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Abstrakt

Abstrakt

Vychodisko: Transplantace krvetvornych kmenovych &knslouzi k I€bé poruch
krvetvorby, autoimunitnich chorob i¢kterych nehematologickych oneméon Ne pro
vSechny pacienty se vSak podaalézt vhodného darce krvetvornych kmenovychékun
(HSC). Protoze HSC vykazuji nizkou prolifemd a metabolickou aktivitu, 1ze u nich
piepokladat odolnostivi nedostatku kysliku a metabolickych subsiydttery nastava ip
ischemii, nap. v kadaverozni kostniteni. Cilem této prace bylo pomoci experimentalniho
mySiho modelu asit moznost odbru HSC z kadaverdzni kostnifeaté. Navic byla testovana
tolerance HSC k inhibitdm metabolismu a k uchovéavanivitro.

Metody: V experimentech byl pouzit modelovy organismus Mussculus C57Bl/6 (,wild-
type“ a p53 knock-out). Kostniteh byla po ukitou dobu (0 az 48 hod) ponechana
v uzavenych femurech daificpii teplog€ 37°C, 20°C nebo 4°C v podminkéach ischemie, nebo
byla ihned odebrana a iky byly vystaveny inhibitoru dychacihdetzce kyanidu
draselnémui inhibitoru glykolyzy 2-deoxy-D-glukose ifp. pouze skladovany vitro. Vliv
ischemie, metabolickych inhibitbra skladovaniin vitro na transplantabilitu HSC byl
studovan na mysim kongennim modelu Ly5.1/Ly5.2 oh&to kompetitivni repopulace.
Pontery Zivych, apoptotickych a mrtvych bék v subpopulacich kostnirehs, a zastoupeni
LSK SLAM (Lin™"Sca-Ic-Kit"CD150CD48) a LSK SP (side population) bl
reprezentujicich HSC, bylydfeny pomoci pitokove cytometrie.

Vysledky: Na zaklad chimerismu buék darcovskéeho jvodu sledovaného v periferni krvi
piijemal po dobu 6 msicl od transplantace bylo zj&to, Ze dlouhodoba repoputd
schopnost HSC vystavenych ischemistava pi 37°C, 20°C resp. 4°C zachovana po dobu
minimalré 2, 6 resp. 12 hodin. S naslednym poklesem trantgidity klesalo i zastoupeni
LSK SLAM a LSK SP bu&k v kostni deni (BM). Ischemie zjsobila také zvySeni gtu
apoptotickych a mrtvych bégk v BM, piicemZz v LSK populaci (bohaté na HSC) byl
pozorovan mensSi nast neZz v populacich diferencovanych prekuizérevnich bugk.

U HSC odebranych z kadaverézriek p53" mysi nebyly v porovnani s ,wild-type* HSC
pozorovany vyznamné rozdily wgzivani ani v transplantabditPo inkubacich s inhibitory
byla zjiS€na vysSi odolnost LSK bgh k inhibici KCN; k inhibici 2-DG byly citlivé vSeany
buiky kostni dens. Dvoudenni skladovani bek pii 37°C anictyidenni skladovaniip4°® C
transplantabilitu HSC neovlivnilo.

Zavér: Vysledky naSi studie prokazaly, ze HS@Zvaji v kadaverdzni kostnitehi po
vyznamnou dobu, aniz by ztracely svou repofnilaschopnost. Ukazalo se, Zgegstavuji
populaci kostni tere nejodolrgjSi k nedostatku kysliku a metabolickych subdtr&ezivani
HSC bylo vyznamé prodlouzeno p skladovaniin vitro, proto by buiky mély byt vzdy
odebrany co nejive.
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Abstract

Objectives: Hematopoietic stem cell transplantation (HSCT) isvidely used method for
treatment of hematological disorders and some aliseases. However, sometimes a suitable
donor of hematopoietic stem cells (HSC) is not fbéor a patient. Because HSC have been
described as cells with low proliferative and metatbactivity, their tolerance to the lack of
oxygen or metabolic substrates may be assumedhidrstudy, we explored cadaveric bone
marrow as an alternative source of HSC for HSCTngus mouse experimental model. In
addition, the effect aoh vitro metabolic inhibition and short-term vitro storage (1 - 4 days)
on functional properties of mouse HSC was invegtija

Methods: C57BI/6 mice (wild-type or p53) were used in the experiments. To explore
cadaveric HSC, bone marrow (BM) was left in intlechurs at 37°C, 20°C and 4°C under the
conditions of ischemia. The bone marrow cells weaevested after defined time periods
ranging 0 — 48 hours. For metabolic inhibition, tBkectron transport chain inhibitor
potassium cyanide (KCN) and inhibitor of glycoly&sleoxy-D-glucose (2-DG) were usied
vitro. To determine the impact of ischemia, metabolic bitlun, or in vitro storage

on transplantability of HSC, the competitive replapion assay using Ly5.1/Ly5.2 congenic
model was used. Besides, live/apoptotic/dead catis in BM subpopulations was measured,
and frequencies of LSK SLAM (Lif'Sca-Ic-Kit"CD150CD48) and LSK SP (side
population) cells (highly enriched in HSC) wereet¢d by flow cytometry.

Results: Chimerism arisen from the transplanted cadaveriaodobone marrow cells
(followed up in recipient’s peripheral blood (PBY 6 months after transplantation) revealed
that the long-term repopulating ability of HSC usly preserved for at least 2 hours, 6 hours
and 12 hours of ischemia at 37°C, 20°C and 4°(yees/ely. Number of LSK SLAM and
LSK SP cells decreased in compliance with the ptamsability. Furthermore, the LSK
subpopulation (enriched in HSC) contained less tticpand dead cells as compared to more
differentiated subpopulations of the BM exposedsthemia at 37°C. Cadaveric p53SC

did not differ from wild-type HSC in their survivak transplantabilityThe incubations with
inhibitors showed the LSK cells as more resistatKICN in comparison with other
populations tested; however the 2-DG inhibition wethal for all bone marrow cells. Two-
day or four-dayin vitro storage of bone marrow cells at 37°C or 4°C, rasgey, did not
influence the transplantability of HSC.

Conclusions: Our findings suggest that HSC survive in cadavdsame marrow for
considerable time, without loss of their repopulgtability. They represent the most resistant
population of BM to oxygen and metabolic starvatiGime HSC survival is significantly
extended duringn vitro storage even without growth factors, thus bone owacells should
be harvested as soon as possible.
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1 UVOD

Transplantace krvetvornych kmenovych burék je zavedenou terapeutickou metodou,
ktera kazdoréné zachrani zivot mnoha lidi po celémggy Béhem transplantai procedury
je pacientovi po (sub)myeloablaci intravenézpodan 3tp krvetvornych kmenovych bek
(HSC z angl. hematopoietic stem cells). Pomoci legtového gradientu, produkovaného
stromalnimi biikami kostni dené (BM z angl. bone marrow), HSC simji do BM (tzv.
»homing"), kde se nasledrusadi a obnovi krvetvorbdigmce [1].

