepx), unn ymeHbliaetca (MSC down, HM3)
Y XNBOTHbIX ¢ MCK-TpaHcnnaHTaumen.

Fig. 7. MSC transplantation into lethally irradiated animals
changes the gene expression in the bone marrow.
Gene expression data were generated using microarray
analysis and significantly regulated genes clustered
into functional groups. Shown are functional gene groups
upregulated (MSC up) or downregulated (MSC down)
in MSC-transplanted animals.

whereas genes with supposed radiation-related
BM deterioration were downregulated (Fig. 7).

Potential paracrine mechanism of MSC.
The questions how MSC, which were trapped
in the lung, transfer their protective effects to
the BM remains an open question. Recently,
we could show that injection of MSC-derived
microvesicles resulted in a similar protection as
MSC transplantation (Fig. 8). Microvesicles are
ultra-small bilipidlayer particles of 30—1000 nm
(including exosomes) known to shuttle proteins,
lipids, mMRNA and microRNA [23]. Each of the
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Puc. 8. TpaHcnnaHTauus MmukpoBeaukyn, cekpetupyembix MCK, cnacaeT netanbHO 06/1y4eHHbIX XUBOTHbIX.
Konn4ecTBo N1IENKOLMTOB MNOC/E NHBEKLNN MUKPOBE3NKYST HOPMaNN3yeTCs C KNHETUKOW, CPaBHMMON C BBEOEHNEM
MCK, B TO Bpems kak Hopmanu3aumsi TPOMOOLIMTOB NPONCXOAUT 3HA4YUTENBHO BbicTpee (a) (n = 15). OnekTpoHHas

MWKPOCKOMUS MUKPOBE3UKYI, BbicBOBOXAaeMbIX N3 MMCK (b) 1 04MLLEHHBIX YNbTPaLEHTPUPYrMPOBaHUEM (C).

Fig. 8. Transplantation of MMSC-derived microvesicles rescues lethally irradiated animals.
Leukocyte counts after mMSC-derived microvesicle injection normalized with similar kinetics as with mMSC,
whereas thrombocyte counts showed a much faster normalization (a) (n = 15). Electron microscopy
of microvesicles released from mMSC (b) and purified by ultracentrifugation (c).

nerkume, n oHn moryT 3agepxuneatb MCK. MCK
BMELLMBAIOTCS B NPOLLECC BOCMNANIEHNS MyTEM U3-
MEHEHUsI SKCMPECCUN FrEHOB HE TOJIbKO B JIEMKNX
[18], HO n B KM. Ans Toro, 4tobbl rnodanbHO 13-
MeHUTb Npodunb akcnpeccun reHos, y MCK HeT
HE06X0aAMMOCTU B XOyMuHre B KM,

Moao6HbIN MexaHuU3M Bbin onMcaH nNpu oen-
ctBun MCK npun nHpapkte mmokapga [18]. MNo-
00OHO MblwMHbIM MCK, MCK yenoBeka Takxe
HakanMBalTCS B JIEMKNX U MBMEHSIIOT 3KCMNpec-
CUW reHa 1 NpoaykKUMIO aHTUanonTOTUYECKOro
dakTopa TSGB, KOTOpbIN NOBbLILLAET penapaLmio
Muokapaa 6e3 npuxmsneHna MCK. Hesasucu-
MbIh OT ANPPEPEHLMPOBKN NapaKPUHHBLIN 3d-
dekT MCK Takke CHUXaeT cTeneHb NoBPeXaeHus
rnoyek [16, 24]. YTo Mmbl oxuaaem ot MCK B kave-
CTBe TepaneBTMYEeCcKkuX areHToB? Ha cerogHsiu-
HU OEeHb NPUHATO CYNTaTb, YTO CEKPELINS LLMPO-
KOro crnekTpa 6uoIorM4eckn akTUBHbLIX MOJIEKY
SABNSIETCA OCHOBHbIM MEXaHU3MOM, NOCPEACTBOM
koToporo MCK peannsyloT TepaneBTu4eckuin
adpdekT [4]. MCK cekpeTupytoT bmonormyeckmne
MONEeKyJSibl, KOTOPbIE: @) UHIMOMPYIOT anonTos n
OrpaHnYMBalOT PacnpoCTpaHeHne NoBPEXAEHUN;
0) MHrMbnpyioT prdpPo3 1 pybLeBaHne B MecTe
noBpexaeHns; B) 3alunLLalT CUCTEMY MUKPO-
KanunnsipoB; ) CTUMYJIMPYIOT aHrnmoreHe3 ans
ynyyleHnsa nep@ya3nn n nponndepaumio TkaHe-
cneunduyHbIX KNeTok-npenlwecTBeHHUL, 4YTO
ObIN0 NoKa3aHo AJ19 CTBOJIOBLIX KNETOK B cepalie,
HEPBHOM TKaHW 1 nodkax [24, 25]. MapannensbHo
Mbl MOKa3asnu, 4TO NPV OCTPOM JIyHEBOM CUHAPO-

components could participate in the radiation
protection when transferred to the bone marrow.
Interestingly, the reconstitution of platelets
occurred at a faster time frame compared to
MSC. Further work has to reveal the precise
mechanism how microvesicles confer the radiation
protection.

