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Abstract

Abstract

Objectives: Hematopoietic stem cell transplantation (HSCT) isidely used method for
treatment of hematological disorders and some otl&gases. However, sometimes a
suitable donor of hematopoietic stem cells (HSQ)asfound for a patient. Because HSC
have been described as cells with low proliferatime metabolic activity, their tolerance
to the lack of oxygen or metabolic substrates maassumed. In this study, we explored
cadaveric bone marrow as an alternative sourceS& Hor HSCT, using a mouse
experimental model. In addition, the effectimfvitro metabolic inhibition and short-term
in vitro storage (1 - 4 days) on functional properties otis@oHSC was investigated.
Methods: C57BI/6 mice (wild-type or p53) were used in the experiments. To explore
cadaveric HSC, bone marrow (BM) was left in intiechurs at 37°C, 20°C and 4°C under
the conditions of ischemia. The bone marrow celeyevharvested after defined time
periods ranging 0 — 48 hours. For metabolic infohit the electron transport chain
inhibitor potassium cyanide (KCN) and inhibitorgiycolysis 2-deoxy-D-glucose (2-DG)
were usedn vitro. To determine the impact of ischemia, metabolichitlan, orin vitro
storage on transplantability of HSC, the competitigpopulation assay using Ly5.1/Ly5.2
congenic model was used. Besides, live/apoptoac/d=ells ratio in BM subpopulations
was measured, and frequencies of LSK SLAM '®&ca-Tc-Kit"*CD150'CD48) and
LSK SP (side population) cells (highly enrichedH8C) were detected by flow cytometry.
Results: Chimerism arisen from the transplanted cadavericoddone marrow cells
(followed up in recipient’s peripheral blood (PB)yrf6 months after transplantation)
revealed that the long-term repopulating abilityH8C is fully preserved for at least 2
hours, 6 hours and 12 hours of ischemia at 37°@C 2hd 4°C, respectively. Number of
LSK SLAM and LSK SP cells decreased in compliancigh vihe transplantability.
Furthermore, the LSK subpopulation (enriched in H8@htained less apoptotic and dead
cells as compared to more differentiated subpojomatof the BM exposed to ischemia at
37°C. Cadaveric p53 HSC did not differ from wild-type HSC in their sival or
transplantabilityThe incubations with inhibitors showed the LSK sels more resistant to
KCN in comparison with other populations testediwaweer the 2-DG inhibition was lethal
for all bone marrow cells. Two-day or four-day vitro storage of bone marrow cells at
37°C or 4°C, respectively, did not influence thensplantability of HSC.

Conclusions: Our findings suggest that HSC survive in cadavérmme marrow for
considerable time, without loss of their repopulgtiability. They represent the most
resistant population of BM to oxygen and metabgaliarvation. The HSC survival is
significantly extended duringn vitro storage even without growth factors, thus bone
marrow cells should be harvested as soon as pessibl



Abstrakt

Abstrakt (Czech)

Vychodisko: Transplantace krvetvornych kmenovych bkinsloui k |é b poruch
krvetvorby, autoimunitnich chorob i kierych nehematologickych onemoain Ne pro
vSechny pacienty se vSak podaalézt vhodného darce krvetvornych kmenovych kun
(HSC). Proto e HSC vykazuji nizkou proliferd a metabolickou aktivitu, Ize u nich
p epokladat odolnost vi nedostatku kysliku a metabolickych substréttery nastava p
ischemii, nap. v kadaverdzni kostni eni. Cilem této prace bylo pomoci experimentalniho
mySiho modelu ovit mo nost odbru HSC z kadaverdzni kostni esh. Navic byla
testovana tolerance HSC k inhibitar metabolismu a k uchovéavanivitro.

Metody: V experimentech byl pouit modelovy organismus mmmsisculus C57BI/6
(,wild-type* a p53 knock-out). Kostni & byla po uritou dobu (0 a 48 hod) ponechana
v uzavenych femurech darcpi teplot 37°C, 20°C nebo 4°C v podminkach ischemie,
nebo byla ihned odebrana a ky byly vystaveny inhibitoru dychacihet zce kyanidu
draselnému i inhibitoru glykolyzy 2-deoxy-D-glukose, p. pouze skladovanin vitro.
Vliv ischemie, metabolickych inhibitora skladovanin vitro na transplantabilitu HSC byl
studovan na mysim kongennim modelu Ly5.1/Ly5.2 ah@tiokompetitivni repopulace.
Pom ry ivych, apoptotickych a mrtvych buk v subpopulacich kostnieh , a zastoupeni
LSK SLAM (Lin""Sca-Tc-Kit"CD150CD48) a LSK SP (side population) buq
reprezentujicich HSC, byly meny pomoci prtokoveé cytometrie.

Vysledky: Na zaklad chimerismu burk darcovského produ sledovaného v periferni
krvi p ijemc po dobu 6 msic od transplantace bylo zji$to, e dlouhodoba repopulai
schopnost HSC vystavenych ischemistava pi 37°C, 20°C resp. 4°C zachovana po dobu
minimaln 2, 6 resp. 12 hodin. S naslednym poklesem trantgildity klesalo i zastoupeni
LSK SLAM a LSK SP burk v kostni deni (BM). Ischemie zpsobila také zvySeni ptu
apoptotickych a mrtvych buk v BM, pi em v LSK populaci (bohaté na HSC) byl
pozorovan mensi nast ne v populacich diferencovanych prekurzdaevnich bunk.

U HSC odebranych z kadaveréznéd p53" mysi nebyly v porovnani s ,wild-type“ HSC
pozorovany vyznamné rozdily vepivani ani v transplantabilit Po inkubacich s
inhibitory byla zjiStna vysSi odolnost LSK buk k inhibici KCN; k inhibici 2-DG byly
citlivé vSechny buky kostni den . Dvoudenni skladovani buk pi 37°C ani ty denni
skladovani g 4° C transplantabilitu HSC neovlivnilo.

Zav r: Vysledky naSi studie prokazaly, e HSCegvaji v kadaverdzni kostni dni po
vyznamnou dobu, ani by ztracely svou repopuiaschopnost. Ukazalo se, eeplstavuji
populaci kostni den nejodolnjSi k nedostatku kysliku a metabolickych substrat
P e ivani HSC bylo vyznamnprodlou eno pi skladovaniin vitro, proto bybu ky m ly
byt v dy odebrany co nejdve.



Contents

Contents
LIST OF ABBREVIATIONS ....ooiiiiiiiiiiiiie ettt e e e e st e e e e s smmnne e e 9
O |V I 1 1 L O I [ ]\ PP 11
1.1 HematopoietiC StEM CeIIS ...........oiiii e oottt r e e e 12
I O A =T 0 o 0] o0 [ 1 R 12
1.1.2 Functional and phenotypic characterizatioheshatopoietic stem cells ...... 14
1.1.3 Hematopoietic stem cell niche......... oo 15
1.1.4 Hematopoietic stem cell QUIESCENCE ... .ccceeeiiiiiiiiiiiiiee e 17
1.1.5 Hematopoietic stem cell metaboliSm..........cooooiiiiiiiiii s 20.
1.2 Hematopoietic stem and progenitor cells traargpkion............ccccoeeeeeeeeevievieeeinnn, 23
1.2.1 Sources of hematopoietic stem and progec@its ...............cccceeeveeeeeeenennee. 24
1.2.2 Storage of hematopoietic stem and progeQ@s....................ceeeeevvveevinnnnns 24
1.2.3 Mechanism of transplantation.......... oo 25
1.3 Cadaveric 0rgan dONOIS ......ccooeeeeeeiieeeeeeee e e e e e e e e e ananeeeaaaeaaees 26
2 AIMS OF THE STUDY ..ettiiiiiiiiiiiiiiiiee e ereee et e e st e e e e e e snstaeee e e s ssnmnneeeens 28
3 MATERIALS AND METHODS ..o 29
3.1 MALEIIAIS ettt nn——— e et s 29
3.2 INSITUMENTS. ...t e e e e e e e e e e e s e e e e e rnna e e eeenes 30
3.3 ANIMAIS ... et e e e e e e e e 31
3.4 Harvesting of bone marrow Cells ... 31

3.5 Preparation of cadaveric bone Marrow ... .. ..cooveeeeeeiiiiiiiiiiiiinieeeeeeeeneeene. 31

3.6 Metabolic inhibition by KCN and 2-deoxy-D-gIt8m............ccceevvvvviviiiiiiiieeeeee, 32
3.7 In vitro storage of bone marrow CellS.............uiceeemeeeiiiiiii e 33
3.8 Total body irradiation ............ooiiiiiiiieiei e eeaeeaeees 33
3.9 Bone marrow transplantation.............ceeeeeeuiiiiiiee e 33
3.10 FIOW CYLOMELIY ...ttt ettt s e e e e e e e e e e e e e eeesaeannneeeeeeeenennnnns 35
3.10.1 Determination of chimerism in peripheraldalQ...............cccoovvvviiiiiiciiennennn. 37
3.10.2 Analysis of LSK SLAM and LSK SP CellS coooe oo 37
3.10.3 Detection of apoptotic and dead cells indbmarrow subpopulations ......... 38
3.11 StatistiCal ANAIYSIS.......uuuuiieiii i e 39
A RESULTS ..ttt sttt e e e e ettt e e e e e e e sttt e e e e semmnne e e e e nnnneeeaeeeas 40
4.1 Effects of ischemia on bone MarrOw ... 40
4.1.1 Transplantability of hematopoietic stem cafter ischemia......................... 40



Contents

4.1.2 Representation of LSK SLAM and LSK SP cellssthemic bone marrow.42

4.1.3 Viability of bone marrow cells during isCh@mi............ccccceevviniiiiiiiiiiiiininnn, 43
4.1.4 Influence of femur manipulation on the effeat ischemia........................... 48
4.2 Effects of ischemia on PEIONE MAITOW .......oovovveveeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeen. 50

4.2.1 Transplantability of pS3hematopoietic stem cells after ischemia at 37°C ..5
4.2.2 Representation of LSK SLAM and LSK SP cellpb3-/- bone marrow

during ischemi@a at 37°C.......ouuuuieiiii i e 51
4.2.3 Viability of p53~ bone marrow cells during ischemia at 37°C............... 52
4.3 Effects of metabolic inhibition on bone marrolls...............cccooeveiiiiiiiiiiinnn. 4.5
4.3.1 Transplantability of hematopoietic stem cafter metabolic inhibition....... 54
4.3.2 Representation of LSK SLAM and LSK SP ceflsranetabolic inhibition.55
4.3.3 Viability of bone marrow cells exposed to aftlic inhibition.................... 57
4.4 Effects ofm vitro storage on transplantability of hematopoietic stetfis............ 63
5 DISCUSSION ...ttt e e e e et e e e e e e e et e e s eanmaseeeean e eeannns 64
5.1 Effects of ischemia on bone Marrow ... 64
5.2 Effects of ischemia on pPB53ONE MAITOW........coovveveeeeeeeeeeeeeeeeeeeeereeeeseseeen. 66
5.3 Metabolic iINNIDItIOAN VItrO .......cvvuiiiiiiii e 67
5.4 In vitro storage of bone marrow Cells............uuu oo 70
6 CONCLUSIONS ... ..ttt e e e e e e e e e e samnne e e e e nneees 71
7 REFERENCES........o ittt ettt e e e e e st e e e e e s s mnn e e s s nnnneeeee s 72
8 LIST OF PUBLICATIONS ..ot e e e e nnmanns 86
O APPENDICES ... ... oo s e e e e et e e et e e e n— e e e aaaan 87



List of abbreviations

LIST OF ABBREVIATIONS

2-DG
A

ADP
ANOVA
APC
APC-Cy7
APO
ATP
BM
BSA
CFU-S
CTRL
CD
c-Kit
DMEM
FACS
FIH-1
FITC
FBS
FSC

g

G

Gy

glc
HIF-1
HLA
HSC
HSCT
IMDM
V.

Lin

2-deoxy-D-glucose

absorbance

adenosine diphosphate
analysis of variance

allophycocyanin

APC cyanine 7 dyes conjugate
apoptotic

adenosine triphosphate

bone marrow

bovine serum albumin
colony-forming units - spleen

control

cluster of differentiation

CD117, stem cell factor receptor
Dulbecco’s modi ed Eagle's medium
fluorescence-activated cell sorting
factor inhibiting hypoxia inducible factar
fluorescein isothiocyanate

fetal bovine serum

forward-scatter

gravitational acceleration

Gauge; unit of needle thickness
Gray; unit of ionizing radiation
D-glucose

hypoxia inducible factor 1

human leukocyte antigen
hematopoietic stem cells
hematopoietic stem cells transplantation
Iscove’s Modified Dulbecco’s Medium
intravenously

lineage



List of abbreviations

LSK
LSK SLAM
LSK SP
LTRC
Ly5.1
Ly5.2
MHC
mM

v

P

PBS
PBS/BSA
PDH
PE
PHD
PDK1
Pl
pVHL
ROS
SCF
SDF-1
SEM
SLAM
SP
SSC
STRC

|em

Lin'Sca-Tc-Kit”
Lin'Sca-Tc-Kit"CD150CD48
LiriSca-Tc-Kit* side population, Hoechst 33342 negative
long-term repopulating cells

CD45.1

CD45.2

major histocompatibility complex
mmol/dnd
mmol/dn?
p-value

phosphate buffer saline

phosphate buffer saline supplemented 06 (w/v) BSA
pyruvate dehydrogenase

phycoerythrin

proline hydroxylase

PDH kinase

propidium iodide

von Hippel-Lindau protein

reactive oxygen species

stem cell factor

stromal cell derived factor 1 (CXCL12)
standard error of mean

signaling lymphocyte activating molecule
side population

side-scatter

short-term repopulating cells

emission wavelength

excitation wavelength

10



Introduction

1 INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) veéidely used therapeutic method for
treatment of hematological disorders, solid tummrautoimmunity diseases. During the
transplantation procedure, hematopoietic stem faadenitor) cells (HSC) obtained from
bone marrow of living donors are transplanted td)syeloablated patients.

