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Abstract

Abstract

Hematopoietic stem cells (HSCs) have the ability bafth self-renewal and
differentiation. After bone marrow damage, survgvimost HSCs or transplanted donor
HSCs are able to restore hematopoiesis and maitina long time due to the self-
renewal potential. HSCs reside in a specific miovo®nment in the bone marrow, in
stem cell niche, which supports their survival aodtrols their functioning.

In this study, we investigated the impact of bonarnow damage induced by
increasing doses of irradiation on engraftmentcedfficy of transplanted donor
repopulating cells. Using the CD45.1/CD45.2 conganbuse model, we developed a
new approach enabling estimation of surviving H#Cdamaged hematopoietic tissue.
Its principle is in measuring of the donor chimerigesulting from transplantation of a
defined dose of normal congenic bone marrow céllge transplanted donor cells
contain repopulating cells, progenitors (STRCs) &8Cs (LTRCs) that give rise to
blood cell production which proceeds in parallelthwithat present in the host
hematopoietic tissue. We applied this approach daitaor spontaneous regeneration of
repopulating cells, including HSCs, in mice irrddthwith a sublethal dose of 6 Gy or
by a lethal dose of 9 Gy and rescued by syngenite bmarrow cells. This was
accompanied by functional assays testing the ttantgbility of regenerating bone
marrow cells, recovery of productive hematopoiesis| analysis of the Lffc-kit"Sca-

1" (LSK) population of the bone marrow which is higlinriched in progenitors and
HSCs. LSK cells were further analyzed accordinG@il50 and CD48 markers.

Our results demonstrate that the damage causedlgtisal irradiation does not
interfere with the engraftment of intravenously a&ustered progenitors and HSCs;
what is more, they are engrafted with very highicefhcy. We experimentally
demonstrated existence of different types of nicleesprogenitors and HSCs in the
bone marrow. While niches for HSCs were availabletfansplanted repopulating cells
for a relatively long time after both sublethal afethal irradiation, niches for
transplanted progenitors “closed” more rapidly.haligh the cellularity of regenerating
bone marrow normalized in approximately 20 dayeraiftradiation, and it produced
high numbers of blood cells, its repopulating calggitwas very low still after 30 days.
Subfractions of the LSK population classified acdtog to expression of CD150 and
CD48 markers were significantly altered during #mgire 30 day regeneration period

following sublethal irradiation.



Abstrakt

Abstrakt (Czech)

Kmenové biky krvetvorné tkaa (dale kmenové hiky) maji schopnost
sebeobnovy i schopnost diferenciace. Kmenovékyu které peziji poskozeni
krvetvorné tkam, nebo které jsou transplantovany jedinci s poSkoaenebo zcela
zniéenou krvetvornou tkani, mohou krvetvorbu obnowuitdazovat ji po dlouhou dobu.

V této praci jsme studovalitdledek poSkozeni krvetvorné tkariznymi davkami
ionizujiciho z&eni na dinnost gihojeni intravendzé transplantovanych krvetvorbu
obnovujicich darcovych bgh, burek progenitorovych (STRCs) a btlkh kmenovych
(LTRCs). Pouzili jsme kongenni linie pokusnych mySici se antigeny CD45.1 a
CD45.2 pgitomnymi na krevnich hikach, kvypracovani citlivé metody, ktera
umoziuje ukit mnozstvi kmenovych bwk v posSkozené krvetvorné tkani. Spea ve
stanoveni Urowhchimerismu v krvi a v kostnitdni, ktery je vysledkem transplantace
zndmého mnozstvi kostntahd od kongenniho darce pokusnym mysim s poSkozenou
krvetvornou tkani. Metodu jsme pouzili ke sledovaefjenerace populaci hbikn
obnovujicich poskozenou krvetvorbuewe buntk kmenovych, po subletalnim aeai
mySi davkou 6 Gy nebo po jejich dedi davkou letalni (9 Gy) spojenou s transplantaci
syngenni kostni /@ns. Sowasré jsme, v pipac subletalniho ozéni, vySeitili
schopnost regenerujici kostriie® obnovit krvetvorbu po jeji transplantaci, obnoveni
tvorby krevnich bugk a v kostni &ni jsme analyzovali populaci bélnLSK (Lin'"c-
kit'Sca-T), slozenou z progenitorovych a kmenovych d&uyrz hlediska zastoupeni
burek liSicich se fitomnosti antigennich znakCD150 a CDA48.

Vysledky ukazuji, Ze poSkozeni krvetvorné tkdonizujicim z@enim nesnizuje
vyznamm prihojeni intravenozé transplantovanych progenitorovych a kmenovych
burgk, které jsou z velkécasti vyuzity pro obnovu poskozené Kkrvetvorby.
Experimentald prokazuji existenci odliSnych nik proidy kmenové (LTRCS) a hiky
progenitorové (STRCs). Niky kmenovych kknprijimaji (prihojuji) transplantované
kmenové biiky po dlouhou dobu po poskozeni krvetvorné #aratimco niky pro
buiky progenitorové se progresimzaviraji dive. Kostni den poSkozena subletalni
davkou zéeni 6 Gy dosahla normalniho g0 burek za giblizné 20 dmi a zcela
obnovila tvorbu myeloidnich krevnich btk Jeji transplantovatelnost vSak byla velmi
nizka jest i za 30 dih. SloZeni populace btk LSK, z hlediska zastoupeni hikn
S riznou expresi antigennich zrialkkD150 a CD48, bylo vyznamiremeénéné kEhem

celého 30 denniho obdobi regenerace.



Content

Content
LIST OF ABBREVIATONS......oeiiiiiiiiiiiiiiee ettt e e et e e e e s nnneeee s 9
DEFINITIONS . ...ttt et ettt et e e ae e e 12
1 INTRODUCTION ..ooiiiiiiiiiiiiiiee ettt e mmie et e e e e ettt e e e e s s s eeaeeesensseneanns 14
1.1 HematopoietiC SteM CEIIS ..............vt e eeeeeeniiiiee e e e e e e e e e e e e eeeeeeeeeeeenes 14
1.1.1 Symmetric and asymmetric cell division ofisteellS.............cccoeeeeeeenee. 15
1.2 Hematopoietic progenitor cells and multipof@@genitors .............cccceeeenn... 18
1.3 Hematopoietic stem Cell NICNE........... o eeeeeeriiiiiiiiie e e eeeeeaieens 20
1.3.1 Structural components of NICNE .........ccovveiiiiiiiiiiiee e, 20.
1.3.2 The role of the stem cell NIChe...... o eeiiiiiiii e 22
1.3.3 Established interactions between niche an@HS.............ccoooieeii. 23
1.3.4 A niche for a single HSC or for several HS@a4nducible niche? ........ 24
1.4  Availability of hematopoietic stem cell nichfes transplanted stem cells.....27
1.4.1 Homing and engraftment of donor HSCs intreduato circulation........ 27
1.4.2 Pre-transplantation conditioning regimes..............coovvveiiiiiiiviniinnnnneeenns 29
AIM OF THE STUDY ..ottt et e et e e e e e ea e e eenen 33
MATERIALS AND METHODS ...ttt 34
3.1 MALEIIAIS ..ot ettt et e e e e e e e a e n e 34
3.2 INSHUMENTS. ... e e e e e e e e ne s 36
3.3 ANIMAIS ...t a—— e araaraaa 37
3.4  Total body irradiation (TBI) ........ccoiiimme et 37
3.5 Peripheral blood collection for complete blaodint analysis with differential
of white BIood CellS...........ooiii e 37
3.6  Harvesting of bone marrow CellS......... o eeeeeiiiiiniiiiiiaiee e 38
3.7  Bone marrow transplantation (BMT) .....coouuuiiiiiiiiiiiiiiieeeeeiiii e 38
3.8 FlOW CYLOMELIY ...ttt e e e e e e e 43
3.8.1 Determination of chimerism in peripheral lwa@nd bone marrow........... 43
3.8.2 Analysis of primitive cell populations of BMarrow .............ccccceeeeeee.. 43
3.8.3 Analysis of precursors of blood cells in bOM&TOW .............cccevvieieeennns 44
3.8.4 Cell CYCle @nalYSIS ......coouuiiiiiiiieeeeie e 44
3.9  Statistical @analySiS.........ccoviiiiiiiiiiicir e ———— 45
A RESULT S et e e e e e e e e e et e e e 46
4.1  Efficiency of engraftment of transplanted dogells..................cccccceeeeenennnnn. 46