Aby byla transplantace 0&na, musi byt pro pacienta nalezen vhodny darce [2]
Nejcastji se jim stane &kdo z gibuznych, pip. dobrovolnik z registru datckostni dens
[3]. Obk¢as vSak ob tyto moznosti selZzou a vyvstava otazka, zda eeigast jina moznost
odkeru HSC, nap od kadaveroznich darcorgari. ProtoZze HSC jsou liley s omezenou
metabolickou a prolifekmi aktivitou [4], |ze pedpokladat jejich odolnost k nedostatku
kysliku a metabolickych substtatktery nastava vigledku zastavy krevniho é&tu.

Krvetvorné kmenové buiky zajif'uji v praibéhu celého Zivota tvorbu vSech tyfrvinek,
do kterych diferencuji na zakladtimulace fistovymi faktory, interleukiny a cytokiny [5].
HSC se nachazeji ve specialnim mikropedit kostni #erg, ozn&ovaném terminem
»niche®. V literature byly popsany dva typy ,nichi“, endostalni (ostesticky) a endotelialni
(vaskularni) [6]. Endostalni ,niche" jsou temy osteoblasty, fibroblasty a dalSimi
stromalnimi bitkami. Nachéazeji se v hypoxickych oblastech kosteinqg blizko povrchu
kosti. Uvnif téchto ,nichi* se nalézaji primitivni krvetvorné knré buiky, vétSinou v GO
fazi burééného cyklu. Endotelidlni ,nichgsou tvaeny gedevsim CAR bitkami (CXCL12
abundant reticular cells — retikularnitibky produkujici cytokin CXCL12) a nachéazeji se
v blizkosti sinusoid. Obsahuji aktivované HSC, &tse dli a produkuji dcgné HSC nebo
krvetvorné progenitory. Multipotentni progenitoroviiky, na rozdil od HSC, nemaji
schopnost sebeobnovy, stale vSak mohou diferenclivasech typ krevnich bugk. Jejich
diferenciaci vznikaji progenitory determinované prdité krevni linie, prekurzory krevnich
burgk a nakonec zralé krvinky, které vstupuji do cidad [7-10].

V nichi“ probihaji regul&ni mechanismy, které kontroluji proliferaci, sebemiu a
diferenciaci HSC, a udrzuji tak jejich stalou z&sobkostni deni. Za fyziologickych
podminek se asi 75 % HSC nachazi v GO fazi¢tngho cyklu [4]. Tato jejich unikatni
vlastnost se nazyva ,quiescence” (z angl. quielidnk). Na regulaci ,quiescence” se podili

fada proteifi G¢astnicich se WjSi a vnitni buré¢né signalizace [11-14], mimo jiné i
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nadorovy supresor p53 [15, 16]c¢koli p53 hraje dlezitou Ulohu v apoptdze, jeho nizka
exprese v HSC pomaha udrzet primitivni charaktehto burk. Krom¢ proteinovych
regulatofi se na udrzovani ,quiescence” podili také hypoxichkgrakter ,niche” pro HSC.

Kvili hypoxickému mikroprosedi se HSC odliSuji od diferencovanych &utaké svym
metabolismem. Maji nizSi mitochondrialni potencék ziskavani energie pouzivaji spiSe
anaerobni glykolyzu nez aerobni respiraci [1AepRuti na anaerobni metabolismus jim
umoziuje hypoxii indukovany faktor 1 (HIF-1). Jedn&a séranskrigni faktor, ktery se za
hypoxickych podminek vaze na DNA a zvySuje expoisivych geri, vcetrg transportér
glukosy a glykolytickych enzytn[18-20].

Navzdory popsanym vlastnostem krvetvornych kmenbuyarek, HSC pro transplantace
jsou odebirany vyhradrod Zijicich daré. Koncem devadesatych let bylo publikovano pouze
n¢kolik praci, zabyvajicich se vyzkumem HSC odebrangadaverdéznim dakon pomociin
vitro studii [21, 22]. Bylo nap zjiS€no, Ze biiky odebrané z kadaverdzni kostriert
mohou byt skladovany az tyden aniz by u nich doelwak apoptéze a zZe viiehu
tiidenniho skladovani nedochazi k oviimh CD34-pozitivni frakce, bohaté na lidské
krvetvorné kmenové a progenitorovénky. Podle Soderdahla et al. [21] by tytonkw
mohly mit vysokou repoputai schopnost. Furki vlastnosti krvetvornych kmenovych
burék ovlivnénych ischemii vSak dosud nebyly prostudovamyivo
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2 CILE PRACE

Cilem pedkladané prace bylo pomoci modelového organism@&i mpmaci (Mus
musculus) pro&fit moznost odbru krvetvornych kmenovych begk (HSC) z kadaverozni
kostni derg, jako alternativnino zdroje btk pro transplantaci. PrdeSeni uvedené

problematiky byly stanoveny nasledujicicitile:

» VySetit repopul&ni schopnost HSC vystavenych pciitou dobu ischemii

37°C, 20°C a 4°C a transplantovanych sublétalréenym kongennimijemaim.

» VySetit schopnost kompetitivni repopulace HSC vystavanpo utitou dobu
ischemii i 37°C, 20°C a 4°C a transplantovanych spolu itkbmi cerstw

odebrané kostnirdre v pontru 1:1 letald oz&enym gijemaim.

= Stanovit zastoupeni HSC v kostniedi vystavené po titou dobu ischemii
37°C, 20°C a 4°C. Porovnat apoptdzu a nekrdzu wlagpkostni deng bohaté na

kmenové biiky (Lin'®“Sca-Tc-Kit*) a v diferencovanych populacich kostiérs.

» Otestovat vliv ischemieip37°C na transplantabilitu HSC mysi s cilenou dele
nadorového supresom53 na zastoupeni p%3HSC a na apoptézu a nekrézu

v kostni deni.

» Zhodnotit &inek inhibitoi metabolismu kyanidu draselného a 2-deoxy-D-glukosy
in vitro na viabilitu populaci kostnitdrg a na repopulai schopnost aipZivani
HSC.

= Owit transplantabilitu HSC po kratkodobéntkolikadennim) skladovérnin vitro
v suspenzi bez specifickych krvetvornydistovych faktod.
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Pokusna zviata _

= Mysi kmene C57BI/6 Ly5.1 a Ly5.2 a C57BI/6353™ ™ (p53") byly chovany v Centru
pro experimentalni biomodely 1. LF UK vkonvaim klecovém chovu
(dvanactihodinovy cirkadiélni cyklus, strava aditlim). V experimentech byly pouZity
mysSi stdi 2 az 6 ndsial a hmotnosti 20 az 25 g. Experimenty byly schval®upornou
komisi pro praci s laboratornimi Zaty 1. LF UK a provéaghy v souladu s narodnimi a
mezinarodnimi stanovami pro zachazeni s laboratomiiraty.

Odbér bunék kostni direné

=  MySi darci byli usmrceni cervikalni dislokaci; zdewenfi byly odebrany femury, které
byly ocisteny od svaid.

= Bunky kostni derg (BMC z angl. bone marrow cells) byly vyplachnutigilsatkou
s jehlou tlougky 21G do roztoku PBSs 0.5 % (w/v) hozim sérovym albuminem (BSA,
Carl Roth GmbH, Nmecko) (dale jen PBS/BSA) a drzeny na ledu. Opakgva
proplachovanim pomoci jehly tlotlg/ 25G byla vytvéena jednobwttna suspenze. et
jadernych bugk byl stanoven pomoci automatizovanéhcifade burék Cellometer
AUTO T4 (Nexelom Bioscience, USA).