For a successful HSCT, a suitable HLA-matched domast be found [1]. Most often,
the donor is a relative of the patient, or a vadentfrom bone marrow donor register [2].
Unfortunately, sometimes these options fail andiastjon arises of whether an additional
way of obtaining HSC exists, e.g. by harvestingpohe marrow from cadaveric organ
donors. However, an impact of ischemia occurringthe cadaveric tissue must be
considered.

Under physiological conditions, the HSC do not feohte continuously but are in so
called “quiescent” state [3]. This means that tasyin GO phase of the cell cycle for most
of the time and divide approximately once per a thdo maintain production of blood
cells. Because of that, primitive HSC are oftemigdl quiescent or dormant cells and their
arrest in the GO phase is called “quiescence”.

The quiescence of HSC is strictly regulated by hothinsic and extrinsic regulators,
mainly produced by stromal cells [4-8]. The stromalls are non-hemopoietic cells in
bone marrow (BM), including osteoblasts, fibrobdastr reticular cells, which form a
special microenvironment for HSC, termed “nichehus it can be said that the HSC
quiescence is maintained by the niche. Becauseesiahe located in hypoxic regions of
BM, the quiescent HSC differ from mature cells am respects [9, 10]. They cannot use
the electron transport chain due to the low oxylgeels; hence they prefer cytoplasmic
glycolysis to gain energy in the form of ATP [18)Joreover, since HSC are slow-cycling
cells, they probably do not have as high energyatels as actively proliferating cells.

Based on this knowledge, it is possible to assurattiematopoietic stem cells should
be resistant to a metabolic stress as well as ygesx shortage, which occur in the body
after circulatory arrest. Therefore, a researcluged on HSC harvested from cadaveric

bone marrow remains a challenging task.
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Introduction

1.1 Hematopoietic stem cells

1.1.1 Hematopoiesis

Hematopoiesis is a strictly regulated process obdblcells formation. It occurs in
hematopoietic tissues: bone marrow in human andaB¥spleen in mice. Cornerstones of
hematopoiesis are primitive hematopoietic stemsgceilhich have the potential to self-
renew and to differentiate to any kind of blood ¢elultipotency) [11].

The ability of self-renewal enables to maintain a pool of HSC in bone marroa a
provides the repopulation ability of these celldhieTmultilineage differentiation is
necessary for correct functioning of immune sys&r oxygen transportation. The whole
differentiation process is orchestrated by a rahknterleukins and growth factors, as

shown in Figure 1.

Multipotent stem cell

C@
/ \.

Primitive
progenitor cells
9 IL-3
SCF
TRO

-CSF tu
©

Commited /_\
precursor cells \\_//

/ fPD

M-CSF G-C5F
Lineage (\r/\_’fi} IL-5
commited cells m @

IL 15
SCF

IL 2 !
Monocytes Neutrophlls_ K> <v/
eosinophils | OO NK Cells

'\@«E@)

B Cells

Flatelels
Erythrocyles

Figure 1 — Hematopoiesis and the role of cytokine$dSC — hematopoietic stem cell, CMP — common
myeloid progenitor, CLP — common lymphoid progenitdEP — megakaryocyte-erythroid progenitor, GMP
- granulocyte—macrophage progenitor, TNK - T-celtunal killer cell progenitor, BCP - B-cell progéan,
MKP - megakaryocyte progenitor, EP — erythroid prowpr, SCF — stem cell factor, TPO — thrombopaoijeti
IL-7 — interleukin 7, IL-3 — interleukin 3, EPO +ythropoietin, M-CSF — macrophage colony-stimulgtin
factor, G-CSF — granulocyte colony stimulating ¢actiL-5 — interleukin 5, IL-2 — interleukin 2, L5 —
interleukin 15, IL-4 — interleukin 4 [11].

12



Introduction

It starts from a hematopoietic stem cell, whiclstismulated by stem cell factor (SCF),
thrombopoietin (TPO), and interleukin 7 (IL-7) amgves rise to common myeloid
progenitor (CMP), common lymphoid progenitor (CLB)y a new hematopoietic stem
cell. The progenitor cells lose the ability of sedhewal, but they are still able to give rise
to all blood cells of either lymphoid or myeloichdéiage. More differentiated lineage
restricted progenitors (committed precursor calgn give rise to one or more blood cell
types [11].

Once the cell has matured, it enters the circulaéind starts to play its role in blood
and/or immune system. However, a portion of difidieded cells is still present in the
bone marrow. Among them, B-lymphopoietic populatiggranulopoietic population,
monopoietic population, and erythropoietic popwalatare the most represented [12].

Others (including
HSC)

0,
0.1% B-lymphopoietic

\ 10.7%

Erythropoietic
23.3%

Monopoietic
0.5%

Granulopoietic
65.4%

Figure 2 — Representation of various cell types ihone marrow according to [12].

1.1.1.1 Role of apoptosis in regulation of hematopoietic s cells

Apoptosis, i.e. programmed cell death, plays anomamt role in normal development
and homeostasis of various organs and tissues [h3hematopoietic compartment,
apoptosis regulates the number of hematopoietien stells as well as of more
differentiated blood precursors to prevent theierpvoduction and to eliminate damaged
and non-functional cells. However, the mechanism agdoptotic regulation in
hematopoiesis has not yet been completely undetstoo

Anti-apoptotic members of Bcl-2 family, Bcl-2 andcML, and a pro-apoptotic factor
Bim have been described as the essential apopeagitators of HSC so far [14-16]. It has

13



Introduction

been demonstrated that overexpression of anti-apopegulatorBcl2 in transgenic mice
results in an increase number of HSC and theirpelating capacity, and in resistance of
HSC to ionizing radiation and cytotoxic agents [14, 18]. Ablation of another anti-
apoptotic factoMcll led to loss of early bone marrow progenitor popare, including
HSC [15]. On the contrary, deletion of pro-apomdactor Bim caused accumulation of
lymphoid and myeloid cells and impairment of T-adlelopment[16].

1.1.2 Functional and phenotypic characterization of hematpoietic stem cells

The reconstitution capacity of HSC was first ddsaxliin 1956 by Ford et al. [19]. Only
five years later, Till and McCulloch developed dotry-forming unit — spleen (CFU-S)
assay, which enabled them to study the repopulatetigin vivo: bone marrow cells are
transplanted to lethally irradiated recipients #meir repopulating ability is determined by
the number of spleen colonies formed by the domoivdd cells [20]. It was believed for a
long time that the CFU-S are the true HSC. Onhhwite arrival of flow cytometry, the
CFU-S were defined as patrtially differentiated htapaietic progenitors with restricted
repopulating ability [21]. Flow cytometry also madepossible to measure chimerism
(representation) of donor derived cells in the giegral blood (or in other tissues, e.g. bone
marrow or spleen) of the recipient. Detected chismerreflects the percentage of donor
HSC, which have engrafted into the recipient’'s boregrow [22]. Besidesn vitro assays
such as long-term culture initiating cell (LTC-1@¥say, cobble-stone area forming cell
(CAFC) assay or colony-forming unit in culture (CR}) assay are used for measuring of
hematopoietic stem and progenitor cells frequeri@g&ps

Phenotypic characterization of HSC is mainly base@ombination of surface markers.
Mouse HSC were first characterized as ctKilyl®"Lin'Sca-1"%" population [24].
Because HSC are undifferentiated cells, they shbeldng to the population of cells
negative for lineage markers (Din However, since representation of Lifmaction is
dependent on the amount of used antibody, it ilebé&b use Lif!" population, together
with highly specific HSC markers. Protein markeighly expressed on mouse HSC are
for example Sca-1 [24, 25], c-Kit (CD117) [24, 26]p38 [27], CD43 [28] or CD150 [29].
Apart from these, also markers with low expresgiarHSC, such as CD34, CD90 (Thyl)
[24, 25], CD48 or CD244 [29] are used for the dibec

14
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Usually, mouse HSC are distinguished in theMiSca-Tc-Kit* (LSK) population by
means of other specific markers. Nowadays, comibimatf SLAM markers, according to
Kiel et al. [29], is mostly preferred. SLAM (sigmal lymphocyte activation molecule)
family is a group of surface receptors, includinp150, CD48 and CD244, which are
differentially expressed among functionally distitn@matopoietic progenitors. Primitive
HSC are then characterized as CDTED48CD244, multipotent progenitor cells as
CD150CD48CD244, and lineage-restricted progenitors as CDTBRI8'CD244 [29].
Another possibility for HSC detection within the KS$opulation is staining with a vital
dye Hoechst 33342 [30]. HSC over-express the ABGf@BAsporter, which efficiently
effluxes Hoechst 33342 [31]. After long-lasting Mety-minute) staining with Hoechst
33342, a small fraction of bone marrow cells remaktoechst 33342 negative. This
fraction is called side population (SP) and itighty enriched in HSC [30].

The most common marker for detection and isoladibhuman HSC is CD34. Contrary
to mouse HSC, human HSC were identified as CD34tipe<ells. CD34 is usually used
together with additional markers, such as CD90 (Jloy CD133 [32-34].

1.1.3 Hematopoietic stem cell niche

In bone marrow, HSC are located in a special mirvenment, generally known as
the niche. The concept of the hematopoietic stdhmie was first formulated in 1978 by
Raymond Schofield [35]. Based on experimental adiaonstrating gradual loss of the
stem cell phenotype as a result of repeated trantgilons, Dr. Schofield hypothesized
that a cellular environment exists in the BM, whadnserves the stem cell phenotype, and
he used the term “niche” for it.

Current concept of the niche for hematopoietic stais distinguishes between the
endosteal (osteoblastic) and endothelial (vasculahe. These two types of niches differ
in their localization in BM, cellular compositioand function [29, 36, 37]. It is generally
accepted that thendosteal niches situated in a close proximity of inner boneface (in
endosteum), consists of osteoblasts, fibroblagtd, @XCL12-abundant reticular cells
(CAR cells), and contains primitive multipotent HSThe endothelial nicheis located
more centrally in the bone cavity, next to the soids. It consists of endothelial cells and

CAR cells, and contains dividing multipotent proers (Figure 3, p. 16) [38, 39].
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CAR cell Vascular

Endosteal Activated

Osteoblast

Figure 3 — Hematopoietic stem cell niches in bonearrow. Primitive hematopoietic stem cell (dormant
HSC) reside in endosteal niche, situated nearedtime surface and formed by extracellular magRN),
osteoblasts, CAR cells and fibroblasts. ActivatedlHranslocates to vascular niche, where it dividel-
renews or differentiates to a multipotent progenidPP). MPP gives rise to a maturated blood eg¢lich
enters the circulation [38].

However, Lo Celso et al. [40] demonstrated, usinghigh resolution confocal
microscopy and two-photon video-imaging of singlematopoietic stem cell, that
osteoblasts are also co-localized with microvessatsl the osteoblastic niche is
perivascular as well. The same conclusion was gkt by Xie et al. [41] by
demonstrating vasculature in close proximity of@tdum in irradiated mice transplanted
with HSC. On the other hand, numerous studies destra hypoxic character of the
osteoblastic niche [9, 42-44]. It has been demated that bone marrow regions enriched
in HSC overlap with those, which are the most pasitfor the hypoxic marker
pimonidazole [9, 45]. Kiel et al. [46] attempted nesolve this obvious discrepancy by
suggesting that the bone marrow sinusoids are ituradty specialized blood vessels
designed to allow cells to enter and exit circolatrather than to deliver oxygen to the
tissue. Clearly, the oxygen tension can achievierdifit values in the microvasculature
depending on its organization and intensity oftitlued flow.

Although much remains unknown regarding the anatofitile hematopoietic stem cell
niche, its function has been described better. @dteoblastic niche maintains a pool of
qguiescent HSC, which are regulated by cytokinesaaitsive molecules [4, 47-51], as is
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described in more detail further on. The niche ako trigger HSC proliferation which
provides daughter cells either preserving theimpiype or moving to the vascular niche

and giving rise to actively proliferating progemgg38].

1.1.4 Hematopoietic stem cell quiescence

Since the late nineties, many studies have beelispel that focused on hematopoietic
stem cell quiescence and its regulation. ChesHieal.e[3] analyzed the proliferation
kinetics of mouse HSC (characterized as$da-1c-Kit Thy1°") in vivo and cell cycle of
the HSCin vitro. According to their findings, more than 50 %, mdmart 90 %, and more
than 99 % of the HSC divide by 6 days, by 30 days] by 6 months, respectively.
Furthermore, just 20 % of the HSC are in G1-phdsbecell cycle and 5 % of the HSC
are in S/G2/M phases of the cell cycle at one manRRemaining 75 % of the HSC are in
GO phase of the cell cycle, which is defined asi@sgent one. Based on these results, it
was calculated that 99 % of HSC divide on averageye57 days and that maximally 8 %
of the HSC asynchronously proliferate every dagyFe 4). Although the number of HSC
in the phases of cell cycle can be strain-specthis study clearly demonstrated their

restricted proliferation rate [3].

Figure 4 — Model of HSC proliferation kinetics. Under physiological conditions, approximately 750%
HSC are in GO phase of the cell cycle, whereas 28 $#4SC are in G1, S, G2, or in M phase. About ®®6
HSC enter the cell cycle every day. Proliferatidnhematopoietic stem cell then leads to self-reiewa
differentiation, or apoptosis. Adapted from [3].
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Quiescence is a crucial property of HSC. It hefpmaintain the unique HSC features —
self-renewal capacity and ability to differentiateo multiple lineages. Because of that,
regulatory mechanisms controlling the quiescenoee Haeen widely studied in the last
decade [4-8, 52, 53]. The regulation of quiescermmirs mainly in the osteoblastic niche.
Extrinsic regulators (cytokines, signaling glycagios and adhesion molecules) secreted
mainly by the stromal cells in the niche, bind heit counterparts on the surface of HSC.
The interactions then trigger multiple signalingttpeays in the cell, some of which
include intrinsic regulators of the quiescence.alyn the signal is transduced to the
nucleus and through the changes in expressiongdttgenes, it causes the GO arrest.