Content

4.1.1 Survival of STRCs and LTRCs in sublethaligdiated mice................... 46
4.1.2 Calculation of expected chimerism after adéad dose of donor cells....48
4.1.3 Experimental chimerism after a standard dbsnor cells.................... 49
4.1.4 Comparison of experimental and theoretiagadlgulated engraftment
FESUITS .t ettt na e 50
4.1.5 Calculated (theoretical) and experimentainehism after different doses of
AONOT CRIIS ... e e e e e 52

4.1.6 Immunosuppressive treatment to reduce imrdisparity in the

CDA45.1/CD45.2 experimental SyStem ... 53
4.1.7 Stability of established chimeric hematopsies...............cccceivveiiiiiinnnns 55
4.2  Restoration of pools of hematopoietic stenmscafler bone marrow damage
induced by sublethal irradiation.............ccccevveiiiiiiii e 56
4.2.1 Recovery of STRCs and LTRCs after sublethadliation by 6 Gy
determined by three functional assays......ccccceeeuiveiiiiiiinnee e, 56

4.2.2 State of the host hematopoiesis during gemeration from damage by
sublethal 6 Gy irradiation ................... mmmmmeesesreeeeeeeeeeeeereeeeeeear 65
4.3 Restoration of pools of hematopoietic stenscaier lethal irradiation and
rescue transplantation of syngenic BMCS .....ccoooiiiiiiiiiiiiiiiiieeeeeeeeeee 75
4.3.1 Engraftment of congenic BMCs transplantedhaitielay from 2 hours to
180 days to lethally irradiated mice given a ressyregenic transplant of
different size immediately after irradiation ...............ccccceeeiiiiininennnnnnn. 75

4.3.2 Saturation of hematopoietic stem cell nichigs repeated syngenic

transplantation of BMCs from 2 femurs.........cccceeeeeiiiiiiiiievveeeeeeiiii 79
5 DISCUSSION ....ciiiiieiiieiiie ittt bbbttt et e eeeeaaaeaaaeeeeeaaaennssnnees 82
5.1 Efficiency of HSCs transplantation .........cccc.ooooooiiiiiiiiiiiiiiiiiiicee e 83
5.2 Regeneration of hematopoiesis from survivingamsplanted HSCs............ 87

5.3 Closing of the hematopoiesis of lethally ireadd mice transplanted with

syngenic bone marrow to delayed transplant of coicg@MCs ................... 91
6  CONCLUSIONS ....ooii ittt e e e e e et e e e e s s e e e e e e ensbnaeeenns 94
7 REFERENGCES..... ..ot e et e et e e e e e nna s 95
8  LIST OF PUBLICATIONS ....ottiiiiiiiiiiiiite e eer ettt e e 107
O APPENDICES . ... oottt e et e et e e e e 108



List of abbreviations

LIST OF ABBREVIATONS

7-AAD
ANOVA
APC
APC/Cy7
APC/H7
Bas
B-cells
BFU-E
BM
BMCs
BrdU

BV

CAR cells
CFC-Meg
CFU-E
CFU-S
c-kit

CLP
CTRL
CXCR4
CY

ECM
EDTA

Eos

7-aminoactinomycin D
analysis of variance
allophycocyanin

allophycocyanin cyanin 7
allophycocyanin-Hilite® 7-BD
basophil

B lymphocytes; B220 positive cells
burst-forming unit-erythroid

bone marrow

bone marrow cells
5-bromo-2"-deoxyuridine

brilliant violet

CXCL12 abundant reticular cells
colony forming cells - megakaryocyte
colony-forming unit - erythrocyte
colony forming unit - spleen
CD117, stem cell factor receptor
common lymphoid progenitor
control

receptor for stromal-derived factor-1 (CXC)12
cyclophosphamide

extracellular matrix
ethylendiaminetetraacetic acid

eosinophil
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f femur

FACS fluorescence-activated cell sorting
FITC fluoresceine isothiocyanate

G gauge; unit of needle thickness
G-CFC granulocyte colony-forming cell

Gy Gray; unit of ionizing radiation

GM granulo-macrophage cells

GM-CFC granulocyte-macrophage colony-forming cell
HA hyaluronic acid

Hb hemoglobin

HPCs hematopoietic progenitor cells

HSCs hematopoietic stem cells

LFA-1 lymphocyte function-associated antigen 1
Lin lineage

LSK Lin'Sca-Lc-kit"

LTRCs long-term repopulating cells

Ly5.1 CD45.1; Leukocyte common antigen 1
Ly5.2 CD45.2; Leukocyte common antigen 2
Lym lymphocyte

M-CFC macrophage colony-forming cell

Mon monocyte

MPP multipotent progenitor cells

Neu neutrophil

NK—cells natural killer cells

p probability
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very late antigen 4

white blood cells
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Definitions

DEFINITIONS

Asymmetric cell division — cell division, which results in two daughter Iselith
different fates

Bone marrow transplantation — intravenous application of bone marrow cellsrider

to reestablish hematopoiesis after its damage imidiecce chimeric hematopoiesis
Chimerism — coexistence of hematopoiesis of both donor- anghiest-type, typically
after pre-transplantation conditioning with subddttioses of radiation or cytostatics
Congenic mice -mice that are genetically identical except for akrgenetic region,
typically a single genetic locus (i.e. a single gjen

Differentiation — development of cells connected with obtainingpécific functions
Engraftment — outcome ofsuccessful bone marrow transplantatihen transplanted
bone marrow cells found their niches, repopulagttand subsequently produce blood
cells

Homing — coordinated, multistep process by which thesppdanted hematopoietic cells
are directed into the bone marrow niches

Lethal (myeloablative) irradiation — total destruction of the hematopoiesis which
without rescue transplantation has fatal outcomehf® organism

Long-Term Repopulating Cells — stem cells, which have the ability to restore
damaged hematopoiesis and maintain it for a lang ti

Niche availability — amount of “empty” niches for transplanted repopntatcells in
damaged hematopoiesis

Proliferation — cell divisions generating new cells which magréase cell numbers but
not necessarily if proliferation is balanced byl tedses

Self-renewal — ability of cell to divide and generate at lease daughter cell with

identical characteristics of the parent cell

12



Definitions

Short-Term Repopulating Cells — progenitor cells, which maintain hematopoiesis
only transiently for a few weeks and maximallyhoee months

Stem cell niche — specific microenvironment within the bone marrowhere
hematopoietic stem cells reside and their fates@né&olled

Sublethal (submyeloablative) irradiation — not complete destruction of the
hematopoietic tissue with possibility of its sporgaus regeneration

Symmetric cell division— both of the daughter cells are identical

Syngenic mice -mice that are genetically identical, particularlghwrespect to antigens

or immunological reactions

13



Introduction

1 INTRODUCTION

1.1 Hematopoietic stem cells

Hematopoietic stem cells (HSCs) are by far the bleatacterized adult stem cells.
A very specific functional feature of HSCs is thalnility to reproduce themselves (self-
renewal) and to recover their number in case it wettuced. Due to this unique
property, a single HSC can reestablish and mainkerwhole hematopoiesis for a long
time [1-3]. Therefore they are called theng-Term Repopulating Cells (LTRCs)and
pluripotent stem cells.

Figure 1 provides an overview of the hierarchicagamization of murine
hematopoietic tissue with the central role of H3@d indicates the numbers of blood
cells produced daily. The hematopoietic tissue afulta mice must replace
approximately 2.4x10red blood cells and 4x%@on-lymphoid nucleated blood cells
each day and compensate for hematological stresmésas blood loss, infection, and
exposure of cytotoxic chemicals or to irradiatiet6Cs are source of both the myeloid
and the lymphoid cells.