Priprava kadaverozni kostni drené

= Od C57BI/6 Ly5.1 dart resp. C57BI/6J p53dardi byly odebrany neporusené femury.
Femury od Ly5.1 dafcbyly po dobu 0 az 48 hod ponechany v temperovaPB&/BSA
pii 37°C, 20°C a 4°C. Femury od p53lard byly ponechany viedelratém PBS/BSA
0 az 6 hodp 37°C.

Metabolické inhibice

= BMC odebrané z jednoho femuruifgizng 2 x 10 bunsk) C57BI/6 Ly5.1 mysi byly po
dobu 0, 2 a 20 hod inkubovairy vitro v DMEM™ (Sigma-Aldrich, USA) s 1 mM KCN
(Sigma-Aldrich, USA), 10 mM KCN, 50 mM 2-deoxy-Duilosou (2-DG, Sigma-
Aldrich, USA), 50 mM D-glukosou (Lachem&R) nebo s kombinaci 10 mM KCN a
50 mM 2-DG. Jako kontrola byla pouzita inkubaceMEM bez gidani chemikalii.

Skladovani burgk kostni difené in vitro

= Buiky kostni dens odebrané z femarC57BI/6 Ly5.1 mysi byly skladovany v IMDW
(Lonza Biologics, USA) s 10 % fetalnim ham sérem (FBS, Sigma-Aldrich, USAJip
koncentraci 1 x 10burtk/ml média po dobu 1 a 2 dnyigeplot 37°C a 2 a 4 dnyip
teplog 4°C.

Transplantace kostni d‘ené

= Vexperimentech byl pouzit kongenni transplania model CD45.1/CD45.2
(Ly5.1/Ly5.2) umoaujici snadné rozliSeni bk darce a fijemce na zaklad CD45
antigenu.

= Cerstvé nebo kadaverdzniiiy kostni dens byly transplantovany sublet&n6 Gy)
nebo letald (9 Gy) ozéenym {°Co) kongennim fljiemaim. Subletalty oz&enym

" phosphate buffered saline — fosfatovy pufr
” Dulbecco’s Modified Eagle Medium
™ Iscove’s Modified Dulbecco’s Medium
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piijemaim byl podan transplantat o velikosti odpovidajigiopiné femuru, tedy fiblizné

1 x 10 bursk. Letalrs oz&enym prijemaim byla transplantovana $m kadaverdznich
kongennich butk Ly5.1 acerstvych syngennich bék Ly5.2 (1:1), polovina femuru od
kazdého darce. iBdpokladany chimerismus byl vtomtdigad 50 % u kontrolni
skupiny. Transplantat byl podan intraven®x0.5 ml PBS/BSA. Ve skupinach byli min.
4 prijemci.

Cerstvé nebo kadaverdzniitky p53~ kostni dens a buiky po metabolické inhibici nebo
skladovanéin vitro byly transplantovany sublet&@noz&enym gijemaim dle vyse
uvedeného postupu.

Transplantabilita darcovskych bikn byla ugovana z chimerismu v periferni krvi
piijemal po dobu 6 rssiail od transplantace, ktery odrazihmjeni burk zaji¥ujicich
kratkodobou repopulaci (STRC — 2 tydny a dsfa po transplantaci) a béknzaji¥’ujicich
dlouhodobou repopulaci (LTRC — 3 az &sioi po transplantaci). Vzorky krve byly
barveny specifickymi fluorescéné¢ znaenymi protilatkami anti-Ly5.2-FITC a anti-
Ly5.1-PE (BioLegend, USA). Chimerismus (zastoupeminitk odvozenych od
darcovského 8pu) byl stanovovan pomocijjiokové cytometrie (BD FACS Canto I,
Becton-Dickinson, USA).

Detekce LSK SLAM a LSK SP burgk

Cetnost HSC v kostnitdni byla stanovovéna jako zastoupeni LSK SLAM @ca-Tc-
Kit"CD150CD48) podle Kiela et al. [9] a LSK SP (side populatidtgechst 33342
negativni) podle Goodelové et al. [23].

Priblizng 2 x 10 bursk bylo barveno vitdlnim barvivem Hoechst 33342 (klpmell
Riedel-de Haén, Germany) a naskedrspecifickymi fluorescemé znaenymi
protilatkami: lineage cocktail-biotin (Miltenyi Btec, Germany), anti-Sca-1-APC, anti-c-
Kit-APC-Cy7, anti-CD150-PE, anti-CD48-FITC, streptin-PE-Cy7 (BioLegend,
USA).

Obarvené biky byly analyzovany pomoci fitokové cytometrie (BD FACS Aria llu,
Becton-Dickinson, USA).

Analyza apoptdzy a nekrdzy v subpopulacich kostniréné

Ponter zivych, apoptotickych a mrtvych beék byl méien v plné kostni i@gni a
v populacich kostniierg: LSK (populace bohatd na kmenovéiky), B-lymfopoetické
(B220"), erytropoetické (Ter119a granulo-monopoetické (Gilac-1").

Piiblizng 2 x 10 burtk bylo barveno anti-lineage-FITC, anti-Sca-1-APGirati-c-Kit-
APC-Cy7 protilatkami a 5 x POburtk anti-B220-Alexa700, anti-Ter119-FITC, anti-Gr-
1-APC a anti-Mac-1-APC protildtkami (vS8echny od Bégend, USA).

Apoptotické a mrtvé hiky byly detekovany pomoci DNA vazajicich barviv tdbst
33342 a propidiumiodidu, podle Ormeroda et al. [Bijiky byly analyzovany pomoci
BD FACS Aria llu.

Statisticka analyza

Ziskana data byla statisticky zpracovana pomoadjnarau GraphPad Prism, verze 5.00
pro Windows (GraphPad Software, USA). Data jsouzeméovana jako g@meérné
hodnoty v XY grafech a jako pmér + SEM ve sloupcovych grafech. K porovnani
skupin vi¢i kontrole byla pouzita jednocestna ANOVA s Dunefim post-testem. Pro
vzajemné porovnani dvou skupin byl pouzit Studentdvousndrny t-test. Za
signifikantni byla stanover-value< 0.05.
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4 VYSLEDKY A DISKUZE

Vysledky gedkladané dizertai prace je mozno rékenit do ti c¢asti. Prvnicast je
zametena na analyzu krvetvornych kmenovych &grkteré byly po ufitou dobu vystaveny
ischemii i teplot 37°C, 20°C nebo 4°C, fichzem na transplantabilitéahto burtk. Ve
druhécasti je popsan vliv metabolickych inhibitoKCN a 2-deoxy-D-glukosyn vitro na
bunky kostni dens, wetre krvetvornych kmenovych bghk. Treti ¢ast ukazuje

transplantabilitu krvetvornych kmenovych lrkratkodolé skladovanyclin vitro.

4.1 Vliv ischemie na buiky kostni diené a na krvetvorné kmenové buiky

Krvetvorné kmenové hiky by diky svému anaerobnimu metabolismu a omezené
proliferaci [4, 17] mdly byt odolné wici ischemii — kombinovanému nedostatku kysliku a
metabolickych substrétjako nasledku zastavy krevnihoébh. V tétocasti prace byl
raiznych teplotach studovan vliv ischemie na fenotyguakci burek kostni dend a
krvetvornych kmenovych bgk. Ischemie byla navozena v intaktnich femurechmuyych
z &l post mortemZiskané vysledky ukazuji, Ze mysi krvetvorné kowenbuky prezZivaji
v ischemii po por&rné vyznamnou dobu, a to i#ip37°C. Jak je #'jmé z Obr. 1 (str. 10),
repopul&ni schopnost kratkodébi dlouhodolé repopulujicich bukk (STRC a LTRC)
vystavenych ischemiiip 37°C a odebranych 2 hodirgost mortembyla plré zachovana.