As extrinsic regulators of the HSC quiescence have been descitls example: a key
cytokine of stem cell homing - stromal cell-derivittor 1 (SDF-1, CXCL12) and its
receptor CXCR4 [6, 54, 55], essential regulatomplattelet production - thrombopoietin
(TPO) and its receptor MPL [4, 56, 57], vasculaeafic growth factor angiopoietin 1
(Ang-1) and its receptor — protein kinase Tie2 [49]Wnt ligands which bind to Frizzled
receptor (Fzd) [5, 58].

Conditional knock-outs of genes encoding the ligiemteins [6, 50, 55-57], as well as
their blocking by a neutralizing antibody or by amagonist [4, 5], caused exhaustion of
primitive HSC as a consequence of their escape GOnphase of the cell cycle. It resulted
in the increased susceptibility to myelosuppressigent 5-fluorouracyl (5-FU), in the
reduced ability to form coloniesn vitro, and in the decreased or even abolished
repopulating ability of long-term repopulating HSGn the contrary, stimulation of HSC
with Ang-1 bothin vivo andin vitro led to increased number of cells with SP phenotype
and cells in GO phase of the cells cycle, to rasst of HSC to 5-FU and to increased
repopulating ability [49].

Among intrinsic regulators of the HSC quiescence belong inhibitdrenTOR serine
threonine kinase — TSC1 and PTEN [8, 59, 60], tuswgpressor protein p53 [61-64]
together with its target genes growth-factor inadwent-1 (Gfi-1) and transcriptional
repressor Necdin [65, 66], FoxO subfamily of traiqdon factors [67, 68],
serine/threonine kinase Lkbl [69, 70] and othells13]. Conditional knock-outs of genes
encoding these proteins led again to the loss & Fs3emness” due to their escape from
guiescence.

Apart from protein regulators mentioned above, gugeescence of HSC is probably

controlled also by the hypoxic character of thensteell niche [43]. It has been
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demonstrated that hypoxia (0.1 % -1.5 % @as a positive effect on maintenance of the
primitive character of HSC [74-78]. For example,EH&ultured in 1 % @expanded more
slowly than their counterparts cultured under notim@onditions (20 % ¢ and most of
them were in GO phase of the cell cycle. Furtheanoyclin-dependent kinase inhibitor
p21°P* was upregulated in primitive HSC incubated in hgppand expression of other
CDK inhibitors p5¥** and p5%*? was shown to be dependent on hypoxia inducibl®fac
la (HIF-1a). Moreover, competitive repopulation assay rewkan increase fraction of
long-term repopulating HSC within “hypoxic” LSK ¢l as compared to LSK cells

cultured in normoxia [78].

1.1.4.1 p53 regulation of HSC quiescence

p53 is a tumor suppressor protein that participataggulation of many processes in
the cell. It is stabilized and activated in resmome stress, to protect the cell against
damage, or to induce apoptosis. Regarding HSC, hats83been shown to regulate their
quiescence and self-renewal. However, activity 88 pn HSC is much lower than its
apoptosis-promoting activify9].

It has been reported that deletionp®f3in mice causes an increase in the frequency of
HSC (LSK, LSK CD34and LSK SLAM cells) [61-63]. The increase waseeféd in both
in vitro andin vivo functional assays [61, 62]. Increased humberlminy forming units-
spleen (CFU-S), cobblestone area-forming cells (CARNd long-term culture initiating
cells (LTC-IC) were observed wheys3" bone marrow cells were compared to control
[61, 62, 64]. TeKippe et al. [61] also demonstrdtggher engraftment qﬁ53" HSC in a
competitive repopulation assay. However, sops8 HSC were shown to be incapable of
long-term repopulation [63]n vitro as well asin vivo cell cycle analysis op53" bone
marrow cells revealed more cycling HSC in comparisnthe wild-type control [62].

Together, these results indicate th&8 deletion causes proliferation and expansion of
HSC. Liu et al. [62] studied the53 deletion also oMef background. MEF/ELF4 is a
transcription factor, regulating HSC self-renewadl ajuiescence [80]. Loss dfef alone
increases the number of quiescent HSC. Wib&B was also deleted, the effect llef
deletion was abrogated, which indicates an imporae of p53 in the regulation of HSC
quiescence (Figure 5, p. 20) [62]. Two target gesfgsb3 participating of the quiescence
regulation have been identified — growth factorependent-1Gfi-1) andNecdin Gfi-1 is
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a transcriptional repressor, which restricts peoéfion of HSC [65, 66]. Growth
suppressor Necdin functions as a negative cellecsedjulator in postmitotic neurons [81]
and its overexpression in HSC results in increapgdscence [62]. Suppression of both
Gfi-1 andNecdinin Mef” mice led to the same result as deletiops®— decline in HSC
guiescence [62]. Therefore, p53 preserves HSC cpmes through these two factors
(Figure 5).

Figure 5 — p53 regulation of hematopoietic stem deduiescencep53 transcription factor triggers
expression of growth factor independe@fi{1) andNecdin and suppress regulator of self-renewal —
myeloid elf-1-like factor fef) to support quiescence.

1.1.5 Hematopoietic stem cell metabolism

Because of the hypoxic character of hematopoieteanscell niche, the energy
metabolism of HSC differs from that of differengdtcells [10].

In the presence of oxygen, an animal cell gainsggnley means of aerobic respiration.
Glycolysis produces 4 molecules of ATP, 2 molecuieseducing equivalents NADH+H
and 2 molecules of pyruvate. Pyruvate is convettedcetyl-coenzyme A (Ac-CoA)
through the oxidative decarboxylation, while reagcequivalents NADH+Hand carbon
dioxide are released. Ac-CoA enters the tricarboxgtid cycle (TCA), and is oxidized to
CO; in a series of chemical reactions. During each TC&TP (lately converted to ATP),
3 NADH+H" and 1 FADH are produced. The reducing equivalents are thed irsthe
electron transport chain to establish a proton igrddacross the inner mitochondrial
membrane. Proton gradient is used for phosphooylati ADP to ATP, while oxygen is
reduced to water (Figure 6, p. 21) [82].
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Figure 6 — Cellular respiration under aerobic and aaerobic conditions. Under aerobic conditions,
product of glycolysis pyruvate is decarboxylatedl qmmovides acetyl — coenzyme A (Ac-CoA). Ac-CoA
enters the tricarboxylic acid cycle (TCA), whiclopides reducing equivalents (NADH+H+ and FADH?2) for
electron transport chain (ETC). During the ETC, AiSRroduced and oxygen is reduced to water. Under
anaerobic conditions, pyruvate is reduced to lacat ETC does not occur.

Each molecule of NADH+H provides 3 molecules of ATP, and each molecule of
FADH, provides 2 molecules of ATP in the electron tramsphain. Because 2 molecules
of ATP are used during glycolysis (phosphorylatidmglucose to glucose-6-phosphate and
phosphorylation of fructose-6-phosphate to fructb&ebisphosphate), the yield of ATP
from cellular respiration is 38 molecules (8 (gliysis) + 6 (oxidative phosphorylation of
pyruvate) + 24 (TCA)).

When oxygen is not present, glycolysis can occaeasbically. Pyruvate is reduced to
lactate, and the yield is 2 molecules of ATP (Feg@) [82].

Under conditions ofhypoxia or anoxia, an animal cell is forced to use oxygen-
independent pathways to survive. The switch to e metabolism is initiated by
hypoxia inducible factor 1 (HIF-1) [83, 84]. HIFi4 a transcription factor activated just

under hypoxic conditions, which regulates both glysis and mitochondrial respiration
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[85-89]. HIF-1 consists of two subunits, Hle-land HIF-b [90]. Both of them are
constitutively expressed in the cell, but in normaokIF-1a subunit is degraded rapidly

[91]. HIF-1 regulation is shown in Figure 7.

Figure 7 — Hypoxia inducible factor 1 regulation am function. In normoxia, HIF-& subunit is inhibited
by prolyl-hydroxylases (PHD1, PHD2 and PHD3). Hyddated form of HIF-A is recognized by von
Hippel-Lindau protein (pVHL), ubiquitinated and daded. FIH-1 hydroxylates HIFalon an asparagine
residue and prevents binding of p300 and CBP deaots(A). In hypoxia, PHD1, PHD2, PHD3 and FIH-
1 are inhibited by substrate shortage and by neactkygen species (ROS). HIF-1 subunits interattgrethe
nucleus and trigger the expression of target geR&H-kinase (PDK1, HIF-1 target gene) inhibits a
tricarboxylic acid cycle enzyme pyruvate dehydragen(PDH) and prevents ROS productiBh

At first, two proline residues of the HIFalsubunit are hydroxylated by oxygen-
dependent prolyl-4-hydroxylase enzymes PHD1, PHB@ BRHD3 [92-94]. During this
process, one oxygen atom is used for proline hydatiwon whereas the other serves for
conversion of tricarboxylic acid cycle intermedid&exoglutarate to succinate [95, 96].
Hydroxylated proline residues are recognized by pV@on Hippel-Lindau protein)
ubiquitin-ligase which marks HIFal with ubiquitin, and the molecule is subsequently
degraded by proteasome [92, 97-99]. Under hypoouaitions, activity of PHD enzymes
is inhibited by the lack of substrates (oxygen @naikoglutarate) and/or by oxidation of
Fe(ll) in their active sites by reactive oxygen a@ps (ROS) generated by mitochondrial
electron transport complex Ill. Thus HIRlcan interact with HIF4 creating active
heterodimer HIF-1, which enters the nucleus, bitwdBNA, and triggers transcription of
target genes [95, 96].

Besides degradation, HIF-1 is regulated also bgc#of inhibiting HIF-1 (FIH-1). FIH-

1 adds hydroxyl groups onto an asparagine resiéae tine C-terminus of HIFaland
prevents the co-activators p300 and CBP from bopdinthe HIF-1 [100, 101]. Because
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FIH-1 needs oxygen as a substrate, its activigise inhibited in hypoxia by limited O
level and by ROS [102].

HIF-1 binding to DNA under hypoxic conditions upuégtes expression of many genes
including those, which encode glucose transpodadsall of the glycolytic enzymes [85-
87]. Thus, glycolysis occurs anaerobically but dasthan in normoxia and produces
sufficient amount of ATP for a cell in steady-statech as the hematopoietic stem cell.
Moreover, HIF-1 regulates also the pyruvate dehyemase (PDH) reaction, which
provides acetyl coenzyme A as a product of aergbycolysis. In hypoxia, PDH is
phosphorylated by PDH kinase (PDK1) which exprasssanduced by HIF-1 [103, 104].
Repression of PDH reaction causes cessation adrioxylic acid cycle producing
reduction equivalents for respiratory chain, aneivpnts the generation of toxic levels of
ROS under hypoxic conditions.

Metabolic patterns of HSC have been recently desdriby Simsek et al. [10]. HSC
were shown to have low mitochondrial potential alwas low ATP levels and to utilize
cytoplasmic glycolysis instead of mitochondrial @edive phosphorylation to cover their
energy demands. It has been also demonstratethéhbiiF-1a subunit is overexpressed in
HSC fraction, as compared to more differentiatdts ¢¢5]. On the contrary, expression of
PHD2, an enzyme included in HIFe1degradation, was lower in long-term HSC than in
hematopoietic progenitors. Moreover, conditionalo¢krout of HIF-B resulted in
impaired repopulating ability of long-term repoping HSC, as a consequence of their

escape from quiescence [45].

1.2 Hematopoietic stem and progenitor cells transplantgon

Multipotent HSC are able to reconstitute damageeéwvan destroyed hematopoiesis.
This is used clinically for treatment of patientghwarious hematological disorders by
means of hematopoietic stem cell transplantatidre ffeatment occurs in several stages.
First, HSC for the HSCT have to be obtained frorsudable donor. Subsequently, the
patient’s (recipient’'s) own hematopoiesis is suppeel and the graft is injected
intravenously. The graft injection is followed byorhing, seeding (lodgment) and
engraftment of the donor HSC, and if the engraftnoesurred successfully, by long-term

reconstitution of the patient’s hematopoiesis [105]
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The main criterion of the donor choice is HLA manghbetween the donor and patient.
HLA (human leukocyte antigen) is a name for majstdtompatibility complex (MHC) in
humans. MHC is a part of immune system, which setgalistinguish non-self cells from
self cells of the organism. The higher the HLA-nhathe lower the risk of graft-versus-
host disease (GvHD) and graft rejection. This peobis eliminated in case of autologous
HSCT, when the patient's own cells are harvestedzeh, and later used for the
transplantation. However, the autologous HSCT adg be used for some hematological
diseases and is associated with an increasecdhlicali of disease relapse.

In case of allogenic HSCT, HLA-matched donor isallsufound among the relatives of
the patient, most commonly a sibling. Another poiigy is finding a donor in a registry of
volunteers or using HSC from umbilical cord bloaahtained during childbirth and

preserved in a cord blood bank [1, 2].

1.2.1 Sources of hematopoietic stem and progenitor cells

Nowadays, HSC for clinical transplantation can Heamed from bone marrow,
peripheral blood or umbilical cord blood. From banarrow, the cells are harvested by a
hipbone puncture. Because the puncture is relgtimehausting for the donor, harvesting
of HSC from peripheral blood is usually preferretio§-108]. Under steady-state
conditions, most of the HSC reside in bone marrdlvey have to be mobilized into
circulation using mobilizing agents such as graoyie-colony stimulating factor (G-CSF),
cyclophosphamide, AMD3100 (CXCR4 antagonist) [1@31¢d others. Mobilized cells are
sorted on the basis of CD34 expression and a nexatiHSC, hematopoietic progenitors
and white blood cells is obtained.

Umbilical cord blood has been used as a sourceS@ since the nineties [110]. Blood
from the placenta and umbilical cord is harvestedng) childbirth, frozen, and stored in a
cord blood bank. Later, it can be used for autolsgor allogenic HSCT.