HSCs are only a very tiny fraction of all bone noarrcells (BMCs). The specific
phenotype of HSCs and progenitor cells is charae@rby antigenic cell surface
markers which are detectable by flow cytometry. MeHSCs lack the lineage markers
(Lin) of blood precursor cells (B220, CD4, CD8, Gr-Macl-, Ter-119) and are
positive for Sca-1 (an adhesion molecule) and dildteptor for Stem Cell Factor)
surface antigens. Although cells with the Boa-Ic-kit" (LSK) phenotype greatly
contribute to hematopoietic reconstituting actiyitlygis bone marrow is only enriched
for HSCs (approximately 1 out of 10 of LSK cellssh@&population capacity) [4]. For

further subdivision of this population several dadial markers are used. Pluripotent
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Introduction

(multilineage) reconstituting HSCs are considertl®K Flt3 [5], LSK CD150CD48
[6], LSK Thy1.1°FIk-2" [7] or as the Hoechst-effluxing side populatio)$8] cells of

the murine bone marrow.
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Figure 1 — Cellular hierarchy of murine hematopoiess and the rates of blood cell productionHSCs

— hematopoietic stem cells, CLP — common lymphaiagpnitor, CFU-S, BFU-E, CFU-E, CFC-Meg,
GM-CFC, G-CFC, M-CFC progenitors with variable ceipafor repeated cell divisions and limited or
absent capacity for self-renewal. B-cells, T-callsl NK-cells represent the lymphopoiesis. Dendciilt
and mast cell lineages are not represented. Posurs blood cells are depicted as binomically
multiplicating and maturing cells. The estimatestioé daily production of mature blood cells and
megakaryocytes in the mouse are from the paperdwakland Necas [9]. The large range on the possible
production of erythrocytes corresponds to cond#tioof suppressed or enhanced erythropoietin
stimulation. Only HSCs can replace themselves hgweng asymmetric or symmetric cell divisions next
to their ability to differentiate (“‘commit themsels”) into more intensively proliferating progengor
which are the ultimate source of blood precursdis deelonging to different developmental lineagés o
blood cells. Proliferation of progenitors leadsatdoss of the ability to self-renew and makes thbuos
dependent on supply of new cells from the compamtra€HSCs [10].

1.1.1 Symmetric and asymmetric cell division of stem cedl

As mentioned above, HSCs are defined as pluripatetis with immense self-
renewal capacity. Despite this high proliferativetgmtial, they rarely divide under
physiological conditions. Several studies [8,11,4d8}e shown that most of the HSCs
are in the @ state. They may divide only every 145 days or fivees within the

lifespan of the mouse [13]. Therefore, this raritly divisions and very low total
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numbers makes them technically difficult to imagdthough the cell cycle time of
HSCs is relatively slow under steady-state cona#jat is highly responsive to changes
in the hematopoietic environment [13].

The mechanisms underlying the proliferation anded#ntiation of HSCs are
incompletely understood. The proliferation of HS@pparently takes place “on
demand” in vivo, when the body needs more bloods aahd, particularly, when the
number of HSCs has been reduced after a damabe tetnatopoietic tissue.

Ability of stem cells to produce populations of fdientiated blood cells and
concurrently reproduce themselves to avoid theiraestion requires theasymmetric
divisions. Therefore, asymmetric division is a mechanisnwich cells can give rise
to daughter cells with different fates, in otherrds® one daughter cell retains its
“stemness” while the other becomes a differentigbedgenitor cell [14-16]. Both
extrinsic (growth factors, HSC-niche interactior@s)d intrinsic factors (transcription
factors) are involved in the regulation of asymmeedivision. Unequal distribution of a
parental factor (e.g. transcription factors) lesmlgieneration of two different daughter
cells at the time of division. On the other handyilsr daughter cells at the time of
division could become different due to subsequeiiferént signals from the
microenvironment (Figure 2) [16,17].

Asymmetric division is a property of polarized selPolarity can be ensured by
their location and interaction with surroundinglgebr by unequal partitioning of cell
fate determinant as a result of orientation of mhiéotic spindle, which ensures the
unequal distribution of cellular constituents betwehe daughter cells. Hematopoietic
stem and progenitor cells are detected as rounakpotarized cells. The polarization

probably takes place after the redistribution dff eg@face molecules [18].
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Figure 2 — Asymmetric division of stem cells intrisically (a) or extrinsically (b) [17].

Stem cells may also undergymmetric divisions During symmetric division, a
stem cell divides to become two stem cells (symimednewal) or two committed cells
(symmetric commitment) [15,16].

Alterations in the balance between asymmetric gmnthsetric division can result in
increased renewal which in extreme case can erupamcer growth or, otherwise, in
decreased renewal which can lead to exhaustion €dHpool. Hence, switching
between the two types of the self-renewing divisioof HSCs must be tightly
controlled. Mechanistically, the control is assuniede provided by stem cell niches
which availability, the “niche space”, determiné tlikelihood with which the HSC
maintains its specific stem cell phenotype, cowerine theoretically unlimited self-
renewal potential as relate to the life time of thieole organism, or converts into a
progenitor cell which though capable to generatiians of blood cells, can do this
only for a limited time that is much shorter congghrto the life time of whole

organism.
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1.2 Hematopoietic progenitor cells and multipotent

progenitors

Beside hematopoietic stem cells, there are alser @iimitive subpopulations in the
bone marrow, namely the hematopoietic progenitdts cHPCs) and multipotent
progenitor cells (MPPs). Similarly to HSCs, thes#iscare also able to differentiate into
a spectrum of mature blood cells, but differ initheelf-renewal and proliferative
capacity. As HSCs differentiate into HPCs and tN#PPs, the self-renewal capability
progressively declines. Therefore, cells derivenmfitransplanted HPCs and MPPs are
detectable only for about ten weeks post-transgignt

HPCs and MPPs differ from HSCs also in their cglile status. In contrast with

HSCs, both HPCs and MPPs are actively proliferatiits.

Hematopoietic progenitor cells

Hematopoietic progenitors are actively prolifergticells [19,20] with a large
potential for cell production [21]. They providelage functional reserve, enabling a
relatively rapid increase in the production of a&dg@fic type of blood cells [22]. In
contrast to HSCs, they have a limited potentialdelf-renewal; after a damage to the
bone marrow they restore hematopoiesis only tratigieT herefore they are also called
Short-Term Repopulating Cells (STRCs) The probability of self-renewal compared
to their losses due to differentiation/apoptosisiased towards the latter. They are thus
destined to clonal extinction after various periofisunctioning and the production of
blood cells [23,24]. They have a larger volume tedn stem cells [25]. Using flow
cytometry analysis, they can be distinguished fid8Cs by the expression of CD34,
FIt3 and Thyl.1 [5,7] and the SLAM pattern of CD130D48 [6]. They encompass a

large spectrum of cells with a highly variable pestihation for further differentiation
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and a limited self-renewal and proliferation poigntTheir differences from HSCs and
among themselves are determined by a specific gepeession profile projected into

the presence, amount and mutual ratio of specditstription factors [26-29].

Multipotent progenitors

Multipotent progenitors lack the ability of selfrewal. They have multilineage
potential but in comparison with HPCs shorter ratibution capability. They can be
distinguished from HSCs and HPCs by flow cytométyythe divergent expression of
characteristic surface markers. MPPs are charaeteras LSK Thyl.Elk-2" [7] or

LSK CD150CD48 [6] population of the bone marrow.
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1.3 Hematopoietic stem cell niche

Although during homeostasis a small number of H&(Jsesent in the circulation
[30], the majority of HSCs reside in specific mienwironment in the bone marrow
called “stem cell niche” (see Figure 3). The hermpatetic stem cell niche is a
specialized stroma supporting and controlling HSGsgether they form a principal
functional unit of hematopoietic tissue. HSCs canpysically separated from their
niches, handled in vitro, and transplanted to dooied recipients either directly into
the hematopoietic tissue or via the circulationeylengraft with a very high efficiency
[2,31] which assumes guidance and strong attractidransplanted HSCs and specific

recognition of the niche structures.

1.3.1  Structural components of niche

Structurally, hematopoietic stem cell - niche waih be divided into two main parts:
hematopoietic stem or progenitor cells and stroocomhponents. Stromal components
contain blood vessels and include endothelial cali§pocytes and other stromal cells,
as well as specialized osteoblasts and macrophddese supporting cells express
specific membrane-bound molecules and secrete npa@akactors, as well as various
extracellular matrix components which contributeite chemical signature of the niche
that include also the long-range signals that rehehniche and HSCs through the
circulation. The nervous system is representedylnpathetic nerve endings; reviewed
e.g. in [32,33].