U LTRC aistala transplantabilita zachovana i po 3 hodin&hemie i 37°C, zatimco u
STRC doslo k jejimu sniZzeni. Tento rozdil je moXyéwtlit vysSi prolifer&ni aktivitou
progenitofi (STRC), ktera mohla Zigobit jejich vysSi citlivost k ischemii v porovnanment
proliferujicimi kmenovymi bitkami (LTRC). Ri 20°C a 4°C byla doba, kdy si krvetvorné
kmenové biiky uchovaly svou repoputai schopnost, vyrazrprodlouzena (Obr. 1, str. 10).
Podobné vysledky, demonstrujici odolnost HS(Ci vschemii, byly ziskany také ipadt

kompetitivni transplantace let&oz&enym gijemaim (data neuvedena).
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Obrazek 1 — Hihojeni ischemickych krvetvornych kmenovych burk subletdlné oz&'enym piéijemcim.
Buiky kostni dent darce (Ly5.1) byly vystaveny ischemii po dobu alzdsl i 37°C, az 20 hodip 20°C a az
48 hod pi 4°C. Polovina femuru ischemickych darcovskych #&ubyla transplantovana subletéliie Gy)
oz&enym gFijemaim Ly5.2 (n=4-10). Bhojeni darcovskych b je prezentovano jako chimerismus Ly5.1+
burgk (pramér) stanoveny v periferni krvi Ly5.2 fffemal. StatistickA vyznamnost a¥i kontrole (i
jednotlivych odirech): ***P < 0.005, *P < 0.01, P < 0.05.
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Uvedené vysledky jsou v souladu se zastoupenim ISKAM a LSK SP buik,
reprezentujicich krvetvorné kmenovéiky v kostni deni (Obr. 2). Péet LSK SLAM burgk
zustal neznmingny stejrié dlouhou dobu, po jakou byla udrZzena i transplahtatwlouhodol
repopulujicich bugk. Stejny vysledek byl ziskan i u LSK SP Blns vyjimkou ischemieiip
37°C, pi které p@et LSK SP bugk prudce poklesl jiz po 1 hodinObr. 2). Tento pokles je
pravdépodobré zpisoben nedostatkem energie pro ATP-dependentni ABG&&Bportér,
ktery z SP bugk vyluéuje Hoechst 33342 [25]. SP populace je definovake jHoechst
33342 negativni, Wazeni ABCG2 transportéru tedy vede ke Ztr&P fenotypu, zatimco

funkeni viastnosti kmenovych bk zistavaji zachovany.
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Obrazek 2 — Zastoupeni LSK SLAM a LSK SP buik v ischemické kostni deni. LSK SLAM a LSK SP
buiky byly detekovany v kostnitdni vystavené ischemii po dobu az 5 haid37°C, az 20 hodip20°C a az 48
hod @i 4°C. Data jsou prezentovana jakaiper + SEM (n=3). Statisticka vyznamnosi¢v kontrole: ***P <
0.005, P < 0.01, P < 0.05.
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4

Analyza apopt6zy a nekrdzy v kadaverdzni kostendukézala niZSi frakci apoptotickych

a mrtvych bugk v LSK populaci v porovnani s plnou kostiiedi. Tento rozdil seretelrg

projevuje u vSech testovanych teplot, dokud je li&kotyp detekovatelny (Obr. 3).
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Obrazek 3 — Viabilita bunék kostni difené a LSK bunék v pribéhu ischemie.Pon®r zivych, apoptotickych a
mrtvych burgk v pIné kostni &eni a v LSK populaci byl stanoven v kostiiédi vystavené ischemii po dobu az
5 hod @i 37°C, az 20 hodip 20°C a az 48 hodip4°C. Data jsou prezentovana jakaumer £+ SEM (n=3).
Statisticka vyznamnostiwi kontrole (pro frakci Zivych butk): *** P < 0.005, *P < 0.01, P < 0.05.
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Vysledky a diskuze

Pii 37°C pezivaly LSK buiky Iépe i v porovnani s diferencovanymi populacéwmstni
dreré: B-lymfopoetickou, erytropoetickou a granulo-monepickou (data neuvedena).
Protoze vice nez 50 % prekuridirevnich busk se aktive déli [26], zatimco proliferace
krvetvornych kmenovych bwk a progenitak obsazenych v LSK populaci je nizka, ziskany
vysledek opt odrazi proliferani aktivitu burgk.

Dal$i vysledky byly ziskany studiem kadaveréznitiberens odebrané z C57BI/6J p53
mySi. Nadorovy supresor p53 hrajéletitou roli v regulaci apoptézy [27], zaraverSak
reguluje i ,quiescence” krvetvornych kmenovych &kifil5, 16]. Na zaklagtéchto poznatk
jsme @ekavali u populaci kostnireln® zmény v apoptotické frakci a/nebo zvySenou citlivost
p53" krvetvornych kmenovych bak k ischemii. Mezi p53 kostni deni a ,wild-type*
kostni deni vSak nebyly pozorovany zadné rozdily (data edema). Htomnost apoptotické
frakce v p53 kostni deni po ischemii poukazuje na indukci apoptotickéhgrnezavislé na
p53. Co se tyka transplantability krvetvornych kmeych burk, v reakci na ischemii se
mezi p53” HSC a ,wild-type* HSC neprojevil Zadny rozdil, @ani v kontrolnich skupinach
(data neuvedena). Tyto vysledky poukazuji f@omnost primitivnich kmenovych bek
v kostni deni p53~ mysi, schopnych dlouhodobéhdimjeni a odolnych k nedostatku
kysliku a energie.
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Vysledky a diskuze

4.2 Inhibice metabolismu bungk kostni diené in vitro

Za (telem owteni odolnosti krvetvornych kmenovych klrk nedostatku energia vitro
byly buiky kostni dené inkubovany po dobu 0, 2 a 20 hod #tpmnosti metabolickych
inhibitord KCN (1 mM a 10 mM), 2-deoxy-D-glukosy (2-DG, 50 mlel 10 mM KCN spolu
s 50 mM 2-DG. Po inkubacich byly iky pouzity pro experimentalni transplantaci a
fenotypovou analyzu.