1.2.2 Storage of hematopoietic stem and progenitor cells

HSC are harvested either directly from BM or maegtiently from peripheral blood of
a donor after previous mobilization by mobilizinggeats (G-CSF, AMD3100,
cyclophosphamide etc). Although the cells shouldibed for HSCT as soon as possible,

sometimes the liquid storage lasts for severalioureven days [111]. This can be due to
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harvesting being done via consecutive leukaphetesisllect a sufficient amount of cells,
or because the cells need to be transported tdienpae.g. to another country. The most
commonly used temperature for the storage of boaeraw cells or peripheral blood
progenitor cells in suspension is 4 — 8°C withrdeommendation to not exceed 20°C and

to transplant the cells within 72 hours after thitial collection.

1.2.3 Mechanism of transplantation

Prior to HSCT, the patient has to undergo condignwhich suppresses their own
malignant hematopoiesis. The most effective metbbdhe suppression is irradiation,
acting also on the non-cycling HSC. Because thadiation is very harmful for the
organism, it is commonly used in a submyeloablat@se in combination with
chemotherapy [112].

After the conditioning, hematopoietic stem cell h@s in the recipient's BM are
prepared to receive donor cells (“open”). The giafttransplanted intravenously and
homing, lodgment and engraftment of HSC follows.

Homing is a rapid process, by which the HSC find theiywathe BM. It lasts a few
hours in mouse and 1 - 2 days in human. As aarowlecule of the homing process the
stromal cell derived factor 1 (SDF-1, CXCL12) hasb described [113-115]. SDF-1 is
secreted by the stromal cells and endothelial caflsiematopoietic stem cell niche.
Because HSC have SDF-1 receptor CXCR4 on theiaseyfa gradient of SDF-1 directs
HSC from the circulation to the bone marrow. Once HSC reach the bone marrow
sinusoidal vessel, they adhere to the endothedild &by means of cell-cell interactions.
Role of E- and P-selectins in adhesion of HSC wbo#relial cells has been demonstrated
using mice deficient in both of them [116]. Als@timteraction of4b1l integrin (very-late
antigen, VLA-4) on the HSC surface with vasculdt adhesion molecule (VCAM-1), and
interaction of CD44 with hyaluronic acid, have heown to be involved in the homing
process [116-118].

After the adhesion, HSC follow the SDF-1 gradienthiie endosteal niches, where they
lodge by means of SCF/c-Kit interaction [119], SDEXCR4 interaction, VLA-
4/VCAM-1 interaction, and others. A schematic ovenwof the complex process is shown

in Figure 8, p. 26).
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Figure 8 — Homing of hematopoietic stem cellddSC adhere to endothelial cells (EC) through cell-c
interactions: a4bl integrin @4bl, very-late antigen 4)/ vascular cell adhesion evole 1 (VCAM)
interaction, CD44/hyaluronic acid interaction, Pestin glycoprotein ligand (PSGL-1)/P-selectin natetion
and E-selectins interaction. Stromal cells (StrCBM produce SDF-1 cytokine, which interacts wifbFs1
receptor (CXCR4) on the HSC membrane. GradientDf-$ brings the HSC to the osteoblastic cells (OC)
on the bone surface [120].

The engraftment is, contrary to the homing, a long-lasting process first,
hematopoietic progenitors provide a short-term afgrent. The progenitors are not
quiescent any more, and therefore their proliferafind differentiation to the blood cells
can start in a short time after the HSCT. Howetlss, progenitors lack the ability of self-
renewal and in the course of time (weeks in moosmths in human), they are exhausted.
Around the time of exhaustion of progenitors, tHedHbegin to proliferate and provide the
long-term engraftment, which lasts years, or igeallifetime [120, 121]. Because of the
short- and long-term lasting engraftment, sometirties progenitors and the HSC are
called the “short-term repopulating cells” (STR@)athe “long-term repopulating cells

(LTRC), respectively.

1.3 Cadaveric organ donors

At present, hematopoietic stem and progenitor delistransplantation are harvested
exclusively from living donors or their source @@ blood. Nevertheless, Soderdahl et al.
[122] explored the bone marrow from cadaveric organors and based on cell viability
and CFU numbers, they assumed that the cells dmlgrocured with a high degree of
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engraftment potential. In addition, the CD34-pesiticell fraction was not affected by
storage for up to three days in a heparinized RR&10 medium at room temperature
(20°C) or in a refrigerator (4°C — 8°C) [122]. Fnetmore, bone marrow cells harvested
from cadaveric organ donors and stored at 4°Cdwers days did not display a significant
increase in apoptosis [123].

Nowadays, organs for transplantation are routireywested from non-heart-beating
donors (NHBD) [124-126]. Four categories of NHBDistx| (dead on arrival) and I
(unsuccessful resuscitation) are uncontrolled dgntr (withdrawal of life-supporting
therapy) and IV (cardiac arrest in a brain-deadodprare controlled donors [127].
Transplantability of solid organs from NHBD and ttederance of the organs to warm
ischemia (ischemia at 37°C) has been widely studiezt the last two decades [124-126,
128-130]. Nevertheless, practically no attentiors h@en paid to the bone marrow of
NHBD (cadaveric bone marrow), despite the fact thamatopoietic stem cells are
quiescent cells with restricted aerobic metaboligrhich could favor their survival after

the cessation of circulation.
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2 AIMS OF THE STUDY

The aim of the presented study was to explore eadatdone marrow as an alternative
source of hematopoietic stem cells (HSC) for hepuitgic stem cell transplantation
(HSCT), using mouse as a model organism. In omedtress this task, several specific

objectives were established:

To investigate the repopulating ability of HSC, elhihave been exposed to
ischemia at 37°C, 20°C, and 4°C for defined timequoks, after transplantation to

sublethally irradiated congenic recipients.

To investigate the competitive repopulating abildy HSC, which have been
exposed to ischemia at 37°C, 20°C, and 4°C fornéefitime periods, after co-
transplantation with fresh bone marrow cells (latio) to lethally irradiated

congenic recipients.

To determine the frequencies of HSC in bone maegposed to ischemia at 37°C,
20°C, and 4°C for defined time periods. To compapeptosis and necrosis in
population enriched in HSC (LffSca-Tc-Kit*) with differentiated subpopulations

of bone marrow.

To explore the impact of ischemia at 37°C on repating ability of p53~ HSC,
their frequencies, and apoptosis and necrosisnie boarrow.

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

repopulating ability and survival of HSC.
To confirm the repopulating ability of hematopatestem cells after short-terim

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

factors.
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3 MATERIALS AND METHODS

3.1 Materials

Chemicals

Carl Roth GmbH

Bovine serum albumin — Fraction V, bovine serunuaim — Fraction V, biotin free
Honeywell Riedel-de Haén, Germany

Hoechst 33342

IPL, Czech Republic

Ammonium chloride (NHCI), disodium phosphate (MdPO,.12H,0), monosodium
phosphate (NapPOy.2H,0), sodium chloride (NaCl)

Lachema, Czech Republic

D-glucose

Lonza, Switzerland

Iscove’s Modified Dulbecco’s Medium with HEPES dnglutamine

Penta, Czech Republic

Tirck solution

Sigma-Aldrich, USA:

2-deoxy-D-glucose, Dulbecco’s Modified Eagle’s Madi - high glucose (with 4500
mg/dn? glc, 110 mg/drsodium pyruvate and L-glutamine), Dulbecco’s MidifEagle’s
Medium — low glucose (with 1000 mg/dnglc, L-glutamine, and sodium bicarbonate),
ethylendiaminetetraacetic acid (EDTA), fetal bovageum, penicillin — streptomycin (with
10.000 units penicillin and 10 mg/érstreptomycin), potassium cyanide, propidium iodide
Zentiva, Czech Republic

Heparin

Antibodies

BioLegend, USA

Anti-B220-Alexa700, anti-CD150-PE, anti-CD48-FIT@nti-c-Kit-APC-Cy7, anti-Gr-1-
APC, anti-Lin-FITC, anti-Mac-1-APC, anti-Sca-1-AP@nti-Terl19-FITC, streptavidin-
PE-Cy7

Miltenyi Biotec, Germany

Lineage cocktail - biotin
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Buffers

Phosphate buffered saline (PBS): 16 mmof/ddaHPO,.12H,0, 4 mmol/dni
NaH,POy.2H,0, 0.15 mol/dr NaCl, pH 7.4

Ammonium chloride lysis solution: 0.15 mol/dmNH,CI, 0.1 mmol/dm EDTA,
0.032 mol/dm NaCl

Media

DMEM without drugs: DMEM high glucose, 20 % (v/ivV)BB, 1 % (v/v) penicillin-
streptomycin

DMEM with KCN: DMEM high glucose, 20 % (v/v) FBS, % (v/v) penicillin-
streptomycin, 1 mmol/diKCN or 10 mmol/dii KCN

DMEM with 2-deoxy-D-glucose: DMEM low glucose, 20 %/v) FBS, 1 % (v/v)
penicillin-streptomycin, 50 mmol/di2-DG

DMEM with D-glucose: DMEM low glucose, 20 % (v/v)BS, 1 % (v/v) penicillin-
streptomycin, 50 mmol/diD-glucose

IMDM: IMDM with HEPES and L-glutamine, 10 % (V/V)BS, 1 % (v/v) penicillin-

streptomycin

3.2 Instruments

Automatic micropipettes: Eppendorf, Germany

Cellometer AUTO T4: Nexelom Bioscience, USA

Centrifuges: 5804R and 5810R centrifuges, Eppen@afmany

CO; incubator: IGO 150 Cell life, Jouan GmbH, Germany

Flow box: Holten LaminAir, Model 1.2, Thermo-ScidittInc., USA

Flow cytometers: BD FACS Aria llu equipped with U&ser, BD FACS Canto Il, Becton
Dickinson, USA

Irradiator:®°Co Chisobalt, Chirana, Czech Republic

Other: AccuBlock™ Digital Dry Bath, Labnet international, Inc., USAnalytical balance
AB 104, Mettler Toledo, Czech Republic; pH mete033Jenway, UK; vortex mixer
VELP Scientifica, p-lab, Czech Republic; water haitteto lab equipment, Denmark,
orbital incubator SI50, Stuart Scientific, UK
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3.3 Animals

C57BL/6 (Ly5.2 and Ly5.1) and C57Bl/@3p53™™ (p53" Ly5.2) mice were bred in the

specific pathogen free facility of The Center ofpexmental Biomodels, First Faculty of
Medicine, Charles University in Prague, maintaiired clean conventional animal facility
with a light-dark cycle of 12 hours during experimtee and fed ad libitum. Two to six-
months-old mice, 20 — 25 g of body weight, weredusethe experiments. All experiments
were approved by the Laboratory Animal Care and Csmmittee of the First Faculty of
Medicine, Charles University, and were performedaiccordance with national and

international guidelines for laboratory animal care

3.4 Harvesting of bone marrow cells

Donor mice were sacrificed by cervical dislocatidlemurs were removed from
the body and carefully rid of muscles. Bone mareils were flushed with 1-milliliter
insulin syringe 21 G needl¢ into 1 ml PBS supplemented with 0.5 % BSA (PBSABS
solution and kept on ice, or into 1 ml of a mediwtepending on the experiment. A single
cell suspension was created with G needle Cellularity of the suspension was counted

by Cellometer AUTO T4, using Tirck solution for wéblood cell count.

3.5 Preparation of cadaveric bone marrow

After sacrificing of C57BI/6 Ly5.1 or C57BI/6J LyBp53" donor mice, intact femurs
were removed from the body, deprived of muscles aseérted in pre-tempered PBS
solution. Afterwards, the femurs were maintainethattemperature of 37°C (in IGO 150
Cell life incubator), 20°C (in AccuBlocK Digital Dry Bath), or 4°C (in a cold room)
respectively, for various time periods as showmable 1.

Temperature  Period of ischemia Genotype
37°C 0,1, 2,3,4,5hours wild-type
0, 2, 4, 6 hours p53-/-
20°C 0, 3,4, 6,12, 20 hours wild-type
4°C 0, 8, 12, 16, 24, 48 hours wild-type

Table 1 — Periods of ischemia used at 37°C, 20°Gych4°C.
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Subsequently, bone marrow cells were harvested filoenfemurs as described in
section 3.4. The cells were used for bone marransfrlantation to congenic recipients, to
analysis of apoptosis and necrosis, or to phenotgpalysis of HSC or lineage-restricted
cells by flow cytometry.

In addition, the experimental design described abaas compared to the situation
when the whole body was exposed to ischemia. As#ime time, femurs from sacrificed
C57BIl/6 Ly5.1 mice were either removed from the Yy@hd exposed to ischemia as
described above, or left in the body exposed tbeista, and removed afterwards. Three-
hour period of ischemia at 37°C was used for thmparison. These cells were used for
phenotypic analysis of HSC populations and for bioragrow transplantation to congenic

recipients.

3.6 Metabolic inhibition by KCN and 2-deoxy-D-glucose

Following combinations of media/chemicals were used

DMEM high glucose

DMEM high glucose + 1 mM KCN

DMEM high glucose + 10 mM KCN

DMEM low glucose + 50 mM D-glucose

DMEM low glucose + 50 mM 2-deoxy-D-glucose

DMEM low glucose + 10 mM KCN + 50 mM 2-deoxy-D-ghse

Bone marrow cells from one femur of C57BI/6 Ly5.icenwere aseptically harvested

into 1 ml DMEM high glucose or DMEM low glucose witvithout chemicals, as listed
above. The cells were transferred in 30-millimetetls of a 6-well plate and incubated for
2 hours or 20 hours at 37°C in 5 % £&mosphere (COincubator IGO 150 Cell life).
Afterwards, the cells were transferred in 5-ml ptagibes and centrifuged at 400 g at 4°C
for 5 minutes. Supernatants were discarded; ths e&re resuspended in PBS/BSA and
used for bone marrow transplantation, determinatbmpoptosis and necrosis in bone

marrow, or phenotypic analysis by flow cytometry.
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3.7 Invitro storage of bone marrow cells

Bone marrow cells were aseptically harvested froenfemurs of sacrificed C57BI/6 Ly
5.1 donors. Afterwards, the cells were washed a&asdspended in IMDM medium with
10 % FBS at a concentration of 1 X' télls/ml. Cells were maintained in the medium for 1
and 2 days at 37°C (in IGO 150 Cell life incubator)for 2 and 4 days at 4°C (in a cold
room), respectively. Subsequently, the cells weamsplanted to sublethally irradiated
congenic recipients and chimerism of donor derielts in peripheral blood was followed

up for 6 months.