In the bone marrow, two types of niches have bdentified [6,34,35]. These two
types of niches differ in their localization in marrow, cellular composition, and
function. Theendosteal niches situated in a close proximity of inner boneface (in

endosteum) of trabecular bone and comprise spesiblosteoblasts, CAR (CXCL12

20



Introduction

abundant reticular) cells, osteoclasts and strdibabblasts. Thevascular niche is
located more centrally in the bone cavity, nexthi® sinusoids. It consists of endothelial

cells and CAR cells and contains dividing multipdtprogenitors (see Figure 3, [4]).

CAR cell

Activated
Endosteal Hae

Bone Marrow

Figure 3 — Dormant and activated HSCs and their nices [4].

Although the very first concept of the niche watabkshed more than 30 years ago
[36], this microenvironment was inaccessible faedi observations for a long time. In
2003, Askenasy et al. [37] developed a technigaé ¢nabled the optical tracking of
cells labeled with fluorescent markers in recipibahe marrow in vivo. They defined
the hematopoietic niche as a three-dimensionaltifumal unit composed of several
stromal cells, extracellular matrix, and bone stefawhich hosts a cluster of
transplanted cells. Lo Celso et al. [38] visualibednatopoietic stem cells in vivo using
advanced light microscopy techniques. The transaliom of bone marrow cells, or
cells highly enriched in HSCs into the circulatiah non-irradiated or irradiated

recipients resulted in the migration of donor c@lshe vicinity of the endosteal bone of
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the calvaria or epiphyseal trabecular bone of thi@ {38-40]. However, transplanted
cells started to proliferate only in irradiatedipgents [38]. Yoshimoto et al. [41], using
transplanted cells isolated from transgenic GFP emidemonstrated that HSCs

preferentially engraft at the epiphysis of the fesnor short flat bones.

1.3.2 The role of the stem cell niche

Crucial role of the niche is maintenance of HSCd eontrol of their self-renewal,
differentiation and eventually apoptosis and migrat

The niche is assumed to exert control over thedateHSCs and progenitors within
limits given by the gene expression status of thetiqular cell. The options are
therefore slightly different for stem cells and geaitors. Apart from their inner
differences in the activity of critical genes, steells and progenitors also use different
niches. This is understandable, since while prdgenishould actively proliferate and
differentiate into more mature cells, stem cellsudtl self-renew and, in the case of
hematopoietic stem cells, remain quiescent and bubtally inactive. The various
possible fates of a hematopoietic stem cell or aygmitor are depicted in Figure 4.
Under normal circumstances, HSCs remain predoniynantthe G-state and can
repeatedly self-renew. Their long-term probabi(gy to self-renew is 0.5 and can be
transiently > 0.5 after transplantation or aftepartial loss of HSCs. In contrast,
progenitors are actively proliferating cells biadeddifferentiation into hematopoietic
precursors and consequently their long-term prdipaho self-renew is always < 0.5.

This makes them dependent on supply of cells fiwgrstem cell compartment.
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Figure 4 — Possible fates of hematopoietic stem (lB¥%and progenitor cells.The cells, when affected
by various stimuli, may undergo either asymmetricspmmetric self-renewal division, differentiation
(commitment), remain in the GO-state, migrate itite blood as well as succumb to apoptosis or
proliferative senescence [10].

1.3.3 Established interactions between niche and HSCs

As it is indicated above, the essential role of thehe is to keep HSCs in a
quiescent state, to control their self-renewal cillisions so they would precisely
replace the differentiation of HSCs into progenitells and lead to the recovery of their
number after loss due to damage to the hematopdissue. These functions are
ensured by specific interactions between the nar HSCs. Specialized osteoblasts
have been shown to be principal cellular componefhtthe HSC niche in the bone
marrow. Together with other stroma cells (reviewef33]), these osteoblasts produce
factors maintaining stem cells quiescent (angidpoil thrombopoietin), inducing their

proliferation in instances of tissue damage orsstr@Vnt, interferory), control their
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migration and localization in the bone marrow (CXQ) and maintain their vitality
(SCF, thrombopoietin, interleukins). The increageosteoblasts correlates with an
increased number of HSCs [42] and the eliminatibnsteoblasts causes HSCs to exit
the bone marrow and induces extramedullary hemadsiso [43,44]. Also, high
concentrations of extracellular calcium seem toetglart in the stem cell — niche
interactions. Mice with deficient calcium-sensirgceptor in HSCs failed to engraft
[45]. The “osteoblastic niche” harbors multipotéf8Cs with unrestricted self-renewal
capability and is responsible for the lifelong ntaimance of hematopoiesis. When
transplanted and accepted by the niches, HSCs e@aoduce themselves, colonize
available niches and support and maintain hematggofor the rest of the life of the
organism, hence they are designated as Long-Temogréating Cells (LTRCs) in a

rigorous syngenic mouse based transplantation assay

1.3.4 A niche for a single HSC or for several HSCs? An ucible niche?

The number of HSCs is constant in adult bone marmwch is thought to be due
to a limited and fixed number of niches. At steadgte, the majority of HSCs are
probably single cells [13,38] located near the beandace, the endosteum, which is
lined with osteoblasts. The niches for HSCs are naside hematopoietic tissue, as is
indicated by the low numbers of HSCs. The numbdi®€ niches should approach the
total number of HSCs, i.e. 9,000 in the whole oé thematopoietic tissue or
approximately 600 in the femoral bone marrow, ofeamployed in analyses as a
representative unit of total bone marrow. The numloé niches should be even lower if
there was only approximately 1 HSC among 100,00€onacells [46] or if a niche
could harbor more than one HSC. Maloney et almeged that the whole bone marrow
of W/W" mice is compartmentalized into approximately 2,6@n cell regulatory units

[47]. The low and limited number of HSC niches hkaletermines the maximum
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number of HSCs. This is also an important functérihe niches with respect to the
intrinsically unrestricted capacity of HSCs to selfew [4,48-50].

The niche concept includes several assumptionshwaie supported by mostly
indirect evidence. One of the assumptions is thahes determine the maximum
number of HSCs. The evidence for this consistsrelatively constant number of HSCs
throughout the life of the organism, and in no gigant overshoot during regeneration
from damage based on enhanced symmetric self-ragegdll divisions. By inducing
large ectopic bones in otherwise normal mice, isvassible to increase the total
number of progenitor cells CFU-S two- to four-fodl]. This result can also be
regarded as a piece of supporting evidence thanittees determine the number of
early progenitor CFUs. The stimulation of bone fation through the action of the
parathyroid-hormone related peptide also increamedber of HSCs twofold and this
was attributed to an increased number of niche} [Bl3e most slowly proliferating
hematopoietic cells, probably hematopoietic stelts,cerere shown to exist as single
cells [13]. A niche which could accommodate onlsiregle cell could be predetermined
for the asymmetric divisions which provide progenitells for blood cell production
and keep the pool of stem cells constant (Figure 5A

Mice deficient in the Lnk signaling adaptor protdiad approximately ten-fold
increased numbers of HSCs due to their increasdeesewal and compromised
apoptotic machinery [52-54]. This raises the questi whether self-renewing
hematopoietic stem cells could accumulate in tloleni(Figure 5B) or whether self-
renewing stem cells could induce new niches. Régealiso mice overexpressing the
miR-125 regulatory microribonucleic acid have besdtown to have up to 8-fold
increase number of HSCs [55-57]. Lnk-deficient maoed miR-125 overexpressing

mice thus represent a significant challenge to emurrthinking on niche - HSCs
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relationships and, in future may lead to new anelpde understanding of the niche —

HSC interactions.

B

progenitor

/) \
[EiENENE
P

A

Figure 5 — Hematopoietic stem cell — niche unit. A~ Niche harboring a single stem cell favoring
asymmetric division due to extrinsic and eventuailyinsic (unequal distribution of transcriptioactors
and other cellular components) factds- Niche containing a group of HSCs and eventyaibgenitors

[10].
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1.4 Availability of hematopoietic stem cell niches for
transplanted stem cells

Hematopoietic stem cell transplantation is a pracedwhen intravenously
administered HSCs restore hematopoiesis aftentiseeor partial destruction by radio-
or chemotherapy-based conditioning. All interacsidoetween HSCs, progenitor cells,
and their niches are temporarily interrupted todestablished in the host hematopoietic
tissue. Without conditioning, transplantation magult in a low level of chimerism
[58]. The ratio can be ameliorated by conditionihg recipients with treatments which
result in the cytoreduction of the host hematopsiddeally, the conditioning treatment
should deprive stem cell niches of HSCs while prasg the niches functionally intact.
Preferably, progenitor and blood precursor cellgusth also be spared to avoid bone
marrow aplasia and transient pancytopenia in tlo®dl No such ideal conditioning
treatment has been developed to these date. Adkaively little is known regarding
damage done to stem and progenitor cells and thelres by different conditioning

treatments.