Repopuléni schopnost krvetvornych kmenovych Bkintransplantovanych subletéin
oz&enym gijemaim byla v gipact kyanidu snizena aZ po dvacetihodinové inhibicimd@
KCN (Obr. 4). V gipact inhibice 2-deoxy-D-glukosou doslo ke snizeni j& 2 hodinach a
po 20 hodinach se darcovskénky vilbec nepihojily. Kombinace obou inhibitdr m¢la na

transplantabilitu fatalni vliv.
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Obrazek 4 — Fihojeni krvetvornych kmenovych burék vystavenych inhibitoram metabolismu subletalré
oza‘enym pFijemcam. Darcovské biiky (Ly5.1) byly po dobu 0 (CTRL), 2 nebo 20 hod uhiovany v médiu
bez inhibitofi, s 1 mM KCN, 10 mM KCN, 50 mM 2-deoxy-D-glukosmebo 10 mM KCN a 50 mM 2-deoxy-
D-glukosou. Polovina femuru darcovskych Bkibyla transplantovana subletél(6 Gy) ozéenym gFijemaim
Ly5.2 (n=4-14). Bhojeni darcovskych buwhk je prezentovano jako chimerismus Ly5.1+ &ur(primer)
stanoveny v periferni krvi Ly5.2fflemai. Statistickd vyznamnostiwi kontrole (g jednotlivych odirech):
*** P < 0.005, *P < 0.01, P <0.05.
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Vysledky a diskuze

Zastoupeni primitivnich HSC (LSK SP a LSK SLAM) edtni deni po metabolické
inhibici také potvrdilo odolnostéthto burk ke kyanidu (Obr. 5). Nést v LSK SLAM
populaci po dvacetihodinové inhibici 10 mM KCN j@ugoben jejich relativni odolnosti

k inhibici v porovnani s diferencovanymiitkami kostni dens, které se jiz rozpadly.
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Obrazek 5 - Zastoupeni LSK SLAM a LSK SP bumk v kostni dfeni (BM) vystavené inhibitoram
metabolismu. LSK SLAM a LSK SP biiky byly detekovany v kostniidni inkubované 0 (CTRL), 2 a 20 hod
v médiu bez inhibitat, s 1 mM KCN, 10 mM KCN, 50 mM 2-deoxy-D-glukosmebo 10 mM KCN a 50 mM
2-deoxy-D-glukosou. Inkubace s 50 mM D-glukosouc)gpiedstavuje kontrolu pro 2-DG. Data jsou
prezentovana jako pmér + SEM (n=3). Statistickd vyznamnosi& kontrole: ***P < 0.005, *P < 0.01, P <
0.05.
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Vysledky a diskuze

Inhibice pomoci KCN i 2-DG zjsobila pokles p&tu jadernych buk v kostni deni a
narmst frakci apoptotickych a mrtvych btkn v obou testovanych intervalech (data
neuvedena). LSK populace (bohata na HSC) se padtppkladu projevila vyssi odolnosti
k inhibici KCN neZ k inhibici 2-DG (Obr. 6). Zaroitese ukazala byt odadisi vici inhibici
KCN nez diferencované populace krevnich prekurz@-lymfopoetickd a erytropoeticka
(data neuvedena), prasgbdobré diky anaerobnimu metabolismu krvetvornych kmenbvyc

burik [17].
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Obrazek 6 — Viabilita LSK populace v kostni deni vystavené inhibitoim metabolismu. Pon#r zivych,
apoptotickych a mrtvych bék v LSK populaci byl stanoven v kostnifethi inkubované 0 (CTRL), 2 a 20 hod
v médiu bez inhibitat, s 1 mM KCN, 10 mM KCN, 50 mM 2-deoxy-D-glukosmgbo 10 mM KCN a 50 mM
2-deoxy-D-glukosou. Inkubace s 50 mM D-glukosouc)gpiedstavuje kontrolu pro 2-DG. Data jsou
prezentovana jako pmeér £+ SEM (n=3). Statistickd vyznamnosi& kontrole (pro frakci zivych busk): *** P <
0.005, *P < 0.01, P < 0.05.

Relativni odolnost krvetvornych kmenovych Blirk inhibici KCN a jejich citlivost ke 2-

deoxy-D-glukose znovu prokazuje anaerobni chargéjieh metabolismu.
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Vysledky a diskuze

4.3 Vliv skladovani in vitro na transplantabilitu krvetvornych kmenovych bunék

V posledni ¢asti prace jsme testovali odolnost krvetvornych kawych bugk ke
skladovani in vitro. Bunky byly ponechany vmédiu sFBS a bez specifickych
hematopoetickychistovych faktod. Uk&zalo se, Ze HSC skladované takovymtésppem
piezivaji vyrazg delSi dobu, nez kdyz jsou ponechainy situ v podminkach ischemie.
Kompetitivni transplantace skladovanych &krsubletald oz&enym gijemaim potvrdila
zachovani jejich repopulai schopnosti po dobu nejm&dvoudenniho skladovanfiB7°C a
¢tyfdenniho skladovaniip4°C (Obr. 7).
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Obrazek 7 — Hihojeni krvetvornych kmenovych bungk skladovanych in vitro subletalné oz&enym

prijemcam. Darcovské biky (Ly5.1) byly skladovany po dobu 1 a 2idpii 37°C, a po dobu 2 a 4 tpti 4°C

in vitro. Polovina femuru darcovskych btknbyla transplantovana subletélf6é Gy) ozéenym gijemaim Ly5.2

(n=4-5). Rihojeni darcovskych bwk je prezentovano jako chimerismus Ly5.1+ &urfpramér) stanoveny
v periferni krvi Ly5.2 pijemai. Statisticka vyznamnostiwi kontrole (@i jednotlivych odirech): ***P < 0.005,
** P <0.01, P<0.05.
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Zawer

5 ZAVER

Repopuléni schopnost krvetvornych kmenovych Bkitransplantovanych subletéin
oz&enym gijemaim nebyla ovlivina ischemii i 37°C po dobu nejmén2 hodin.
Pri 20°C a 4°C se tato doba prodlouzila na 6 hodsp.ré2 hodin.

Krvetvorné kmenové hiky vystavené ischemii po dobu 2 hodin, 12 hodirprest
hodin @i 37°C, 20°C resp. 4°C rovnocehkompetovaly s krvetvornymi kmenovymi

buiikami ¢erstvé kostni k.

Zastoupeni LSK SLAM a LSK SP btk (frakce krvetvornych kmenovych bék) v
kostni deni vystavené ischemiitp37°C, 20°C a 4°C stalo zachovano v souladu
s udrzenim schopnosti repopulacesi&hi viability bugénych populaci kostnitdns
prokazalo vyraznou odolnost LSK populace (bohata kngetvorné kmenové a
progenitorové biky) vaciischemii @i 37°C v porovnani s diferencovanymi

populacemi.

Kostni den mysi s cilenou deleci regulatoru apoptézy a ,quéese” proteinu p53 se
repopul&ni schopnosti krvetvornych kmenovych Bkirani zastoupenim LSK SLAM
a LSK SP populaci nelisila od kostnfeds ,wild-type* mySi, a to ani v fipac
okamzitého odéru ani po vystaveni ischemifiB87°C.

Krvetvorné kmenoveé hiky byly relativre odolné wici in vitro pasobeni inhibitoru
dychacihotetzce kyanidu draselného, coZ poukazuje ndgeaitou ulohu jejich

anaerobniho metabolismu priepivani ischemie.

Repopuléni schopnost krvetvornych kmenovych Bkirskladovanychn vitro zistala
piné zachovana po dobu dvoudennih&ydenniho skladovaniip37°C resp. 4°C, a
to i navzdory nefitomnosti specifickych krvetvornyclistovych faktoi.

Na zaklad ziskanych poznatk bylo prokadzano, z&adaverozni kostni drefn by bylo

mozné pouzivat jako alternativadroj krvetvornych kmenovych bunék pro transplantaci.