3.8 Total body irradiation

Before bone marrow transplantation, recipient migere sublethally or lethally
irradiated with thé®Co source with a dose rate 0.5 Gy/min. The dose ®@f and 9 Gy

were used for sublethal and lethal irradiationpeesively.

3.9 Bone marrow transplantation

Ly5.1/Ly5.2 mouse congenic model were used in plmtation experiments. C57BI/6
Ly5.1 and C57BI/6 Ly5.2 are two inbred mouse ssdimat differ in the surface antigen
CD45. They express isoforms Ly5.1 (CD45.1) and Ry&DA45.2), which are functionally
identical but distinguishable by means of spedaintibodies. Because CD45 is expressed
by all nucleated blood cells, Ly5.1/Ly5.2 ratioperipheral blood reflects the percentage
of transplanted HSC which have engrafted to renifsdoone marrow (chimerism of donor
cells).

Following transplantation experiments were perfatme
Cadaveric bone marrow cells from C57BI/6 Ly5.1 dsnwere transplanted to
sublethally or lethally irradiated C57BI/6 Ly5.Zgient mice.
Cadaveric bone marrow cells from C57BI/6J Ly5.2 p8®nors were transplanted
to sublethally irradiated C57BI/6 Ly5.1 recipienice
C57BI/6 Ly5.1 bone marrow cells after metabolicilntion were transplanted to
sublethally irradiated C57BI/6 Ly5.2 recipient mice
C57BI/6 Ly5.1 bone marrow cells afti@rvitro storage were transplanted to
sublethally irradiated C57BI/6J Ly5.2 recipient mic
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Fresh bone marrow cells were used as a controle®ally irradiated recipients were
transplanted with cadaveric bone marrow cells (h wells after metabolic inhibition or
in vitro storage) from half of the femur (approximately 10% cells) (Figure 9A).

Lethally irradiated recipients were transplantedhva 1:1 ratio mixture of cadaveric
congenic (Ly5.1) and fresh syngenic (Ly5.2) bonerova cells from half of the femur of
each donor (2 x 0.5 femur, Figure 9B). Expectedanehnism for fresh bone marrow was
50 %.

Figure 9 — Schematic overview of bone marrow trandpntation experiments. Half of the congenic
ischemic femur was transplanted to sublethally % iBadiated recipientA). Half of the congenic ischemic
femur was co-transplanted to lethally (9 Gy) ireddi recipients with a half of the untreated syigémur

(B).

A single-cell suspension of bone marrow cells wamiaistered intravenously through
the retrobulbar plexus in a volume of 0.5 ml PBSABAt least four mice were used per
group.

The engraftment of donor cells was determined enpripheral blood of recipients two
weeks after transplantation and then at monthlgruatls up to 3, 5 or 6 months. The
chimerism up to 1 month was considered to be calbgede short-term repopulating cells
(STRC). Long-term repopulating cells (LTRC) werspensible for chimerism after 3 or

more months. Blood samples of approximately 1@0 were collected through the

34



Materials and Methods

retrobulbar plexus puncture using heparinized gleagillary and the samples were
prepared for the chimerism analysis as it is dbsdrbelow, in section 3.10.1.

3.10 Flow cytometry

Flow cytometry is a biological method, which sert@sneasure properties of individual
cells (or other particles) in very short time [13B2]. Along with optical parameters of the
cell (size and granularity), the presence of variaatigens in the cell can be visualized.
The cells are labeled with fluorescent dye conjedatntibodies against specific antigens
on their surface or in cytoplasm/nucleus. During tburface labeling, monoclonal
antibodies conjugated with fluorochromes specificélind to the antigens on the cell
membrane. During the “inner” labeling, antibodiess® through the permeabilized cell
membrane and bind to the proteins in cytoplasmmarucleus (DNA complexes). Simple
low-molecular dyes (propidium iodide, Hoechst sta@ic.) can pass the cell membrane
and stain DNA or other cellular structures. Theofescent labeling allows us to
distinguish the cells according to the phenotypetoomeasure cell processes such as
apoptosis or proliferation. In this study, surféaleeling was used to detect populations of
bone marrow or blood cells, and inner labeling wssd to measure apoptosis or to detect
side-population (SP) in bone marrow. Fluoresceesdysed in the study are listed in Table
2.

Fluorochrome Il ex [NmM] Il em [NM]
Alexa-700 696 719
Allophycocyanin

(APC) 650 767
APC-Cy7 650, 755 767
Fluorescein

isothiocyanate 495 519
(FITC)

Phycoerythrin (PE) 480, 565 578
PE-Cy7 480, 565, 743 767
Hoechst 33342 343 483
Propidium iodide

Pl) 536 617

Table 2 — List of fluorochromes used in the studyl ., — excitation wavelength,e, — emission
wavelength.
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During the cytometric analysis, the cells are hggramically focused in a core stream

encased within a sheath fluid and one by one gutir the laser beams (Figure 10).

Figure 10 — Schematic overview of a typical flow ¢gmeter setup.The cells, carried by the sheath fluid,
go through the laser beams; diffracted light iedetd as forward-scatter (FCS), refracted andatefielight
as side-scatter (SSC). Fluorochromes excited hardasmit light of defined wavelength. Emitted ligjtes
through filters and photomultipliers (PMT) and istelcted as intensity of fluorescence (FL-1, FLI23FFL
—4)[132].

Lasers excite the fluorescent dyes, which subsejyuesmit light of defined
wavelength. The light passes through a systemltefdiand photomultipliers and finally
reaches the detectors. Analog signal from the theteds transformed to a digital one and
intensity of fluorescence is displayed on a scrd&i, 132]. Moreover, forward-scatter
(FCS) and side-scatter (SSC) of the laser beanggbmough the cell are measured. When
a laser beam goes through the cell, certain amoitte light is diffracted on the cell
surface and subsequently detected in the forwarelctibn by a photodiode as FSC;
another amount of the light is refracted by thel amiganelles and detected at
approximately 90 degrees to the laser beam as Bl¥€efore, FSC and SSC correspond

to relative size and granularity of the cells, exdjvely [131].
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3.10.1 Determination of chimerism in peripheral blood

The engraftment of donor cells after transplantati@s determined from chimerism of
donor-derived cells in recipient’s peripheral bldae weeks after transplantation and then
at monthly intervals up to 6 months to distinguisé short-term repopulating cells (STRC)
and long-term repopulating cells (LTRC).

Fifty microliters of peripheral blood were added 3anl of preheated ammonium
chloride lysis buffer and incubated for 15 minuas37°C and 150 rpm (orbital incubator
SI50) to lyse erythrocytes. Afterwards, the samplese centrifuged for 5 minutes at 4°C,
400 g (centrifuge 5804R) and supernatants wereadisd. The cells were washed with
3 ml PBS/BSA and centrifuged as previously. Peliege stained with phycoerythrin (PE)
conjugatedanti-Ly5.1 and fluorescein isothiocyanate (FITC)njogated anti-Ly5.2
antibodies — 0.5 of each antibody per sample — for 20 minutesa@and in the dark.
Samples were then washed with 3 ml PBS/BSA anditeged for 5 minutes at 4°C and
400 g. Pellets were resuspended in @b®BS/BSA. Chimerism (percentage of donor
derived cells) was determined by flow cytometry (BIACS Canto Il). Doublets and
debris were excluded and populations of Ly5.1 ag8.2 positive cells were gated as

shown in Figure S1, Appendix 1, p. I.

3.10.2 Analysis of LSK SLAM and LSK SP cells

Staining for Lif’"Sca-Tc-Kit" CD150CD48 (LSK SLAM) markers according to Kiel
et al. [29] together with detection of LSK side-ptation (LSK SP) according to Goodell
et al. [30] were used to identify hematopoietigrstzells within bone marrow.

At first, fresh and cadaveric bone marrow cellshone marrow cells after metabolic
inhibition were stained for SP population. Brieflgpproximately 2 x 10cells were
resuspended in preheated IMDM medium (1 — 2 %cHElls per 1 ml of IMDM) in fifty-
milliliter plastic tubes. Hoechst 33342 dye waseattido a final concentration ofrig/ml,
and the suspension was incubated for exactly 9Qutesnat 37°C in a water bath.
Afterwards, the cells were centrifuged for 10 mewat 4°C and 400 g (centrifuge 5810R)
and washed with 3 ml of ice-cold PBS/BSA. Supemmatavere removed and the cells
were stained in the pellet (approximate volume @i for specific surface markers LSK
and SLAM with fluorochrome-conjugated monoclonalilaodies (20 min on ice and in the

dark): lineage cocktail — biotin — 3rB per sample, anti-Sca-1-APC, anti-cKit-APC-Cy7,
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anti-CD150-PE and anti-CD48-FITC — Inbof each antibody per sample. After washing
with 3 ml of PBS/BSA, the cells were incubated watneptavidin-PE-Cy7 antibody for
15 min on ice and in the dark, and washed agaimalllyi the cells were resuspended in
400nL PBS/BSA and analyzed by flow cytometry (BD FAC8&Alu equipped with UV-
laser). Doublets and debris were excluded and LBKasd LSK SLAM populations were
gated (Figure S2, Appendix 1, p. 1l).

3.10.3 Detection of apoptotic and dead cells in bone marmw subpopulations

Frequencies of live, apoptotic and dead cells ésHrand cadaveric bone marrow or in
bone marrow after metabolic inhibition were detdateLSK population enriched in HSC,
lymphopoietic population (B22), granulo-monopoietic population (GfMac-1") and
erythropoietic population (Ter11P Specific monoclonal antibodies, Hoechst 33348, dy
and propidium iodide (PI) were used for stainingeehst 33342 permeates into cells and
binds to the DNA. If the staining is short (7 miesi}, just the apoptotic and dead cells are
stained. PI functions in the same way; howevetains just the dead cells.

Approximately 2 x 10 and 5 x 10 bone marrow cells were used for detection of
apoptosis in LSK population and in lineage restdcpopulations, respectively. The cells
were washed with 3 ml PBS/BSA and centrifuged fombutes at 4°C and 400 g
(centrifuge 5804R). Supernatants were discardedtl@ccells in 50 PBS/BSA were
stained with fluorochrome-conjugated monoclonalledies (20 min on ice and in the
dark): anti-lineage-FITC - &1 per sample, anti-Sca-1-APC, anti-c-Kit-APC-Cyhtia
B220-Alexa700, anti-Gr-1-APC, anti-Mac-1-APC andidrer119-FITC — 0.61 of each
antibody per sample. After subsequent washing \8ithl PBS/BSA and removal of
supernatants, the cells were stained with HoecB34¢3 and propidium iodide to detect
apoptotic and dead fractions according to Ormetrodl.€[133] and Schmid et al. [134].
Briefly, Hoechst 33342 was added to the pellet fimal concentration of 2@g/ml. The
samples were incubated for 7 minutes at37°C (Atmi“ Digital Dry Bath).
Subsequently, the cells were diluted with PSB/B8Ahe volume of 25@1. Immediately
before analysis, il of PI stock solution (1 mg/ml) was added. The pla®s were analyzed
by flow cytometry (BD FACS Aria llu equipped withMJlaser). Doublets and debris were
excluded and live (Hoechst 33342 negative, Pl megjat apoptotic (Hoechst 33342
positive, Pl negative) and dead (Hoechst 33342tigesiPI positive) cells were gated
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within the population of nucleated bone marrow <and within the bone marrow

subpopulations. (Figure S3, Appendix 1, p. lll, g S4, Appendix 1, p. IV)

3.11 Statistical analysis

Statistical analysis was performed with GraphPadn®version 5.00 for Windows
(GraphPad Software, San Diego, USA, www.graphpad)c®ata are presented as the
mean = SEM. To compare multiple groups to the abntone-way ANOVA using
Dunnett’s post test was applied. Student’s tweethittest was used for comparison of two
groups to each other. P-values P« 0.005,** P < 0.01 and*P < 0.05 were considered
statistically significant. In some figures, erroarb are not presented because of better
readability of the graphs. In this case, suppleargntables containing SEM values are

presented in Appendix 2.
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4 RESULTS

4.1 Effects of ischemia on bone marrow

Bone marrow in intact femurs (cadaveric bone mayraas maintained for defined
time periods at 37°C, 20°C and 4°C, respectivelyepdpulating ability of the
hematopoietic stem cells, frequencies of LSK SLAMI 4 SK SP cells, and viability of

bone marrow cells were determined.

4.1.1 Transplantability of hematopoietic stem cells afteiischemia

After exposition to ischemia at 37°C, 20°C, or 4%e bone marrow cells were
transplanted to sublethally or to lethally (in Xdtio with fresh congenic bone marrow
cells) irradiated recipients. Donor chimerism wadloived up in peripheral blood of

recipients for 6 months after the transplantation.

4.1.1.1 Engraftment of hematopoietic stem cells after ischmia in sublethally
irradiated recipients

Percentage of donor-derived cells in the periphkl@abd of recipients is presented in
Figure 11, p. 41 and in Tables S1-S3, Appendix.2/-¥I. At 37°C (Figure 11A; Table
S1, Appendix 2, p. V), the transplantability wag decreased after 2 hours or 3 hours of
ischemia for STRC or LTRC, respectively. At 20°Gg(ife 11B; Table S2, Appendix 2,
p. V), the engraftment was comparable to the cbiftraup to six-hour ischemia. Twenty-
hour ischemia at 20°C resulted in almost compless lof repopulating ability. At 4°C
(Figure 11C; Table S3, Appendix 2, p. VI), the aignent was not significantly
decreased up to 12 hours of ischemia, and a rederogrdftment was still present after 24

hours of ischemia.
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Figure 11 - Engraftment of ischemic HSC in sublethidy irradiated recipients. Donor cells (Ly5.1) were
exposed to ischemia for up to 5 hours at 37AY; for up to 20 hours at 20°(®B), or for up to 48 hours at
4°C (C). Ly5.2 recipients (n=4-10) were irradiated witlis§ and transplanted with half of the donor femur.
The engraftment is presented as chimerism of Ly®dlis (mean) detected in peripheral blood of Ly5.2

recipients. Significance of difference from the trofs at individual time points:; **® < 0.005, *P < 0.01,
*P < 0.05.