1.4.1 Homing and engraftment of donor HSCs introduced ind circulation

After intravenous application of hematopoietic steells into the circulation they
locate and identify the bone marrow and overconee éhdothelial barrier of bone
marrow sinusoids. This procedure requires actiwegasion, a process termdémming.
Homing is the first and essential step in clinicad experimental stem cell
transplantation. It is a rapid process, transpthmgls home to femoral bone marrow
within minutes after intravenous injection [37]. iHimg is thought to be a coordinated,
multistep process, which involves signaling chermaation by stromal-derived factor 1

(SDF-1; CXCL12 chemokine) and stem cell factor (jGletivation of the lymphocyte
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function-associated antigen 1 (LFA-1), very latetigen 4 (VLA-4) and CD44
cytoskeleton rearrangement, membrane type 1 (MTdtyjinmetalloproteinase (MMP)
activation and secretion of MMP2/9. SCF is the piicbf the murine Sl locus. It can
be produced in both membrane-bound and solublesfamd is a ligand for the receptor
encoded by the c-kit protooncogene, a member ofyihe 11l receptor tyrosine kinase
family. The membrane-bound form of SCF stimulatesd@dherence of stem cells to the

stroma.
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Figure 6 — Schematic view of the homing of donor HSs into niches (see text) [10].

Rolling and firm adhesion of progenitors to endb#iecells in small marrow
sinusoids under blood flow is followed by trans-etm#lial migration across the
physical endothelium/extracellular matrix (ECM) tar. HSCs synthesize and express

the glycosaminoglycan hyaluronic acid (HA), whosesence on HSCs is critical for
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their transmarrow migration to the endosteal regifier transplantation [59]. HA is the
first molecule identified to have a significant iagb on the lodgment of engrafting
HSCs. Stem cells finalize their homing by selectaccess and anchorage to their
specialized niches in the extravascular spaceeoétidosteum region and in periarterial
sites [60]. Askenasy et al., using in vivo trackioigHSCs, observed that successful
homing and lodgment occur when several cells adtweferm a primary cluster in the
subendosteal areas of the femoral epiphysis, dlmsbe endosteal surface [61]. The
clustering pattern of donor cells and formatioreafly clusters was observed not only
in recipients conditioned by radio or chemothergpysulfan), but also in non-
conditioned recipients. The location of the clustier the epiphysis and the size of the
early clusters are independent of the number obdoells.

Many cell types, including long-term repopulating@ls, short-term repopulating
progenitors as well as some specialized maturs calh home to the bone marrow, but

only HSCs initiate long-term repopulation.

1.4.2 Pre-transplantation conditioning regimes

As mentioned above, without conditioning, engraftinef transplanted cells is
limited. The aim of the pre-transplantation corafititreatment is to eradicate the
disease and concurrently to create “space” forspamted cells. Myeloablative pre-
transplantation conditioning regime, which includégh doses of cytostatics combined
with total body irradiation (TBI), suppress recipis hematopoiesis as well as his
immune response against transplanted cells. Orotiher hand it is very toxic for
several tissues (GIT, liver, heart). This led topiementation of submyeloablative
(sublethal) pre-transplantation conditioning regmé¢RIC — Reduced Intensity
Conditioning). The aim of RIC is establishment ohdr hematopoiesis under reduced

exposure of recipient to potentially toxic dosegadfiation or chemotherapy. Result of

29



Introduction

RIC is a chimera, which is characterized by coexisé of donor and recipient’s
hematopoiesis.

Conventional way of pre-transplantation conditignimcludes use of cytostatic
drugs or TBI or combination of both. There are somae, less toxic regimens, which
utilizes targeting of surface structures charastierior HSCs. For example blocking of
c-kit by specific c-kit blocking antibody [62,63]r osunitinib [64] enhance the
engraftment of transplanted HSCs. The CXCR4 recepthich is present on the
surface of HSCs and is crucial for their maintemaacd homing to their niches, could
be also targeted. AMD3100 (Plerixafor), a CXCR4emor antagonist, increases niche
availability through the mobilization of the rea@pit’s residual stem cells and enhances
donor engraftment [65].

Cytostatic drugs target proliferating cells and nraguce significant hypoplasia of
the hematopoietic tissue. As most of the HSCs ardeis normal circumstances
quiescent, usually repeated administration of ¢gtasdrug is required.

lonizing irradiation appears to be the most effextin “emptying” niches for
transplanted HSCs. High doses of irradiation, whiahe lethal without the
transplantation of donor HSCs, result in conversibrthe hematopoiesis to purely of
donor type due to absolute elimination of the 8tSCs. Lower doses of irradiation
result in a partial chimerism, the degree of whishquantitatively related to the
radiation dose [31,66]. The efficiency with whiclonizing radiation increases
engraftment of donor HSCs is the major argumentifemecessity of creating space for

donor HSCs by emptying niches.

1.4.2.1 Effect of irradiation on HSCs and their niche

Irradiation damages cells by inducing double strBNA breaks and causing other

damage mediated predominantly by reactive oxygecisp (ROS) which also damage
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other cellular components by causing lipid perotiates and protein alkylation.
Generally, proliferating cells are more sensitivegddiation-induced damage compared
to differentiated, functionally specialized and fmwoliferating cells. Consequently the
small intestinal epithelium, hematopoietic tissued ahe epidermis of the skin are
among the most sensitive tissues. Exceptions ® rllie are non-proliferating b
lymphocytes which are highly sensitive [67]. Depegdon the extent of damage, the
outcome for an affected cell can be full recovergllular senescence or death. All
hematopoietic cells, including proliferatively gseent (G) stem cells, are highly
sensitive to radiation damage.

The irradiation of mouse hematopoietic tissue witises from 1 to 10 Gy causes a
transient or permanent bone marrow hypoplasia, riépg on the dose. The minimum
bone marrow cellularity is reached approximateliip@rs after submyeloablative doses
[68]. The hematopoietic stroma, including its chkiupart, is more resistant to
irradiation. However, it is also subject to damagel the bone marrow undergoes
extensive remodeling following irradiation [40]. \&eal authors demonstrated
significant damage to sinusoidal endothelial cellsd to the circulation [38,69].
Dominici et al. demonstrated damage to the oststdblam myeloablatively irradiated
mice followed by their rapid regeneration [70]. Althe trabecular bone, a predominant
location to which transplanted HSCs home and enhgisf damaged even by
submyeloablative irradiation [71]. Surprisinglyjstdoes not seem to compromise the
homing and engraftment of transplanted HSCs, wisi¢tighly efficient [31,72].

There is persuasive evidence that the intracellsignaling initiated by up-
regulation of the p53 protein has a dominant ralehie death of HSCs in irradiated
hematopoietic tissue. p53 is up-regulated by DNAage shortly after irradiation. Of

the several p53 target genes, the one for the BiBqmotein Puma (p53 up-regulated
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modifier of apoptosis) is critical. Similarly to o& lacking functionalTrp-53 genes
coding the p53 protein, mice lacking functional genfor Puma are increasingly
resistant to the irradiation-induced hematologitsdue failure [73,74]. On the other
hand, the hematopoietic tissue of mice lackingglee forMdmz2 coding an inhibitor
of p53 and thus increasing p53 signaling, as welbfathe mice lacking the ger&ug
coding inhibitor of Puma, are more sensitive tadration. Marusyk et al. observed no
significant loss of phenotypic HSCs within 48 hiwadiation, but a functional assay
indicated significantly reduced numbers of them|[T2ue to a low proliferation rate,
HSCs can physically remain in their niches afteadration before they succumb to
apoptosis. Submyeloablative doses of irradiaticshuéed apoptosis in bone marrow
cells after several hours and apoptotic cells yweesent up to four days after irradiation