Discussion

We provide evidence that donor MSC do not
reconstitute the hematopoietic system but salvage
endogenous irradiation-surviving HSC. Irradiation
produces excessive inflammatory responses
[22], contributing to HSC death if untreated.
Among other organs, the lung is heavily involved
in irradiation damage and might retard MSC.
MSC interfere with inflammation by changing
the expression profile not only in the lungs where
they dock [18] but also in BM. To do so, MSC not
necessarily need to home to BM but might globally
change gene expression. These mechanisms have
been described for MSC influencing myocardial
infarction [18]. Similarly to mMSC, injected hMSC
trapped in lungs and changed gene expression
producing antiapoptotic TSG6 which enhances
myocardial repair without significant engraftment.
Differentiation-independent paracrine MSC-effect
also ameliorate kidney injury [16, 24].

What we have to expect from MSC as a
therapeutic tool? Secretion of a broad range of
bioactive molecules is now believed to be the main
mechanism by which MSC achieve their therapeutic
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me MCK ycunuealotT npOoTMBOBOCHANNUTENBHbIN,
AHTMaANONTOTMYECKNIN, AHTUOKCUAATUBHLIN
OTBET, MOJSIOXNTENBHO BANKAIOT HA NPOLLECCHI
[EeTOKCMKaUMKM, KIEeTOYHOro umkna, B TO Bpems
Kak NpoBOCnannTenbHble NpoLecchl, GopmMmpo-
BaHME BHEKJIETOYHOro MaTpukca W aare3mBHble
cBolWicTBa nogasnanncb. B uenom, cuctemHoe
ocnabneHune BpedHblix 9pdEKTOB, BbI3BAHHbIX
MUWENOCYNPECCUeENn, SBNSETCS pe3ybTaTtoM BBe-
neHna MCK [16].

3aknioyeHue

Taknm obpazom, MCK MoryT nepenasatb CBOU
BPOXAEHHbIE TPODUMYECKNE CBONCTBA B HeE-
opToaoKcanbHble 30HbI [2]. Hawwn pe3ynbraThl
nokasanu, 4To Hanumume cekpetmpyembix MCK
MUKPOBE3MKYN AOCTATOYHO O/ PaganonpoTek-
TUBHOroO gencTemsa. Hawwn peaynbtaTbl Takxe
npPeaocTaBngaloT gokasatenbCcTBa BbICOKO3d-
bEKTMBHOIO NapakpMHHOIro MexaHn3ma AeNCTBUS
MCK, BuacTtHocTn B KM, npegnonaraioLlero, 4to
nHdy3ma MCK nnm npocto MMKpOBE3NKY MOXET
ObITb 9D PEKTMBHOM U HE3aMeONTENIbHOW MepPOoW
npwv e4eHnN pagruauyoHHOrO NOPaxeHus.

HecmMoTps Ha CywecTBylOWME OrpaHNYEeHns
B HaWmMX 3HaHUAX, BO3MOXHocTn MCK/mMukpo-
BE3UVKY/ NPOSBASATb TepaneBTndeckmii apdekt
yepes MeXaHN3M CBUAETENS TaKXKe MOryT yKasbl-
BaTb, YTO NPWMXMNBIEHNE B MECTE NOBPEXAEHNS
He aBnseTcs 06A3aTeNbHON Npeanochisikon ans
3aLlmMTHOro 1 ne4yedbHoro addekTa Ha NoBpPeXaeH-
Hbl€ TKaHM 1, BO3MOXHO, Ha TKaHecneundunyHble
CTBOOBbIE KJIETKU B YCNIOBUSIX CUSIBHOIO CTPECCA.
BaxHo, 4TO 04eHb KOPOTKOE BpeMs nNpebbiBaHUS
MCK B noykax u/uam uenom opraHM3mMe MOXET
OblTb KPUTUYECKMM (PakTOpoM 6e30MacHOCTH
KJIETOYHOM TEpanun.

effect [4]. MSC secrete bioactive molecules that
(a) inhibit apoptosis and limit the extent of damage
or injury; (b) inhibit fibrosis or scarring at sites
of injury; (c) protect the microvasculature and
stimulate angiogenesis to improve perfusion; and
(d) stimulate the mitogenesis of tissue-intrinsic
progenitor cells, as has been shown for cardiac-,
neural-and kidney-specific stem cells [24, 25].
In parallel, in ARS we showed that MSC boosted
anti-inflammation, anti-apoptosis, detoxification,
cell cycle and anti-oxidative stress control
whereas proinflammatory, ECM formation and
adhesion properties were decreased. In general,
systemic improvements counteracting deleterious
effects of myelosuppression are the result of MSC
injection [16].

Thus, transplanted MSC might export their
inherent trophic effect to unorthodox sites [2].
Our recent results showed that MSC-secreted
microvesicles were sufficient to transfer the
protective effect. Our results present another
piece of evidence for this highly effective paracrine
mechanism working e.g. in BM, suggesting
MSC- or even microvesicle infusion as efficient
and immediate treatment option after irradiation
injuries.Despite the limitations in our existing
knowledge, the capacity of MSC/microvesicles to
exert their therapeutic effect through bystander
mechanisms also might indicate that persistent
engraftment at the site of damage is not a man-
datory prerequisite for having a protective and
curative effect on injured tissues, and possibly on
local progenitors during acute stress conditions.
Importantly, the very brief residence time of MSC
in the injured tissue and/or the entire organism
might critically contribute to the safety of this
cell-based therapy.
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