4.1.1.2 Engraftment of hematopoietic stem cells after ischmia in lethally irradiated
recipients

In lethally irradiated recipients, ischemic Ly5.1S8 competed for repopulation with
simultaneously transplanted fresh Ly5.2 HSC. Chismerof Ly5.1 cells in the peripheral
blood of recipients is shown in Figure 12, p. 42 am Tables S4-S6, Appendix 2, p. VI-
VII. At 37°C (Figure 12A; Table S4, Appendix 2, ¥l), the engraftment of cells exposed
to ischemia for 2 hours was comparable to thaheir thon-affected counterparts. At 20°C
(Figure 12B; Table S5, Appendix 2, p. VII), thelsebxposed to ischemia for 3 hours
successfully competed with fresh ones in the skat long-term repopulation, and those
exposed to ischemia for 12 hours in the long-tegpopulation. At 4°C (Figure 12C; Table
S6, Appendix 2, p. VII), there was still a sign#itt engraftment (chimerism about 30 %)
even when the ischemia lasted for 48 hours.
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Figure 12 - Engraftment of ischemic HSC in lethally irradiated recipients (competitive
transplantation). Donor cells (Ly5.1) were exposed to ischemia fotap hours at 37°CA), for up to 20
hours at 20°GB), or for up to 48 hours at 4°(C). Ly5.2 recipients (n=4-17) were irradiated witlG9 and
transplanted with a 1:1 mixture of cadaveric amstircongenic donor bone marrow cellee engraftment is
presented as chimerism of Ly5.1+ cells (mean) dedein peripheral blood of Ly5.2 recipients. Sigrahce
of difference from the controls at individual tirpeints: ***P < 0.005, *f < 0.01, P < 0.05.

4.1.2 Representation of LSK SLAM and LSK SP cells in iscBmic bone marrow

Percentage of LSK SLAM (LIf'Sca-Tc-Kit"CD150'CD48) and LSK SP (side
population, Hoechst 33342 negative) cells in the 8f#r various periods of ischemia at
37°C, 20°C and 4°C is shown in Figure 13, p. 43.3&tC (Figure 13A), the LSK SP
percentage was significantly decreased already afteour of ischemia. After 3 hours of
ischemia at 37°C, the side-population was no lonigdectable, whereas the LSK SLAM
number was not significantly decreased. At 20°@Fe 13B) and at 4°C (Figure 13C),
the LSK SP and LSK SLAM populations were lost afi& hours and 48 hours of
ischemia, respectively.
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Figure 13 — Representation of LSK SLAM and LSK SP ells in ischemic bone marrowLSK SLAM and
LSK SP cells were detected in BM exposed to ischefon up to 5 hours at 37°@), for up to 20 hours at
20°C (B), or for up to 48 hours at 4°QC). Data are presented as mean + SEM (n=3). Signdeaf
difference from the controls: *P < 0.005, * < 0.01, P < 0.05.

4.1.3 Viability of bone marrow cells during ischemia

The cellularity of BM (number of nucleated cellspsv(18.5 + 0.69) x fO(mean =+
SEM) cells per femur and did not significantly dease during the periods of ischemia
(Figure 14A, C, E, p. 44), as compared to the obnithe percentage of live, apoptotic and
dead cells after ischemia is shown in Figure 14BFDAfter 2 hours of ischemia at 37°C,
about 50 % of bone marrow cells were detected aptapc and dead cells and this
number increased to 90 % within 5 hours (Figure )148 20°C, the same increase in
apoptotic and dead fractions was observed aftem@shand 20 hours of ischemia,
respectively (Figure 14D). After 48 hours of ischemt 4°C, live cells still constituted

more than 10 % of cells in the bone marrow (FigL4E).
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Figure 14— Cellularity and viability of bone marrow during is chemia. Cellularity of the femur and ratio
of live, apoptotic and dead cells was determine8Nhexposed to ischemia for up to 5 hours at 3{RCB),

for up to 20 hours at 20°CC, D), or for up to 48 hours at 4°(E, F). Data are presented as mean + SEM
(n=3). Significance of difference from the contr@sr live cell fraction): ***P < 0.005, *P < 0.01, P <

0.05.
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4.1.3.1 Viability of bone marrow subpopulations during ischemia at 37°C

Representation of LIN'Sca-Ic-Kit* population (LSK, enriched in hematopoietic stem
and progenitor cells), B22@opulation, Terl19population, and Gr"Mac-1" population
in the bone marrow after ischemia at 37°C, andatheunt of live, apoptotic and dead cells
within these populations are shown in Figure 15hoficeable decline in the amount of live
cells was detected in the LSK population after @reoof ischemia (Figure 15A), in the
B220" population after 1 hour of ischemia (Figure 158)d in the Ter1I9and Gr-IMac-
1" populations after 2 hours of ischemia (Figure 1B,

Figure 15 —Viability of bone marrow subpopulations during ischemia at 37°C.BM was exposed to
ischemia for up to 5 hours at 37°C. Ratio of liappptotic and dead cells was determined in LSK [atioun
(A), in B220+ (B220) populatioriB), in Terl19+ (Terl19) populatiofC), and in Gr-1+Mac-1+ (GM)
population(D). Data are presented as mean + SEM (n=3). Signdeaf difference from the controls (for
live cell fraction): ***P < 0.005, *P < 0.01, P < 0.05.
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4.1.3.2 Viability of bone marrow subpopulations during ischemia at 20°C

Representation of LSK population, B22@opulation, Ter119 population and Gr-
1"Mac-1" population after ischemia at 20°C, and the ratitive, apoptotic and dead cells
within these populations are shown in Figure 16significant decrease in frequency of
live cells was detected after 6 hours of ischemiheé LSK population (Figure 16A), in the
B220" population (Figure 16B) and in the GiMac-1" population (Figure 16D), and after
12 hours in the Ter1I%opulation (Figure 16C). After 20 hours of ischanthe B220,
Ter119 and Gr-IMac-1" cells were not detectable according to the phgmoanymore.

Figure 16 - Viability of bone marrow subpopulations during ischemia at 20°C.BM was exposed to
ischemia for up to 20 hours at 20°C. Ratio of liagoptotic and dead cells was determined in LSK
population(A), in B220+ (B220) populatio(B), in Terl19+ (Terll19) populatigi€), and in Gr-1+Mac-1+
(GM) population(D). Data are presented as mean + SEM (n=3). Signdeaf difference from the controls
(for live cell fraction): ***P < 0.005, **P < 0.01, P < 0.05.
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4.1.3.3 Viability of bone marrow subpopulations during ischemia at 4°C

Frequencies of LSK population, BZ2population, Ter119population and Gr-Mac-
1" population in the bone marrow after various pesi(@ — 48 hours) of ischemia at 4°C,
and the amount of live, apoptotic and dead celthiwithese populations are presented in
Figure 17. A decline in the amount of live cellsswetected after 12 hours in the LSK and
Gr-1"'Mac-1" populations (Figure 17A, D) and after 24 hoursttie B220 population
(Figure 17B). No decline was observed in the TefJulation (Figure 17C).

Figure 17 - Viability of bone marrow subpopulations during ischemia at 4°C.BM was exposed to
ischemia for up to 48 hours at 4°C. Ratio of liappptotic and dead cells was determined in LSK [atioun
(A), in B220+ (B220) populatioriB), in Terl19+ (Terl119) populatiofC), and in Gr-1+Mac-1+ (GM)
population(D). Data are presented as mean + SEM (n=3). Signifeeaf difference from the controls (for
live cell fraction): ***P < 0.005, *P < 0.01, P < 0.05.
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4.1.4 Influence of femur manipulation on the effects ofschemia

To exclude any impact of the femur manipulation aur results, we compared the
effects of ischemia on bone marrow cells harvegfjefiom intact femurs removed from
the body and exposed to ischemia or 2) from ferfeftsn the body exposed to ischemia,
and removed afterwards. Three-hour period of ischeat 37°C was used for the
comparison. Declines in frequencies of LSK SLAM &18K SP populations (Figure 18A)
as well as the repopulating ability of ischemic H&@ure 18B; Table S7, Appendix 2, p.

VIII) were almost identical in both samples.

Figure 18 - Influence of femur manipulation on hem#opoietic stem cells exposed to ischemia at 37°C
for 3 hours. Decline in frequencies of LSK SLAM and LSK SP céfidone marrow, shown as a percentage
of control (A). Engraftment of HSC in sublethally irradiated péents(B). A: Data are presented as mean *
SEM (n=3). Significance of difference from the cotg: ***P < 0.005, * < 0.01, P < 0.05.B: Donor
cells (Ly5.1) were exposed to ischemia at 37°Ceimdrs removed from the body (femur removed) or in
femurs left in the body (femur in body). Ly5.2 ngieints (n=5) were irradiated with 6 Gy atrdnsplanted
with half of the donor femur. The engraftment isg@nted as chimerism of Ly5.1+ cells (mean) dedeicte
peripheral blood of Ly5.2 recipients. Significarmiedifference from the controls at individual tirpeints:

*** P < (0.005, *P < 0.01, P < 0.05. There were no significant differences leetwthe samples.
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Average cellularity of femurs was (24.1 + 1.59)®® {mean + SEM)No differences
between the experimental conditions were obseméde cellularity of bone marrow or in
the fraction of dead cells in the BM and in the LB&pulation (Figure 19).

Figure 19 — Influence of femur manipulation on vialiity of bone marrow cells. Cellularity of bone
marrow after 3 hours of ischemia at 37°C in fenmmoved from the body (femur removed) and in ferattr |

in the body during ischemia (femur in bod¥), percentage of live, apoptotic and dead cells i d&ter 3
hours of ischemia at 37°C in femur removed fromkibdy and in femur left in the body during ischefid,
frequency of LSK population in BM, and ratio of divapoptotic and dead cells in LSK population after
3 hours of ischemia at 37°C in femur removed frowa body and in femur left in the body during isciem
(C). Data are presented as mean + SEM (n=3). Signifieaf difference from the controls (for live cell
fraction): ***P < 0.005, * < 0.01, P < 0.05. There were no significant differences leetwthe samples.
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4.2 Effects of ischemia on p53 bone marrow

Intact femurs removed from sacrificed C57BI/6J 'bﬁsﬁice were maintained for 0, 2, 4
or 6 hours at 37°C. Afterwards, bone marrow cellsrevharvested and tested for

repopulating ability, frequency of HSC, and vialyilof bone marrow subpopulations.

4.2.1 Transplantability of p53” hematopoietic stem cells after ischemia at 37°C

The p53~ bone marrow cells after various periods of isclemvere transplanted to
sublethally (6 Gy) irradiated congenic recipienEngraftment of the donor HSC was
followed up in the peripheral blood of the reciggeror 3 months. After 2 hours of
ischemia, the repopulating ability of long-term applating cells was not significantly
changed (Figure 20; Table S8, Appendix 2, p. VIéliter 4 hours or 6 hours of ischemia,
the p53” HSC completely lost their short-term repopulatiulity, whereas the long-term
repopulating ability was partially preserved attex four-hour period.

Figure 20 - Engraftment of ischemic p53-/- HSC inublethally irradiated recipients. Donor cells (Ly5.2,
p53-/-) were exposed to ischemia at 37°C for up twurs. Ly5.1 recipients (n=4-5) were irradiatethvé

Gy and transplanted with half of the donor femuepRsentation of donor-derived cells is presented a
chimerism of p53-/- Ly5.2+ cells (mean) detectecb@ripheral blood of Ly5.1 recipients. Significanzke
difference from the controls at individual time pisi: ***P < 0.005, * < 0.01, P < 0.05.

50



Results

4.2.2 Representation of LSK SLAM and LSK SP cells in p53- bone marrow during

ischemia at 37°C

Representation of the HSC defined as LSK SLAM "Bca-Tc-Kit*CD150 CD48)
and LSK SP (side population, Hoechst 33342 negdatietis in the p53 bone marrow
after 0, 2, 4 and 6 hours of ischemia at 37°C es@nted in Figure 21. Frequency of the
LSK SP population decreased after 2 hours. Afteodrs, LSK SLAM frequency also
declined and the LSK SP cells were no more detkctditer 6 hours of ischemia, both

the LSK SLAM and the LSK SP cells completely Idsit phenotypes.

Figure 21 — Representation of LSK SLAM and LSK SP ells in p53-/- ischemic bone marrowLSK
SLAM and LSK SP cells were detected in p53-/- BNb@sed to ischemia for up to 6 hours at 37°C. Deda a
presented as mean + SEM (n=3). Significance oékfice from the controls: * < 0.005, *P < 0.01, P

< 0.05.
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4.2.3 Viability of p53 7 bone marrow cells during ischemia at 37°C

Cellularity of p53° bone marrow after various periods of ischemia74C3is presented
in Figure 22, together with the ratio of live, apmtjr and dead cells in p%3one marrow
as a whole. Average cellularity of the femur wag.42+ 1.12) x 10 (mean + SEM) and
there was no decrease caused by ischemia in thearuoh cells during the studied time
periods Eigure 22A). After 2 hours of ischemia, fraction of apoptoaind dead cells was
about 50 % in bone marrow, and increased to ab®&Wb &fter 4 hours and 6 hours of

ischemia Eigure 22B).

Figure 22 — Cellularity and viability of p53-/- bore marrow during ischemia at 37°C.Cellularity (A),
and ratio of live, apoptotic and dead c€B3 were determined in p53-/- BM exposed to ischerhi@7aC for
up to 6 hours. Data are presented as mean = SEB).(8ignificance of difference from the controlsr(the
live cell fraction): ***P < 0.005, *f < 0.01, P < 0.05.