[76].
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Aim of the study

2 AIM OF THE STUDY

m to examine whether the damage to the hematopdissae resulting from
progressive doses of irradiation negatively inflcesy engraftment of

intravenously transplanted stem cells

m to study engraftment of transplanted hematopoistem cells relative to

regeneration of the hematopoietic tissue derivethfsurviving or transplanted

HSCs
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3 MATERIALS AND METHODS

3.1 Materials

Chemicals

7-AAD (7-aminoactomycin D)ED Pharmingen, USA

Ammonium chloride (NHCI) (IPL, Czech Republjc

Bovine serum albumin — Fraction V, bovine serunualim — Fraction V, biotin free
(Carl Roth GmbHi

BrdU (5-bromo-2"-deoxyuridineBD Pharmingen, San Jose, LA

BrdU flow kit (BD Pharmingen, San Jose, LA

Disodium phosphate (MAPO,.12H,0) (IPL, Czech Republ)c

EDTA (ethylendiaminetetraacetic acid, disodium:sdittydrate; GoH14N2OgNap.2H,0)
(Sigma-Aldrich, USA

Halothane ospira INC., USA

Heparin Zentiva, Czech Repubjic

Hoechst 33342Honeywell Riedel-de Haén, Germany

Iscove’s Modified Dulbecco’s Medium with HEPES arldglutamine {[onza,
Switzerlangl

Monosodium phosphate (NaPiO,.2H,0) (IPL, Czech Republjc

Sodium chloride (NaCl)IPL, Czech Rebubl)c

Tirck solution Penta, Czech Republic

Cystostatic and immunosuppressive drugs
Endoxan (Cyclophosphamidum monohydriciBaxter Oncology GmbH, Germagny

Dexamed (Dexamethasoni phosphdedochemie, Cyprjis
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Antibodies

Chimerism analysis:

FITC-conjugated anti-mouse CD458Bi¢Legend, USA

PE-conjugated anti-mouse CD45BdLegend, USA

“LSK SLAM” panel:

APC conjugated anti-mouse Ly-6A/E (Sca-B)alLegend, USA
APC/H7-conjugated anti-mouse CD117 (c-kBjdLegend, USA
FITC-conjugated anti-mouse CD4Bi¢Legend, USA

Lineage biotin-antibody cocktaiMiltenyi Biotec GmbH, Germaiy
PE-conjugated anti-mouse CD1®lidLegend, USA

PE/Cy7-conjugated streptavidiBipLegend, USA

“Cell cycle” panel:

7-AAD (DNA labeling) BD Pharmingen, USA

Alexa Fluor 700-conjugated anti-mouse CDB8{egend, USA

APC-conjugated anti-BrdlUBD Pharmingen, USA

Brilliant Violet 421 (BV421)-conjugated anti-mou€®117 (c-kit) BioLegend, USA
FITC-conjugated lineage antibody cockt@idLegend, USA

PE-conjugated anti-mouse CD1HldlLegend, USA

PE/Cy7-conjugated anti-mouse Ly-6A/E (ScaBiplegend, USA
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“Subpopulations” panel:

Alexa Fluor 700-conjugated anti-mouse CD45R/BRidl(egend, USA
APC-conjugated anti-mouse CD11b (MacRjolLegend, USA
APC-conjugated anti-mouse Ly-6G/Ly6C (Gr-BidLegend, USA

PerCP-conjugated anti-mouse TER119/erythroid ¢BilsLegend, USA

Buffers

Phosphate buffered saline (PBS): 16 mmof/diaHPO,.12H,0, 4 mmol/dm
NaH,PQO;.2H,0, 0.15 mol/dm NaCl, pH 7.4

Ammonium chloride lysis solution: 0.15 mol/dm3 NH4G.1 mmol/dni EDTA, 0.032

mol/dnT NaCl

3.2 Instruments

Analytical balance AB 104, Mettler Toledo, CzeclpRelic

Auto Hematology Analyzer BC-5300 Vet, Mindray, Cain

Automatic micropipettes, Eppendorf, Germany

Cellometer AUTO T4, Nexcelom Bioscience, USA

Centrifuge 5804R, Eppendorf, Germany

CO2 incubator, IGO 150 Cell life, Jouan GmbH, Gemgna

Flow box, Holten LaminAir, Model 1.2, Thermo-Scigiatinc., USA

Flow cytometers: BD FACS Aria llu equipped with Usser, BD FACS Canto I,
Becton Dickinson, USA

Source of ionizing radiation: 60Co Chisobalt, ChaaCzech Republic

Orbital incubator SI50, Stuart Scientific, UK
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Vortex mixer, Velp Scientifica, Italy

Water bath, Heto lab equipment, Denmark

3.3 Animals

C57BL/6NCrl mice (CD45.2) and congenic B6.SJL-PaépRepcb/BoyJ (CD45.1)
were bred in the specific pathogen-free facility thle Center of Experimental
Biomodels, First Faculty of Medicine, Charles Umsity in Prague, maintained in a
clean conventional part of the facility during #aeperiments with a light-dark cycle of
12 hours, and fed ad libitum. Three- to six-monigh+mice, 20 — 25 g of body weight
were used in the experiments. All experiments vap@oved by the Laboratory Animal
Care and Use Committee of the First Faculty of e, Charles University in Prague
and were performed in accordance with national amdrnational guidelines for

laboratory animal care.

3.4 Total body irradiation (TBI)

Before bone marrow transplantation, recipient mi@re irradiated with various
doses of ionizing radiation. Total body irradiatioh~0.58 Gy/min from &°Co source
from a distance of 123.5 cm was used. Doses of Gy-and 9 Gy were used for the

sublethal and the lethal irradiation, respectively.

3.5 Peripheral blood collection for complete blood coun
analysis with differential of white blood cells

Blood samples for complete blood count were cad@édrom retroorbital venous

plexus of anesthetized mice using microhematocapillaries (Keraglass, Czech
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Republic) containingl@L of EDTA. The samples were analyzed on Auto Hetogtp

Analyzer BC-5300 Vet (Mindray, China).

3.6 Harvesting of bone marrow cells

Bone marrow cells (BMCs) were collected from thenfes of mice sacrificed by
cervical dislocation. Femurs were removed fromlibdy, carefully cleaned of muscles,
and repeatedly flushed with 1-milliliter insulinrgyge (21G needle) into 1 ml PBS
supplemented with 0.5% BSA (PBS-BSA). A single selspension was created with
25G needle. The cells were counted with CellomatdTO T4, using Turck solution
for white blood cell count. The average cellulamtythe bone marrow obtained from
one femur was 29.2 + 4.6 (n=51) in normal male naicd 29.8 + 4.4 (n=20) in normal

female mice.

3.7 Bone marrow transplantation (BMT)

Ly5.1/Ly5.2 congenic experimental model was usettansplantation experiments.
C57BL/6 Ly5.1 and C57BL/6 Ly5.2 are two inbred mewsdrains which differ in the
surface antigen CD45 (Leukocyte Common Antigenpfdsns CD45.1 (Ly5.1) and
CD45.2 (Ly5.2) are functionally identical but digjuishable by flow cytometry using
monoclonal antibodies. Because CD45 is expressall lmyicleated cells, Ly5.1/Ly5.2
ratio in peripheral blood reflects the percentagetransplanted HSCs which have
engrafted to recipient’s bone marrow (chimerisndaor cells).

BMCs were administered intravenously into the matodal venous plexus (see

Figure 7) in a volume of 0.5 ml PBS-BSA. At ledstele mice were used per group.
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Figure 7 — Transplantation into the retroorbital venous plexus in mouse

(image fromhttp://www.iacuc.ucsf.edu/policies/awspretroorhitgdction.asp.

After sublethal irradiation (1-7 Gy), a standardse@af BMCs corresponding to a
half of the femur (approximatelylx1BMCs; ~3.5% of total bone marrow of the
mouse) was transplanted in most of the experiments.