S ohledem na prodlouzenou dohieiti kmenovych bukk in vitro by vSak biiky mély byt

vzdy odebrany co nejive.
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Introduction

1 INTRODUCTION

Hematopoietic stem cell transplantation(HSCT) is a standard therapeutic procedure
which saves every year many lives world-wide. DgriASCT, hematopoietic stem cells
(HSC) are administered intravenously to a (sub)ostalated host. By means of cytokine
gradient produced by the stromal cells of bone avarfBM) HSC find a way to the BM,
home to it and can restore damaged hematopoidsis [1

For a successful HSCT, a suitable HLA-matched domast be found [2]. Most often, the
donor is a relative of the patient, or a voluntdem the bone marrow donor register [3].
However, sometimes these options fail and a questises of whether an additional way of
obtaining hematopoietic stem cells exists, e.gh@éywesting of bone marrow from cadaveric
organ donors. Because HSC are known as quiesckntwith a restricted proliferative and
metabolic activity [4], they should be resistanthe lack of oxygen and metabolic substrates
which occurs as a consequence of circulatory arrest

During the whole life-span, a population of primégihematopoietic stem cellsn bone
marrow gives rise to any kind of mature blood cdkpending on stimulation by growth
factors, interleukins and cytokines [5]. In BM, H&€ located in special microenvironment,
called the “niche”. Two types of niches have bebaracterized: endosteal (osteoblastic)
niche and endothelial (vascular) niche [6]. Theastelal niche is formed by osteoblasts,
fibroblasts, and other stromal cells. It is foundhe hypoxic regions of BM, near to the bone
surface. Primitive HSC, mostly in GO-phase of tledl cycle, reside in these niches. The
endothelial niche is formed mainly by CAR cells (CIXL2 abundant reticular cells) and is
located close to sinusoids. In endothelial niclaetiyvated HSC divide and produce new HSC
or hematopoietic progenitors. The multipotent proge cell is no more able to self-renew,
but it can still give rise to all the blood celhdéages. Subsequent differentiation provides
lineage-restricted progenitors, precursors, andllfinmature blood cells, which enter the
circulation [7-10].

Regulatory mechanisms, which occur in the nicheintam a pool of HSC in BM by
controlling their proliferation, self-renewal, andifferentiation. Under physiological
conditions, about 75 % of HSC are arrested in Gsptof the cell cycle. This feature of HSC
is called hematopoietic stem cell quiescence. 8sudn knock-out animals have revealed a
number of both extrinsic and intrinsic quiescenegutators [11-14], among them the tumor

suppressor p53 [15, 16]. Although p53 plays an irfgm role in apoptosis, its lower

19



Introduction

expression in HSC preserves their primitive chamacfApart from protein regulators, the
hypoxic character of hematopoietic stem cell nicdso participates in regulation of
quiescence.

Because of the hypoxic microenvironment, the mdisimoof HSC differs from that of
differentiated cells. HSC have been shown to hal@avamitochondrial potential as well as
low ATP levels, and instead of aerobic respiratitihze anaerobic glycolysis to gain energy
[17]. The switch to anaerobic metabolism is enalidgdypoxia inducible factor 1 (HIF-1).
HIF-1 is a transcription factor, which under hypogonditions binds to DNA and upregulates
expression of target genes, including glucose pamesrs and glycolytic enzymes [18-20].

Despite the properties of HSC described above, abiées for HSCT are harvested
exclusively from living voluntary donors. In thetdanineties, several studies were published
exploring the HSC harvested from cadaveric orgamod® usingin vitro assays [21, 22]. It
was shown that cadaveric bone marrow cells cantdred up to seven days without an
increase in apoptosis and that three-day storagse dot affect the CD34-positive fraction
(enriched in human hematopoietic stem and progenéts). Soderdahl et al. [21] assumed
that these cells could be procured with a high eeg@f engraftment potential. However,ian
vivo functional study of HSC which have been exposaddioemia has not been performed to
our knowledge.
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2 AIMS OF THE STUDY

The aim of the presented study was to explore aadabone marrow as an alternative
source of hematopoietic stem cells (HSC) for hepwitic stem cell transplantation (HSCT),
using mouse as a model organism. In order to asldhes task, several specific objectives

were established:

= To investigate the repopulating ability of HSC, athihave been exposed to ischemia
at 37°C, 20°C, and 4°C for defined time periodserafransplantation to sublethally

irradiated congenic recipients.

» To investigate the competitive repopulating abibfyHSC, which have been exposed
to ischemia at 37°C, 20°C, and 4°C for defined tpeeiods, after co-transplantation

with fresh bone marrow cells (1:1 ratio) to letlgatradiated congenic recipients.

» To determine the frequencies of HSC in bone mamraposed to ischemia at 37°C,
20°C, and 4°C for defined time periods. To compap®ptosis and necrosis in
population enriched in HSC (UfSca-Tc-Kit") with differentiated subpopulations of

bone marrow.

= To explore the impact of ischemia at 37°C on refating ability of p53- HSC, their

frequencies, and apoptosis and necrosis in bonewmar

= To examine an effect of metabolic inhibition by g&gium cyanide and 2-deoxy-D-
glucosein vitro on survival of bone marrow subpopulations, andhenrepopulating

ability and survival of HSC.
= To confirm the repopulating ability of hematopoteitem cells after short-terin

vitro storage (up to 4 days) in suspension without fipehematopoietic growth

factors.
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3 MATERIALS AND METHODS

Animals

C57BL/6 wild-type mice Ly5.2 and Ly5.1 and C57BI/Bp53™ ™ (p53") mice (all bred
in Center of Experimental Biomodels, First FacufyMedicine, Charles University in
Prague) were maintained in a clean conventionahahiacility with a light-dark cycle of
12 hours and fed ad libitum. Two- to 6-months-olden20 — 25 g of body weight, were
used in the experiments. All experiments were apgudoy the Laboratory Animal Care
and Use Committee of the First Faculty of Medici@harles University, and were
performed in accordance with national and inteamati guidelines for laboratory animal
care.

Harvesting of bone marrow cells

Donor mice were sacrificed by cervical dislocatiGemurs were removed from the body
and rid of muscles.

Bone marrow cells (BMC) were flushed with a syrir{§@G needle) into PBESontaining
0.5 % bovine serum albumin (Carl Roth GmbH, Germaojution (PBS/BSA further on)
and kept on ice. A single cell suspension was pegbhy repeated flushing through 25G
needle. The number of nucleated cells was detedniuseng the AUTO T4 Cellometer
(Nexelom Bioscience, USA).

Cadaveric bone marrow

Intact femurs were removed from C57BI/6 Ly5.1 wijghe donors or from C57BI/6 p53
donors. Femurs from wild-type mice were kept inhgated/precooled PBS at 37°C, 20°C
and 4°C, respectively, for various time periodsm@8 hours. Femurs from p53lonors
were kept in preheated PBS at 37°C up to 6 hours.

Metabolic inhibition

BMC harvested from 1 femur (approximately 2 X t@lls) of C57BI/6 Ly5.1 wild-type
donors were incubateih vitro in DMEM~ (Sigma-Aldrich, USA) with 1 mM KCN
(Sigma-Aldrich, USA), 10 mM KCN, 50 mM 2-deoxy-Deglose (2-DG, Sigma-Aldrich,
USA), 50 mM glucose (Lachema, Czech Republic) omM KCN with 50 mM 2-DG for
2 hours and 20 hours at 37°C. Incubation in DMENhauit drugs was used as a control.