4.2.3.1 Viability of p53” bone marrow subpopulations during ischemia at 37°C

Frequencies of LSK population, BZ2population, Ter119population and Gr-Mac-
1" population in the p53bone marrow as well as the ratio of live, apoptatid dead cells
after ischemia at 37°C are shown in Figure 23,30.The p53 LSK cells remained alive
for 2 hours of ischemia, became all dead after drdrof ischemia, and were completely
depleted after 6 hours of ischemia at 37°C (Fif288). Frequency of the p33B220
population declined as the period of ischemia prgéal. After 4 hours, there were no live
cells in the B220 population and after 6 hours, BZ2phenotype was barely detectable
(Figure 23B). The p53 Ter119 population did not change significantly in freqagror in
the ratio of live, apoptotic, and dead cells ugtours of ischemia (Figure 23C). In the

p53" Gr-1'"Mac-1" population, a third of the cells became dead &tkours of ischemia
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at 37°C. After 4 hours and 6 hours of ischemiaddezlls covered almost the whole Gr-

1"Mac-1" population (Figure 23D).

Figure 23 — Viability of p53-/- bone marrow subpoplations during ischemia at 37°C.p53-/-BM was
exposed to ischemia for up to 6 hours at 37°C.dRatlive, apoptotic and dead cells was determinddSK
population(A), in B220+ (B220) populatio(B), in Ter119+ (Terl19) populatigi€), and in Gr-1+Mac-1+
(GM) population(D). Data are presented as mean + SEM (n=3). Signdeaf difference from the controls
(for live cell fraction): ***P < 0.005, *P < 0.01, P < 0.05.
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4.3 Effects of metabolic inhibition on bone marrow cels

Bone marrow cells were flushed to the medium witthlaut KCN, 2-deoxy-D-glucose
(2-DG), KCN and 2-DG, or D-glucose (glc). D-glucosss used as a comparative
treatment for 2-DG. After 2 and 20 hours of incudratat 37°C, repopulating ability of the
hematopoietic stem cells, frequencies of LSK SLAMI 4 SK SP cells, and viability of

bone marrow were determined.

4.3.1 Transplantability of hematopoietic stem cells aftermetabolic inhibition

Figure 24, p. 55 and Table S9, Appendix 2, p. I¥vglthe repopulating ability of short-
term and long-term repopulating hematopoietic stefis after the incubation in medium
with/without metabolic inhibitors, transplanted sablethally irradiated (6 Gy) congenic
recipients. After the incubation without inhibitprthe engraftment of HSC was not
decreased, as compared to control (Figure 24A). Ki@Ruenced the long-term
repopulating ability of HSC only after 20 hours whine 10 mM concentration of KCN
was used. Short-term repopulating ability (14 dafyer transplantation) was declined also
after twenty-hour inhibition by 1 mM KCN (Figure B 2-deoxy-D-glucose caused
a decline in the engraftment already after 2 hoairsincubation (Figure 24C). The
combined inhibition by 10 mM KCN and 50 mM 2-deoRyglucose completely destroyed
the short-term as well as the long-term repopulgdibility of HSC after 2 hours as well as
after 20 hours (Figure 24D).
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Figure 24 - Engraftment of hematopoietic stem cellafter metabolic inhibition in sublethally irradiat ed
recipients. Donor cells (Ly5.1) were transplanted after 0 (C),R2 and 20 hours of incubation in medium
without inhibitors(A), with 1mM or 10 mM KCN(B), with 50 mM 2-deoxy-D-glucose (2-DGL), or with
10 mM KCN and 50 mM 2-D@D). Ly5.2 recipients (n=4-14) were irradiated withG§ andtransplanted
with half of the donor femur. The engraftment isgented as chimerism of Ly5.1+ cells (mean) dedeicte
peripheral blood of Ly5.2 recipients. Significarafedifference from the controls at individual tirpeints:
*** P < 0.005, *P < 0.01, P <0.05.

4.3.2 Representation of LSK SLAM and LSK SP cells after retabolic inhibition

Frequency of the HSC identified as LSK SLAM and LSR cells in the bone marrow
after inhibition of metabolism is shown in Figurg, . 56. The incubation of bone marrow
cells in medium without metabolic inhibitors influeed neither the LSK SLAM nor the
LSK SP population (Figure 25A). After two-hour aventy-hour inhibition by 1 mM or
10 mM KCN, there was no decline in the LSK SLAM ptadion. Frequency of the LSK
SP cells decreased significantly after 20 hourshefinhibition by 10 mM KCN (Figure
25B). Two-hour incubation with 50 mM D-glucose (gt 50 mM 2-deoxy-D-glucose (2-
DG) decreased neither the LSK SLAM nor the LSK Sifbers. The LSK SP population
declined after twenty-hour incubation with D-gluepg/hereas the LSK SLAM population
remained unchanged. Twenty-hour inhibition by 2xdeD-glucose caused a significant
decline in both LSK SLAM and LSK SP populationsgiie 25C). Two-hour as well as
twenty-hour inhibition by the combination of 10 mi®CN and 50 mM 2-deoxy-D-glucose
resulted in complete depletion of both LSK SLAM dr8K SP cells (Figure 25D).
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Figure 25 — Representation of LSK SLAM and LSK SP ells in bone marrow after metabolic
inhibition. Frequencies of LSK SLAM and LSK SP cells in BM watetected after 0 (CTRL), 2 and 20
hours of incubation in medium without inhibitai), with 2mM or 10 mM KCN(B) with 50 mM glucose
(glc) or 50 mM 2-deoxy-D-glucosgC) or with 10 mM KCN and 50 mM 2-deoxy-D-glucog®). Data are
presented as mean + SEM (n=3). Significance oéifice from the controls: * < 0.005, *P < 0.01, P

< 0.05.
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4.3.3 Viability of bone marrow cells exposed to metabolinhibition

Ratio of live, apoptotic and dead cells in the banarrow after the inhibition of
electron transport chain by KCN and/or after thieibition of glycolysis by 2-deoxy-D-
glucose was determined in the whole BM, in LSK dapaon, B-lymphopoietic population
(B220"), granulo-monopoietic population (GfMac-1) and erythropoietic population
(Ter119).

The average cellularity of the femurs before incigns was (27.07 + 0.72) xi(mean
+ SEM). The incubation without metabolic inhibitatisl not cause any significant changes
neither in the number of cells nor in the ratidieé, apoptotic and dead bone marrow cells
(Figure 26A, B, p. 58). After two-hour and twentgth incubation with either 1mM or 10
mM KCN, the number of cells was significantly deased only after 20 hours (Figure
26C). An increase in the apoptotic and dead fraattas observed in all samples incubated
with KCN (Figure 26D). After incubation with 50 m&tdeoxy-D-glucose (2-DG) as well
as with 50 mM D-glucose (glc), the cellularity wascreased similarly in both two-hour
and twenty-hour intervals (Figure 26E). The fractiof apoptotic and dead cells was
significantly increased in all samples, as comparecaontrol; the highest increase in
apoptotic/dead cell fraction was observed afteh@@s with 50 mM 2-deoxy-D-glucose
(Figure 26F). After the combined inhibition with M KCN and 50 mM 2-deoxy-D-
glucose, the cellularity of bone marrow as well tag number of live cells were
significantly decreased already after 2 hours (FEgR6G, H). After 20 hours, just the

apoptotic and dead cells were detected in the baareow.
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Figure 26 — Cellularity and viability of bone marrow cells after metabolic inhibition. Cellularity of bone
marrow before and after incubation, and ratio oé liapoptotic and dead cells after 0 (CTRL), 2 2@¢dhours
of incubation in medium without inhibitog\, B), with 1mM or 10 mM KCN(C, D) with 50 mM glucose
(glc) or 50 mM 2-deoxy-D-glucose (2-D@&, F), or with 10 mM KCN and 50 mM 2-D@G, H). Data are
presented as mean + SEM (n=3). Cellularity decliaes included in dead cell fractions. Significarafe
difference from the controls (for the cellularitgadine and for live cell fraction): **® < 0.005, *P < 0.01,
*P < 0.05.
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4.3.3.1 Viability of bone marrow subpopulations during incubation in medium

without metabolic inhibitors

Frequencies of LSK population, BZ2population, Ter119population and Gr-Mac-
1" population, and viability of these populationseafthe incubation in medium without
metabolic inhibitors are presented in Figure 27eréhwere no significant changes in any
population after two-hour or twenty-hour incubati@part from the TerlI9opulation.
The number of bone marrow cells with Ter119 phepetgecreased sharply after 20 hours

of the incubation (Figure 27C).

Figure 27 — Viability of bone marrow subpopulationsafter incubation in medium without metabolic
inhibitors. Ratio of live, apoptotic and dead cells after 0 RLJ, 2 and 20 hours of incubation in LSK
population(A), in B220+ (B220) populatio(B), in Ter119+ (Terl19) populatigi€), and in Gr-1+Mac-1+
(GM) population(D). Data are presented as mean + SEM (n=3). Signdeaf difference from the controls
(for live cell fraction): ***P < 0.005, *P < 0.01, P < 0.05.
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4.3.3.2 Viability of bone marrow subpopulations during KCN inhibition

Frequencies of bone marrow subpopulations anddtie of live, apoptotic and dead
cells within these populations after 2 hours andh@0rs of the inhibition with 1 mM KCN
or 10 mM KCN are shown in Figure 28. In the LSK plgpion (Figure 28A) and in the
Gr-1"'Mac-1" population (Figure 28D), no significant changesewgetected. In the B220
population, fractions of apoptotic and dead cellravincreased to almost 90 % after
10 mM KCN (Figure 28B). Approximately 50 % of therL19 cells were apoptotic/dead
in the control sample and this fraction rose touat&® % after 20 hours of the incubation
with 1 mM KCN or 10 mM KCN (Figure 28C).

Figure 28 — Viability of bone marrow subpopulationsduring KCN inhibition . Ratio of live, apoptotic
and dead cells after 0 (CTRL), 2 and 20 hours oNKi@hibition in LSK population(A), in B220+ (B220)
population(B), in Terl19+ (Terl19) populatiofC), and in Gr-1+Mac-1+ (GM) populatiofD). Data are
presented as mean + SEM (n=3). Significance oérkfice from the controls (for live cell fractiof)* P <
0.005, *P < 0.01, P < 0.05.
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4.3.3.3 Viability of bone marrow subpopulations during 2-deoxy-D-glucose
inhibition

Viability of bone marrow subpopulations after twotn and twenty-hour incubation
in medium with 50 mM D-glucose or with 50 mM 2-dgeR-glucose (2-DG) is presented
in Figure 29. Frequencies of all the populationswedl as viability of the cells were
significantly decreased after 20 hours of the imtigm with 2-deoxy-D-glucose.
Moreover, the LSK phenotype was no more detectatileis time point (Figure 29A). The
B220", Terl119 and Gr-IMac-1" cells were detectable but mostly apoptotic or dead
(Figure 29B, C, D). In the Ter11®opulation, the decline was registered also &ftenty-

hour incubation with D-glucose.

Figure 29 — Viability of bone marrow subpopulationsduring 2-deoxy-D-glucose inhibition Ratio of
live, apoptotic and dead cells after 0 (CTRL), 2 &0 hours of incubation with D-glucose or 2-dedxy
glucose in LSK populatiofd), in B220+ (B220) populatio(B), in Terl119+ (Terl19) populatidi€), and in
Gr-1+Mac-1+ (GM) populatiofD). Data are presented as mean + SEM (n=3). Signdeaf difference
from the controls (for the live cell fraction): *P*< 0.005, *P < 0.01, P < 0.05.

61



Results

4.3.3.4 Viability of bone marrow subpopulations during comhined inhibition by
KCN and 2-DG

Frequencies of bone marrow subpopulations as wallability of these populations are
shown in Figure 30. Both two-hour and twenty-houervals caused depletion of live cells
in the LSK, B220 and Ter119 populations (Figure 30A, B, C). The GiMac-1'
population declined gradually (Figure 30D).

Figure 30 — Viability of bone marrow subpopulationsduring combined KCN and 2-DG inhibition.
Ratio of live, apoptotic and dead cells after 0 RL}, 2 and 20 hours of KCN and 2-deoxy-D-glucose
inhibition in LSK populatiorn(A), in B220+ (B220) populatio(B), in Ter119+ (Ter119) populatiqi€), and

in Gr-1+Mac-1+ (GM) populatiodD). Data are presented as mean + SEM (n=3). Signifeeaf difference
from the controls (for the live cell fraction): *P< 0.005, *P < 0.01, P < 0.05.
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4.4 Effects of in vitro storage on transplantability of hematopoietic
stem cells

Bone marrow cells were harvested from femurs aockdtin medium with 10 % FBS
(v/v) without specific hematopoietic growth factdos 1 and 2 days at 37°C and for 2 and
4 days at 4°C, respectively. Afterwards, the boeraw cells in the amount equivalent to
half of the femur were transplanted to sublethaligdiated (6 Gy) recipients and the
engraftment of the donor cells was followed upeaipient’s peripheral blood for 6 months
after transplantation. The engraftment is presented-igure 31 and in Table S10,
Appendix 2, p. X. There was no change in the refamg ability of HSC caused by

in vitro storage.

Figure 31 - Engraftment ofin vitro stored HSC in sublethally irradiated recipients.Donor cells (Ly5.1)
were storedn vitro for 1 and 2 days at 37°C, and for 2 and 4 days’@t #y5.2 recipients (n=4-5) were
irradiated with 6 Gy and transplanted with half tbe donor femur. The engraftment is presented as
chimerism of Ly5.1+ cells (mean) detected in pegiahblood of Ly5.2 recipients. Significance offdience
from the controls at individual time points: #®*< 0.005, **P < 0.01, P < 0.05.
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5 DISCUSSION

Hematopoietic stem cells have been widely studiedrfore than half a century. During
this time, the HSC were thoroughly functionally césed and phenotypically
characterized, which made it possible to explogirthnique features up to the molecular
level. Simultaneously, a method of hematopoieterstell transplantation (HSCT) was
developed and has become a routine part of clinicattice in treatment of various
hematological disorders. Although HSCT saves eyear many lives worldwide, some of
the patients lack a suitable donor. Therefore,ifigpchew ways how to enlarge the number
of donors still remains a challenging task.