After lethal irradiation (9 Gy) the mice receivethmediately a syngenic rescue
transplant defined as a fraction of the femur. Agaplfractions of the femur and

corresponding amount of BMCs in each fraction &g in Table 1.

fraction of the Approximate number  Approximate %
femur of BMCs of total BMCs
0.035
1/200 of femur 10BMCs
1/100 of femur 2.10BMCs 0.07
1/10 of femur 2 1DBMCs 0.7
15 of femur 10.16BMCs 35
1 femur 20.16BMCs !
14
2 femurs 40.19BMCs

Table 1 —Transplanted fractions of the femoral bonenarrow.
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The following transplantation experiments were peried:

- congenic transplantation into sublethally irradiated mice:

* normal non-irradiated BMCs were transplanted intmgenic recipients
irradiated with progressive sublethal doses ofliation (0 — 7 Gy)

* normal non-irradiated BMCs, as well as BMCs fromrmais irradiated with
progressive sublethal doses of irradiation (1 —yJ £t hours before bone
marrow collection were transplanted into sublethgb Gy) irradiated

congenic recipients

1/2 of
a femur

donor of BMCs IRR recipient

Figure 8 — Congenic transplantation into sublethalf irradiated mice to determine a proportion of

surviving hematopoietic stem (LTRCs) and progenitor(STRCs) cells.BMCs from one-halfof the

congenic femur from normal non-irradiated donors wr@nsplanted into non-irradiated or sublethally

irradiated (1-7 Gy) recipientAj. BMCs from one-half of the congenic femur fromnricradiated or

sublethally irradiated (1-7 Gy) donors was transfgd into sublethally (5 Gy) irradiated recipie(&3.
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- delayed transplantation after sublethal irradiation

* normal non-irradiated BMCs were transplanted intoG§ irradiated

congenic recipients with a delay from 0 to 30 days

a delay from 0
to 30 days

IRR recipient donor of BMCs

Figure 9 — Delayed transplantation after sublethalrradiation to determine “space” available for
transplanted stem (LTRCs) and progenitor (STRCs) dés in the recipient’'s hematopoietic tissue.
Sublethally irradiated (6 Gy) recipients were trglasted with a delay from 0 to 30 days with congeni
BMCs from one-half of the femur.

- delayed transplantation after lethal irradiation and rescue syngenic

transplantation

» normal non-irradiated BMCs were transplanted wittietay from O to 180
days into 9 Gy irradiated congenic recipients, Whieceived a syngenic
rescue transplant of various size

* normal non-irradiated congenic BMCs were transgidntith a delay 20 or
30 days into lethally irradiated recipients, whrelceived a rescue transplant

from syngenic donors regenerating 30 or 60 days ff@1 by 6 Gy

é 9 Gy+a rescue syngenic transplant

a delay from 0 1/2 of a femur /\

to 180 days or 2 femurs

IRR recipient donor of BMCs

Figure 10 — Delayed transplantation after lethal iradiation to determine “space” available for
transplanted stem (LTRCs) and progenitor (STRCs) dés in the recipient’'s hematopoietic tissue.
Lethally (9 Gy) irradiated recipients were immedlgttransplanted with a rescue syngenic transplant
according to Table 1 and subsequently transplanttida delay from 0 to 180 days with congenic BMCs
from a half of the femur or two femurs.
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- co-transplantation (competitive transplantation) ofregenerating BMCs with

normal congenic BMCs into lethally irradiated recipients

 BMCs regenerating from TBI by 6 Gy were co-transpdd with normal

non-irradiated BMCs into lethally irradiated re@pts in 1:1 or 10:1 ratio

1/2 or 1/20 of
a femur

donor of
non-IRR BMCs

donor of BMCs
regenerating from
sublethal TBI

Figure 11 — Co-transplantation of regenerating BMCswith normal congenic BMCs into lethally
irradiated recipients. BMCs from congenic donors regenerating from subletfradiation was co-
transplanted with BMCs from normal non-irradiateshdr in 1:1 or 10:1 ratio into lethally irradiated
recipients.

The concrete transplantation setting of each empani is described in detail in the
appropriate results section. As the CD45.1/CD45&esn is interchangeable, the
donors/recipients were chosen according to theahstatus in the animal facility, i.e.

do not strictly correspond with illustrations abamesvery single experiment.
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3.8 Flow cytometry

3.8.1 Determination of chimerism in peripheral blood andbone marrow

A sample of peripheral blood was taken from theoagbital venous plexus using
heparinized capillary tubes from one to six mordfier transplantation to distinguish
the chimerism arising from the short-term repopuatatells (STRCs — chimerism level
determined in blood after 1 month) and long-ternpopilating cells (LTRCs —
chimerism level determined in blood or bone maredter 3 and more months). Briefly,
50 pL blood samples were added to 3 mL ammoniuraricld lysing buffer (0.1
NH4CI, 0.035 M NaCl, and 0.1 mM EDTA) and agitated@atC for 15 minutes to lyse
the red blood cells, then washed twice with PBS-B&&Suspended in 100 pL PBS-
BSA, and stained with PE—conjugated anti-CD45.1 BAWC-conjugated anti-CD45.2
antibodies - 0.5uL of each antibody per sample - for 30 minutes @ in the dark.
Bone marrow cells were collected from the femursnote sacrificed by cervical
dislocation. Twenty pL of the cell suspension wddeal to 3 mL of PBS-BSA and
centrifuged (4 °C, 400g, 6 min). After removing thgernatant, the cells were stained
as described above. After washing with PBS-BSA, gamwere analyzed by flow
cytometry. A gating for CD457and CD45.2 cells was performed. CD45/CD45.2

artificial doublets, if present, were omitted frohe analysis.

3.8.2 Analysis of primitive cell populations of bone marow
Staining for Lif®"Sca-Ic-kit" and SLAM markers (CD150 a@D48) according to
Kiel et al. [6] together with detection of LSK sig@pulation (LSK SP) according to
Goodell et al. [8] were used to identify the masinitive cells within the bone marrow.
BMCs isolated from the femurs of irradiated or cohtmice were counted and

stained with Hoechst 33342 and fluorescein-labetexhoclonal antibodies. Briefly,
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BMCs in an amount corresponding to one femur wabeled in a preheated IMDM
medium (16 cells per 1 mL of the medium) witlu&/mL Hoechst 33342 dye at 37°C
for 90 min. Cells were then washed with PBS-BSA atadned with a mouse lineage
biotin-antibody cocktail (3iL per sample), APC-conjugated anti-mouse Ly-6A/Ea(S

1) antibody, APC/H7-conjugated anti-mouse CD11ki(c-antibody, PE-conjugated
anti-mouse CD150 antibody, FITC-conjugated anti-seeoCD48 antibody (L of
each antibody per sample) for 30 min on ice indak. Cells were washed with PBS-
BSA and secondary staining withuR streptavidin PE/Cy7 per sample was performed.
After washing with PBS-BSA, cells were resuspended00 uL of PBS-BSA and
analyzed by flow cytometry. Doublets and debrisemvdiscriminated and the LSK/SP

and LSK/SLAM populations were gated (SupplemenEagyre 1).

3.8.3 Analysis of precursors of blood cells in bone marn

For detecting and quantifying precursors of bloetlscin the marrow, 30QL of a
bone marrow cell suspension, containing approxilpai& million cells, was incubated
with Alexa Fluor 700-conjugated anti-mouse CD45RI82antibody, APC-conjugated
anti-mouse Ly-6G/Ly-6C (Gr-1) antibody, APC-conjtemhanti-mouse CD11b (Mac-1)
antibody, PerCP-conjugated anti-mouse TER-119/avidltells antibody (1L of each
antibody per sample) on ice for 30 min in the d#&ker washing with PBS-BSA, the
samples were resuspended in 300 of PBS-BSA and analyzed for particular

subpopulations.

3.8.4 Cell cycle analysis

BrdU staining for cell cycle analysis was perfornaadording to the BrdU flow kit
staining protocol. Briefly, mice recovering varioisies from sublethal irradiation by 6

Gy as well as non-irradiated controls were injeated with 1.5 mg/mouse of BrdU.
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One hour later, BMCs were isolated from the femudanors sacrificed by cervical
dislocation. 5.1 of cells were incubated with FITC-conjugated ligeaantibody
cocktail (2.5ulL/sample), PE/Cy7-conjugated anti-mouse Ly-6A/Ea(3y, Brilliant
Violet 421 (BV421)-conjugated anti-mouse CD117 {g;kAlexa Fluor 700-conjugated
anti-mouse CD48, PE-conjugated anti-mouse CD15Qul(lof each antibody per
sample) for 15 min on ice in the dark. Cells wérentwashed, fixed, permeabilized and
subsequently treated with DNase. Then, the sanwées incubated with jil/sample
APC-conjugated anti-BrdU for 20 min at room temper in the dark. Finally, 20
uL/sample 7-AAD was added, samples were filterediggno70um filter and analyzed
by flow cytometry (FACS Canto, BD Biosciences, Sase, CA). Gating strategy used

for identifying of populations of our interest is@vn in Supplementary Figure 2.