In vitro storage of bone marrow cells

BMC from the femurs of C57BI/6 Ly5.1 donors wereorstd in IMDM~ (Lonza
Biologics, USA) with10 % fetal bovine serum (Sigma Aldrich, USA) atan@entration
of 1 x 10 cells/ml. Cells were maintained in the medium¥and 2 days at 37°C, or for 2
and 4 days at 4°C.

Bone marrow transplantation

CD45.1/CD45.2 (Ly5.1/Ly5.2) congenic mouse modeliclvhenables to distinguish
donor-derived cells from recipient’s cells was usethe experiments.

Fresh or cadaveric BMC were transplanted to sualigth6 Gy) or lethally (9 Gy)
irradiated f°Co) congenic recipient mice. Sublethally irradiateecipients were

" phosphate buffered saline
” Dulbecco’s Modified Eagle Medium
™ Iscove’s modified Dulbecco’s medium
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transplanted with BMC from half of the femur (apxirately 1 x 10 cells). Lethally
irradiated recipients were transplanted with a atio mixture of cadaveric congenic
(Ly5.1) and fresh syngenic (Ly5.2) BMC from half tife femur of each donor. The
expected chimerism was 50 % in this case. A singlesuspension of bone marrow cells
was administered intravenously through the retiodnulplexus in volume of 0.5 ml
PBS/BSA. At least four recipient mice were usedgreup.

Fresh or cadaveric BMC from p53ionors, and BMC after metabolic inhibitiam#itro
storage were transplanted to sublethally irradiatatyenic recipients, as described above.
The engraftment of donor cells was determined fpampheral blood for 6 months after
transplantation to distinguish the short-term repating cells (STRC — 2 weeks and 1
month after transplantation) and long-term repdjngecells (LTRC — 3 to 6 months after
transplantation). Blood samples were stained with-lay5.2-FITC and anti-Ly5.1-PE
fluorochrome-conjugated antibodies (BioLegend, US&)imerism (percentage of donor-
derived cells) was determined by flow cytometry (BRCS Canto II, Becton-Dickinson,
USA).

LSK SLAM and LSK SP cells determination

Frequency of hematopoietic stem cells in bone makas determined as representation
of LSK SLAM (Lin™"Sca-1c-Kit*CD150CD48) cells according to Kiel et al. [9] and as
LSK SP (side population, Hoechst 33342 negativi®y eecording to Goodell et al. [23].
Approximately 2 x 10 cells were stained with Hoechst 33342 (HoneyweédRl-de
Haén, Germany) and with specific fluorochrome-cgajed antibodies: lineage-cocktail-
biotin (Miltenyi Biotec, Germany), anti-Sca-1-AP@nti-c-Kit-APC-Cy7, anti-CD150-
PE, anti-CD48-FITC, streptavidin-PE-Cy7 (BioLegeb®A).

Stained cells were analyzed by flow cytometry (BROS Aria llu equipped with blue,
red and UV lasers, Becton-Dickinson, USA).

Analysis of apoptosis and necrosis in bone marrowbpopulations

Ratio of live, apoptotic and dead cells was meakurevhole bone marrow and in bone
marrow subpopulations: LSK (enriched in HSC), B-bmopoietic (B220), erythropoietic
(Ter119) and granulo-monopoietic (Gr4#lac-1).

Approximately 2 x 18 cells were stained with anti-lineage-FITC, antaScAPC and
anti-c-Kit-APC-Cy7 antibodies. Approximately 5 x°I¢€ells were stained with anti-B220-
Alexa700, anti-Terl19-FITC, anti-Gr-1-APC and awtkc-1-APC antibodies (all from
BioLegend, USA).

For detection of apoptotic and dead cells, Hoe8B8%2 and propidium iodide were used,
as according to Ormerod et al. [24]. Analysis wadgrmed using BD FACS Aria llu.

Statistical analysis

Statistical analysis was performed with GraphPan®Prversion 5.00 for Windows
(GraphPad Software, USA). Data are presented asngan in XY graphs and as the
mean = SEM in column graphs. One-way ANOVA usinghbeit’s post test was used to
compare each group to the controls. Student’s biled t-test was used for comparison
of two groups to each othd?:values < 0.05 were considered statistically sigati.
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4 RESULTS AND DISCUSSION

This thesis is divided into three parts. The fpatt is focused on analysis of bone marrow
cells exposed to ischemia at various temperatl88%C( 20°C, 4°C), with special regard to
the transplantability of hematopoietic stem cdiisthe second part, the effect of metabolic
inhibition by KCN and 2-deoxy-D-glucosén vitro on bone marrow cells including
hematopoietic stem cells was determined. In thedad, transplantability of hematopoietic

stem cells after short-term vitro storage (up to 4 days) was explored.

4.1 Effect of ischemia on bone marrow cells and hemataetic stem cells

Because of the anaerobic metabolism and proliferajuiescence [4, 17], hematopoietic
stem cells should be resistant to ischemia (condbliaek of oxygen and metabolic substrates
as a consequence of circulatory arrest). In this giathe study, the influence of extended
ischemia at various temperatures on the phenotgdeoa the functional characteristics of
mouse bone marrow cells and HSC was investigatede Bharrow ischemia was modeled in
intact femurs after removal from the body. Our hessdemonstrate that mouse HSC survive
ischemia for a considerable length of time, eveemtie temperature of the bone marrow is
maintained at 37°C. As shown in Figure 1 (p. 2B, tepopulating ability of both short- and
long-term repopulating cells kept in femurs at 3@l harvested 2 houp®st mortenwas
fully preserved. LTRC maintained the transplantgbdlso after 3 hours of ischemia at 37°C,
whereas the engraftment of STRC declined. The reiffee could be explained by higher
proliferation rate of progenitors as compared toCHS®vhich caused higher sensitivity to
ischemia. At 20°C and 4°C, the period of ischeminictv does not affect the transplantability
of HSC was significantly extended (Figure 1, p.. Zjnilar results were obtained also from

competitive transplantation assay in lethally iraéed recipients (data not shown).
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Figure 1 — Engraftment of ischemic HSC in sublethdy irradiated recipients. Donor cells (Ly5.1) were
exposed to ischemia for up to 5 hours at 37°Cufoto 20 hours at 20°C, or for up to 48 hours°&.4.y5.2
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0.05.
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These results are in agreement with the cytomdetermination of LSK SLAM and LSK
SP cell numbers, which represent fractions of hepweétic stem cells (Figure 2). The
percentage of LSK SLAM cells was not significantlgcreased in cadaveric BM as long as
the transplantability was maintained. This was &lge of LSK SP cells, except for at 37°C,
when the number of LSK SP decreased only afterut bbischemia (Figure 2). The decline
is probably due to the lack of energy for the ATé&pehdent ABCG2 transporter, which
effluxes Hoechst 33342 from SP cells [25]. As asemuence, SP phenotype (Hoechst 33342
negative) was lost, whereas the functional propef HSC were maintained for a prolonged

period of time.
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Figure 2 — Representation of LSK SLAM and LSK SP dés in ischemic bone marrow.LSK SLAM and
LSK SP cells were detected in BM exposed to ischefom up to 5 hours at 37°C, for up to 20 hour2GHC, or
for up to 48 hours at 4°C. Data are presented anmeSEM (n=3). Significance of difference from tantrols:
** P < 0.005, *P <0.01, P <0.05.
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Analysis of apoptosis and necrosis in cadaveric iivealed a lower fraction of apoptotic
and dead cells in the LSK population compared ltb@he marrow cells. The difference was

clearly visible until the LSK phenotype disappeafeidure 3).
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Figure 3 — Viability of bone marrow cells and LSK ells during ischemia.Ratio of live, apoptotic and dead
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Comparison of the LSK population with more diffetiated populations of the BM (B-
lymphopoietic, erythropoietic and granulo-monopigieshowed better survival of LSK cells
in ischemia at 37°C (data not shown). LSK cellgespnt a fraction of BMC highly enriched
in hematopoietic stem and progenitor cells, whiahstow-cycling. Since more than 50 % of
differentiated precursors of blood cells are adyv@oliferating [26], the result appears to
correlate with the proliferation rate.