In this study, the response of mouse bone marrdis t® ischemia and metabolic
inhibition was investigated to verify a possibiliof using cadaveric bone marrow as a
source of hematopoietic stem and progenitor ceddHSCT. In addition, an impact of

vitro storage on HSC transplantability was examined.

5.1 Effects of ischemia on bone marrow

Stem cells can be a source of tissue regeneratien\earious kinds of tissue damage.
As such, they should be among the most resistdls when the tissue is exposed to
unfavorable conditions. Hematopoietic stem celissdow-cycling (mostly quiescent) cells
residing in hypoxic regions of bone marrow, whidilize anaerobic glycolysis to gain
energy [3, 9, 10]. Because of their oxygen indepehdmetabolism and proliferative
quiescence, significant tolerance to a criticalrs&dge of oxygen and energy supply (e.g.
post mortern might be assumed. Several studies have beenspedlito these days,
exploring the cadaveric BM as a possible sourcéerhatopoietic stem and progenitor
cells for transplantation; however bone marrowscelere always harvested immediately
after the cessation of circulation, and their fiorahg has been studied just vitro [122,
123, 135, 136]. The possibility of delayed harvesgtof BM for transplantation has not
been explored to our knowledge. Our study is thet fine testing the functional properties
of HSC by transplantation and engraftment to suboaydated (sublethally irradiated)
and/or to myeloablated (lethally irradiated) reeidi A competitive repopulation assay
was used to compare the transplantability of cagavelSC with fresh HSC, co-
transplanted to myeloablated recipient.
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In detail, the influence of extendé&kthemia at various temperatures on the phenotypic
and functional characteristics of bone marrow caliel hematopoietic stem cells was
investigated, using mouse experimental model. Bomaerow ischemia was modeled in
intact femurs removed from the body and storedd6 Bo avoid drying.

Our results demonstrate that mouse HSC surviveem@hfor a considerable length of
time, even when the temperature of bone marrowamtained at 37°C. The repopulating
ability of hematopoietic stem and progenitor céépt in femurs at 37°C and harvested
2 hourspost mortemwas fully preserved. At 20°C and 4°C, this penwas significantly
extended (Figure 11, p. 41, Figure 12, p. 42). €hesults are in agreement with the
cytometric determination of LSK SLAM and LSK SP Icebmbers. Representation of
LSK SLAM cells was not significantly decreased iadaveric BM as long as its
repopulating ability was maintained (Figure 13,48). This was also true of LSK SP
population, except for at 37°C, when the numbeL®K SP cells decreased rapidly. SP
phenotype is based on active efflux of Hoechst 23Bdm HSC via the ATP-dependent
ABCG?2 transporter [31]. The decline of cells witBK SP phenotype could be explained
by a lack of energy for the dye efflux, whereas fuectional properties of HSC are
maintained for a prolonged period of time. Thesults show that most of the stem cell
phenotype used for their detection by flow cytomes preserved in cadaveric BM in
parallel with their repopulating ability.

The short-term repopulating cells (producing blmedls for up to 1 month after bone
marrow transplantation) were more susceptible toatge by ischemia than the long-term
repopulating cells (Figure 11, p. 41), which isagreement with their higher proliferation
and metabolic activity [137, 138]. The shorter tiofeSTRC survival in ischemia should
be considered during harvesting of the cells fangplantation, because the STRC restore
recipient’'s hematopoiesis until the LTRC start toliferate.

Furthermore, the viability of bone marrow subpopiolss during ischemia was
explored. As expected, bone marrow cells survivedyér at lower temperatures and the
longer period of ischemia the more cells were prieskin dead fraction of bone marrow
(Figure 14, p. 44). This increase is probably aseguence of necrosis rather than
apoptosis, because ischemia is a known causatter faf necrosis [139]. The same trend
as in the whole BM was also observed in BM subpatporis: LSK, B220, Ter119, and
Gr-1'Mac-1" (Figure 15, p. 45, Figure 16, p. 46, Figure 1747). At 37°C, fewer cells

were included in the apoptotic fraction than atQ@hd at 4°C. This can be explained by
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high energy demands of apoptotic process [140]chvprobably cannot be covered under
hypoxic conditions at 37°C. At lower temperaturesl] metabolism is restricted and the
energy is utilized more slowly.

Moreover, specific differences were discovered agnilividual populations. In the
Ter119 population, more apoptotic cells were detectedllatemperatures than in other
populations tested. About 30 % of TerlI@lls were apoptotic or dead also in fresh bone
marrow (control), which indicates high sensitivity Terl19 cells to the manipulation
during staining. The LSK population (enriched irttbbematopoietic stem and progenitor
cells) survived ischemia at 37°C better than tHéedintiated precursors of blood cells
present in BM (Figure 15, p. 45). Because HSC kwe-sycling cells[3] and more than
50 % of differentiated blood precursor cells pridte actively [138], the result appears to
reflect a particular proliferation rate.

We collected femurs from the body immediately a&acrificing and stored them in
PBS at defined temperatures. Such experimentagulasieasier to perform. In order to
confirm that this experimental design is equivalenthe situation when bone marrow is
collected aftepost mortenischemia inside the body, we compared both appesaafter
3 hours at 37°C. As expected, there was no sigmficlifference in the frequency and
functional properties of HSC (Figure 18, p. 48)the bone marrow cellularity, or in the

ratio of live and dead fraction (Figure 19, p. 49).

5.2 Effects of ischemia on p53 bone marrow

Role of tumor suppressor p53 in regulation of hepaietic stem cells has been
previously described in multiple studies [61-64]h&s been demonstrated that p33SC
escape from quiescence and their repopulatingtyhdi decreased as compared to the
wild-type [63]. Due to the increased proliferatigr§3™ HSC should be more sensitive to
the lack of oxygen and metabolic substrates tham Wild-type counterparts. On the other
hand, p53 plays also an important role in apoptd<ig]. If HSC during ischemia died by
p53-dependent apoptosis, deletiopbB8 could lead to prolonged survival of the HSC. To
test these two hypotheses, influence of ischemia3ZC on p53 bone marrow
subpopulations and p53HSC was investigated in this study.

Nevertheless, our findings did not confirm any loé texpectations. The repopulating
ability of p53"~ HSC (Figure 20, p. 50) as well as the frequenafdsSK SLAM and LSK
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SP cells (Figure 21, p. 51) were decreased by mehehowever the engraftment was not
lower than that of the wild-type HSC after ischerata37°C (Figure 11, p. 41). Because
any differences between the g5and wild-type bone marrow cells were not observed
even in control groups, we conclude that althoughp53” HSC are less quiescent [62], a
not negligible fraction of primitive HSC still renms in bone marrow, capable of long-
term engraftment and resistant to the lack of oryayed energy.

Increase in fractions of apoptotic and dead calls53" bone marrow (Figure 22, p. 52)
and in p53 bone marrow subpopulations (Figure 23, p. 53)rafiehemia at 37°C was
also similar as in wild-type BM (Figure 14A, p. #igure 15, p. 45,). A minor apoptotic
fraction was observed in the wild-type as well mp53~ BM. These results indicate that

p53-independent apoptosis is induced by ischemia.

5.3 Metabolic inhibition in vitro

Cyanide anion is a known inhibitor of cytochromexadase in the fourth complex of
the electron transport chain. It binds near todtigve site of the enzyme and prevents the
electron transport to oxygen, which results in riniption of aerobic respiration and in
reduced production of ATP [142, 143]. 2-deoxy-Dagise (2-DG) is a glucose analog that
inhibits glucose utilization by the cell. 2-DG erstethe cell through the glucose
transporters and is phosphorylated by hexokinaseweder, 2-deoxy-D-glucose-6-
phosphate is unable to undergo further metabolisocumulates in the cell, inhibits
glucose metabolism, and causes cell death [144, 145

We have studied influence of 1 mM KCN, 10 mM KCN) M 2-DG and 10 mM
KCN together with 50 mM 2-DG on functional propegiand phenotype of bone marrow
cells of C57BI/6 mice.

KCN concentration of 1 mM was chosen accordingup axygraphic measurement of
bone marrow cell respiration, kindly performed by. Drahota (Institute of Physiology
and Center for Applied Genomics, Academy of Sciesfable Czech Republic). Figure 32,
p. 68 shows dependence of bone marrow respiratiorK@GN concentration. At the
concentration of 880mM, the respiration was almost completely inhibitecec&use
hematopoietic stem cells prefer cytoplasmic glyswlyto aerobic respiration [10], we

decided to use also ten times higher concentrgtiormM) in our experiments.
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Figure 32 — Inhibition of aerobic respiration in bane marrow by KCN.

To reach an effective inhibition, we use 50 mM 2-Dur experiments. Because this
concentration is high and could influence osmojaoit the cultivation medium, we used
incubation with 50 mM D-glucose as a control.

At first, we tested the repopulating ability of Ha@er metabolic inhibition. (Figure 24,
p. 55) The long-term repopulating cells were shaavibe relatively resistant to the KCN
inhibition; KCN decreased the long-term repopulgtiability just after twenty-hour
incubation when it was used at 10 mM concentratidre short-term repopulating cells
were influenced also by 1ImM KCN after 20 hoursrmubation. Unlike cyanide, 2-deoxy-
D-glucose reduced the transplantability of HSC aage after two-hour inhibition.
Combination of both inhibitors was shown to be Ifd@ the HSC. Frequencies of
primitive hematopoietic stem cells in bone marradeijtified as LSK SLAM and LSK SP)
after the incubations with inhibitors (Figure 2556) corresponded with their repopulating
ability (Figure 24, p. 55). Increase in the frequenf LSK SLAM cells after 20 hours of
KCN inhibition is probably only apparent, causedtbg depletion of more differentiated
cells from the live fraction of BM. Relative resiste of the HSC to KCN inhibition and
their susceptibility to 2-DG inhibition gives us additional evidence of their resistance to
the oxygen shortage due to the anaerobic metaholism

Subsequently, the cellularity and viability of bomarrow as well as the viability of

bone marrow subpopulations after metabolic intobitwere explored (Figure 26, p. 58).
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1 mM KCN did not significantly decrease the numbé&nucleated cells in bone marrow,
though it decreased the number of live cells insdmmples after both two-hour and twenty-
hour inhibition, as compared to the fresh bone avarand to the samples incubated
without inhibitors. These findings are consistenthwprevious studies, which have
demonstrated induction of apoptosis by electronspart chain inhibitors in various cell
types[146, 147]. However, considering lack of energy tluéghe KCN inhibition, necrosis
could also participate on cell death; unlike apsjgtonecrosis is an ATP-independent
process [139]. Incubation of bone marrow cells vitithbmM KCN resulted in a significant
decline in the number of nucleated cells, which wedkected in viability of bone marrow
cells. Nevertheless, there were still live cellseafthe incubation, which indicates a
presence of subpopulation/subpopulations in the lmoarrow, resistant to KCN inhibition,
i.e. with restricted aerobic metabolism.

The inhibition by 50 mM 2-DG also decreased BM wallity and viability of bone
marrow cells in both intervals tested (Figure 2GC,58). However, the decline in
cellularity as well as in fraction of live cells wabbserved also after incubation with
50 mM D-glucose. It has been described, that higltage concentration can lead to
apoptosis through the oxidative stress and mitodhahproteins [148]. Because 2-DG
cannot be metabolized in the same way, its efeeptobably really caused by inhibition of
energy metabolism. The effect of 2-DG was showhdaenhanced by addition of 10 mM
KCN (Figure 26D, p. 58) and the combination of bitors seems to be lethal for bone
marrow cells. Since glucose was also present inntedium used in the experiments
(DMEM low glucose), limited glycolysis and subsequaerobic respiration could occur in
the cells even in the presence of 2-DG. AdditiorK@fN to 2-DG resulted in complete
inhibition of cell metabolism.

Analysis of apoptosis and necrosis in individuab@apulations of bone marrow after
metabolic inhibition was performed to find the di#nces between LSK cells and more
differentiated bone marrow cells. LSK populationyiehed in hematopoietic stem cells
that prefer anaerobic metabolism [10], should leertiost protected population from the
KCN inhibition. All of the subpopulations were exped to be sensitive to 2-DG
inhibition, because all cells need either aerohicapaerobic glycolysis to cover their
energy demands.

After two-hour or twenty-hour incubation in mediwvithout inhibitors, frequencies

and viability of all subpopulations were preservedth the exception of Terll9
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subpopulation after 20 hours (Figure 27, p. 59)eRgected, LSK population was resistant
to the KCN inhibition (Figure 28, p. 60); howevdsa granulo-monopoietic population
survived the KCN treatment better then the popometi of B-lymphopoietic and
erythropoietic cells. TerlT9opulation was again the most sensitive one. \figlzifter 2-
DG inhibition was similar in all populations; thévd fraction of the cells was not
influenced after 2 hours, whereas after 20 houeslitre cells were almost completely
depleted (Figure 29, p. 61). As well as in the whbbne marrow, the effect of 2-DG
inhibition was enhanced by addition of 10 mM KCNgiire 30, p. 62).

5.4 Invitro storage of bone marrow cells

The impact of short-term liquid storage (up to &%) on bone marrow cells has
already been described in previous studies, focosediability and stem cell recovery
[149] clonogenic potential [122, 135], kinetics apoptosis and production of reactive
oxygen species [123nd also on the engraftment potential of HSC [1B&l]. These
studies confirm that the storage of bone marrowscat 4°C preserves engraftment
potential of HSC from overnight storagp to one week. In our study, we examined the
tolerance of HSC to unfavorable conditiansvitro, when bone marrow cells were stored
in a medium with fetal bovine serum and without cfi@ growth factors, which are
assumed to be essential for maintenance of HSdlityaf ransplantation of these cells to
sublethally irradiated recipients demonstratesesgmved transplantability of both STRC
and LTRC for at least 2 days of storage at 37°C4addys of storage at 4°C (Figure 31, p.
63). Thus, the HSC stored in a suspension of baareow cells survived for a significantly
longer period than those left situ under ischemic conditions.
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6 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 exposeddchemia 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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