In addition, we explored cadaveric bone marrow ésted from C57BI/6J pS3mice.
Tumor suppressor p53 plays an important role iruleggpn of apoptosis [27] but also in
regulation of hematopoietic stem cell quiescencg [6]. Based on this knowledge, we
expected changes in apoptotic fractions in boneramarsubpopulations and/or higher
sensitivity of p53° HSC to ischemia due to their escape from quiesceHowever, our
findings did not show any difference between p3M and wild-type BM. An apoptotic
fraction was still present in p53BM after ischemia, which indicates that p53-indegent
apoptosis was induced. Regarding the regulatioguggscence, our findings did not show
any difference between p53HSC and wild-type HSC, not even in the controkgfr) bone
marrow (data not shown). Our results indicate #hditaction of primitive HSC remains in
bone marrow of p53 mice, capable of long-term engraftment and resista the lack of

oxygen and energy.
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4.2 Inhibition of bone marrow cells metabolismin vitro

To investigate the resistance of HSC to energytaberin vitro, we incubated bone
marrow cells for either 2 hours or 20 hours witketabolic inhibitors KCN (1 mM or
10 mM), 2-deoxy-D-glucose (50 mM) and 10 mM KCN dtwger with 50 mM 2-DG.
Phenotypic analysis and experimental transplamtatiere performed after the incubations.

Just the twenty-hour inhibition by KCN resulted andecreased engraftment of HSC in
sublethally irradiated recipients (Figure 4). Tepapulating ability was also decreased after 2
hours of 2-DG inhibition, and was completely lo&ea20 hours. Combination of inhibitors

was shown to be fatal for the functional propertgesiSC.
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Figure 4 — Engraftment of hematopoietic stem cellafter metabolic inhibition in sublethally irradiate d
recipients. Donor cells (Ly5.1) were incubated for 0 (CTRL)a2d 20 hours in medium without inhibitors, with
1mM KCN, 10 mM KCN, 50 mM 2-deoxy-D-glucose (2-D@&) 10 mM KCN and 50 mM 2-deoxy-D-glucose.
Ly5.2 recipients (n=4-14) were irradiated with 6 @wd transplanted with half of the donor femur. The
engraftment is presented as chimerism of Ly5.14s ¢elean) detected in peripheral blood of Ly5.2pents.
Significance of difference from the controls atiindual time points: **P < 0.005, *P < 0.01, P < 0.05.
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Frequency of primitive HSC (LSK SP and LSK SLAM) tine BM after the metabolic
inhibition also confirmed their resistance to KCONgure 5). An increase in the frequency of
LSK SLAM cells in bone marrow after twenty-hour ibition by 10 mM KCN is due to their
relative resistance compared to more differentidtede marrow cells, which have already

been depleted.
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Figure 5 — Representation of LSK SLAM and LSK SP dés in bone marrow after metabolic inhibition.
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In the whole BM, both KCN and 2-DG caused a decimée number of nucleated cells
and an increase in the dead cell fraction in d@krials tested as compared to the samples
incubated without inhibitors (data not shown). Apected, analysis of apoptosis and necrosis
in LSK population showed higher resistance of LS&lsc (enriched in HSC) to KCN
inhibition than to 2-DG or to combined inhibitioRigure 6). Moreover, the LSK population
(enriched in HSC) survived the KCN inhibition bettéhan the more differentiated
populations, namely the B-lymphopoietic and thethegpoietic (data not shown), which is
probably caused by anaerobic metabolism of HSC [17]
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Figure 6 — Viability of LSK population in bone marrow exposed to metabolic inhibitors.Ratio of live,
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mM KCN and 50 mM 2-DG. D-glucose (glc) was usecdadmparative treatment for 2-DG. Data are predente
as mean + SEM (n=3). Significance of differencenfrihe controls (for live cell fraction): *® < 0.005, *P <
0.01, P < 0.05.
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The relative resistance of the HSC to KCN inhibitiand their susceptibility to 2-DG
inhibition provides an additional evidence of tliaerobic nature of their metabolism.

4.3 Effect of in vitro storage on transplantability of hematopoietic stentells

In addition, we examined the tolerance of HSC téaworable conditionsn vitro, when
bone marrow cells were stored in medium contaiféigl bovine serum but lacking specific
hematopoietic growth factors. HSC storedvitro in a suspension of bone marrow cells
survived for a significantly longer period than $ieoleftin situ under ischemic conditions.
Competitive transplantation of these cells to sialdy irradiated recipients demonstrated a
preserved transplantability of HSC for at leasafsof storage at 37°C and 4 days of storage
at 4°C (Figure 7).
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Figure 7 - Engraftment of in vitro stored HSC in sublethally irradiated recipients.Donor cells (Ly5.1) were
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* P <0.01, P<0.05.
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5 CONCLUSIONS

= The repopulating ability of hematopoietic stem €etkposed to ischemia at 37°C was
maintained for up to 2 hours, when the HSC wenespkanted to sublethally (6 Gy)
irradiated recipients. This time was extended bmérs and 12 hours after ischemia at

20°C and 4°C, respectively.

= In lethally irradiated recipients, HSC exposedschemia successfully competed with
HSC from fresh bone marrow for up to 2 hours, 1@repand 24 hours at 37°C, 20°C,

and 4°C, respectively.

» Frequencies of LSK SLAM and LSK SP cells (highlyriened in HSC) in bone
marrow exposed to ischemia at 37°C, 20°C, or 4°@&weeserved in compliance with
the repopulating ability. LSK population (enriched hematopoietic stem cells and
progenitors) was significantly more resistant tchemia at 37°C than differentiated
populations of bone marrow when fractions of liagoptotic and dead cells were

compared.

= HSC with targeted deletion of apoptotic and quiaseeregulator p53 did not differ
from the wild-type HSC in repopulating ability ar frequencies of LSK SLAM and
LSK SP cells in BM, fresh or exposed to ischemid7C.

= HSC were shown to be relatively resistanirtovitro inhibition by electron transport
chain inhibitor potassium cyanide, which indicaa@simportant role of their anaerobic

metabolism in their survival of ischemia.

» Repopulating ability of HSC was fully preserved &trleast 2 days oh vitro storage
at 37°C and for at least 4 daysiofvitro storage at 4°C, despite the absence of specific

hematopoietic growth factors.
Based on our findings, we can conclude tteataveric bone marrowcould be used as

an alternativesource of HSC for transplantation However, regarding the prolonged

survival of HSCin vitro, cells for transplantation should be harvestedams as possible.
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