3.9 Statistical analysis

Statistical analysis was performed with GraphPadniPrsoftware (GraphPad
Software, San Diego, USA, www.graphpad.com). Data @esented as the mean *
standard error of the mean (SEM). One-way ANOVAngsDunnett’s post test was
used to compare each group to the control. P vau®85 were considered statistically
significant(* P < 0.05, **P < 0.01, **P < 0.005). The log (inhibitor) vs. response
curve - variable slope (four parameters) calcutatising a least squares fit was used for
the nonlinear regression of radiation dose-deperel€eata. A least square fit was also

used to compare the conformity of the experimemotéhe calculated data.
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4 RESULTS

4.1 Efficiency of engraftment of transplanted donor cdk

To establish engraftment efficiency of transplandedor progenitors (STRCs) and
HSCs (LTRCs), we first determined the fraction b€ tcells which survived after
different doses of irradiation in host mice. Thevstng host progenitors and HSCs
compete with the transplanted donor progenitors ld8&€s which is reflected in the
level of blood cell chimerism in peripheral blooddabone marrow. Knowledge of the
ratio of competing donor and host cells enablesutation of the expected chimerism

for different levels of the efficiency of engraftnteof transplanted donor cells.

4.1.1 Survival of STRCs and LTRCs in sublethally irradiated mice

To determine the fraction of host repopulating salrviving different doses of
irradiation, groups of three mice CD45.1 were imaget with 0.5, 1, 2, 3,4, 5, 6, and 7
Gy. The control group was not irradiated. BMCs wedlected 22 hours after
irradiation and transplanted in an amount corredpan to half of a femur into
sublethally (5 Gy) irradiated congenic CD45.2 remmps. Donor chimerism was
determined in peripheral blood (PB) 1 (STRCs), 8 &hmonths (LTRCs) after the
transplantation; after 6 months the chimerism was determined in the bone marrow
(BM) (Figure 12A; the results obtained after 3 nimnére not shown, as they are similar
to those after six months). To estimate the sungviractions of STRCs and LTRCs
after irradiation with various doses, engraftmehtttee marrow from non-irradiated
donors (0 group) was taken to be 100% (donor chameb4.7% for STRCs and 73.3%
for LTRCs). Hence, the chimerism values presemeéigure 12A were corrected by a

factor of 1.828 (100 %/54.7 %) for STRCs and 1.8820 %/73.4 %) for LTRCs. A
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least square fit was used for the nonlinear regress the radiation dose — chimerism
dependence data. The obtained curves were then tasedtimate the proportional
survival of STRCs and LTRCs after various dosesratliation (Figure 12B). Survival

of STRCs and LTRCs was negatively proportional togpessive doses of irradiation

and confirmed higher radiosensitivity of STRCs,exsally after lower doses.
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Figure 12 - Survival of STRCs and LTRCs after irradation with various doses.(A) experimental
data, (B) derivation of the proportional survivatimates. Data are presented as mean + SEM (n=3).
Regression analysis: nonlinear regression usingateg(inhibitor) vs. response curve - variable glop
(four parameters) calculation.
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4.1.2 Calculation of expected chimerism after a standardiose of donor cells

The expected (theoretical) engraftment of trangpthnSTRCs and LTRCs
administered in a standard dose correspondinds®b 8f their total pool in normal non-
irradiated bone marrow (one half of the femur) anthpeting with a surviving fraction
of the host’s cells was calculated from Figure 1BB different doses of irradiation

using the formula:

. %D
%D, = x 100
%D, + %H.

where %Ry is the theoretical engraftment of transplantedodocells, %L is the
percentage of the donor repopulating cells adnarest and %H is the percentage of
the host repopulating cells which survive irradiati

Since two independent measurements of donor clsmederived from LTRCs
were available in each experiment, one in the perigl blood and the second in the
bone marrow, a mean value from both survival esesavas used in the calculations
(Figure 13). The calculations assumed efficienasésdonor STRCs and LTRCs

engraftment ranging from 100% to 20% (see SuppléangiTable 1).
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? 100

100
surviving host

LTRCs* (%)

Surviving host 1.5

STRCs (%) 0.2 0.02

0.02 groups of 3-5

hosts

3.5% of donor
STRCs & LTRCs

Figure 13 - Schematic representation of experimentdor determining dependence of donor
chimerism on submyeloablative conditioning irradiaton of host congenic mice.
* Average from estimates derived from chimerismed@ined in blood and bone marrow (see Figure 1B)

4.1.3 Experimental chimerism after a standard dose of door cells

Four separate experiments in which marrow cellsnfrane-half of the femur of
normal donors were intravenously injected into @mg progressively irradiated (0 — 7
Gy) mice were performed (Figure 14). The donor @riem was determined after 1
month (STRCs) and after 4 or 6 months (LTRCs).h&ténd of the experiments, either
after 4 months or after 6 months, donor chimerisias vdetermined both in the
peripheral blood and in the bone marrow. There ara$s-shape relationship between

the dose of irradiation and the engraftment of daedis.
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Figure 14 -Donor chimerism determined after 1 month (STRCgédripheral blood (PB) and after either
4 (A,B) or 6 (C,D) months (LTRCs) in peripheral btb and bone marrow (BM) in progressively
irradiated recipients transplanted with a standese of normal bone marrow cells. Data are predeage

mean + SEM (n=3). Regression analysis: nonlinegiression using the log (inhibitor) vs. responseveur
- variable slope (four parameters) calculation.

4.1.4 Comparison of experimental and theoretically calcudted engraftment
results

The results of the four separate experiments pteden Figure 14 were pooled,
nonlinear regression curves were plotted through pooled data and they were

compared to the curves similarly derived from tlaécalated estimates presented in
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Supplementary Table 1 (Figure 15A). The consensesvden the experimental
chimerism values and the theoretical calculatedeslvas also evaluated by summing
of the squared differences between the two valeesvarious assumed efficiency
engraftment levels. The best fit between the expamnial and theoretical data was for
the calculations assuming 100% engraftment effayd®upplementary Table 1).

We further established how the fit between the grpental and the calculated data
assuming 100% efficiency would be affected by theation in the fraction of bone
marrow cells contained in one-half of the femurisTivas assumed to be 3.5% of the
total marrow in all previous calculations. We c#dted a theoretical donor chimerism
assuming a 100% engraftment efficiency of trandptalonor STRCs and LTRCs, but
with their content in one-half of the femur beimgthe range from 2.5 to 4.5% of their
total marrow number (Supplementary Table 2). Thiiokd data were plotted against
the curves and these were presented in Figure tbg®ther with the chimerism data

from real experiments.
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Figure 15 -Pooled results from the four separate experimemgsented in Figure 14 (empty circles and
solid curve) were plotted against (A) curves shapwtime theoretically expected chimerism correspandin
to 100-80-60-40-20% engraftment efficiency derifredn calculated data presented in Supplementary
Table 1 (dashed curves); (B) curves showing therdiially expected chimerism corresponding to 100%
engraftment efficiency and the bone marrow froma#f femur representing from 2.5 to 4.5% of total
marrow cells (dashed curved).

4.1.5 Calculated (theoretical) and experimental chimerismafter different doses
of donor cells

Additional experiments used progressively irradlatecipients as in previous
experiments but transplanted with a different foactof normal congenic marrow
ranging from 14.0% to 0.9% of its total murine ot The results of the two
experiments were pooled and are presented in Tabl&here was a significant
correlation between experimental and calculateddohimerism levels which assumed

a 100% engraftment efficiency.
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Recipient irradiation (Gy)

Estimated fraction of STRCs survived (%)

1Gy 2 Gy 3 Gy 4 Gy 5 Gy 6 Gy
5206 | 26% | 13% | 6% | 15%| 0.20%
- O 2f -
S & |1 00| D9 | (928 | (5244 | (077 | - i
S o __ ~
2 58 7180% .| @1)21 | (35)26 | (54)58 | (82)88 | -
c g'c: . -
% g %‘_%f% .| (12)16 | (21)19* | (37)44* | (70)78* | (95)92*
S $§|ozd- 23)49 | (54)64* | (90)84*
n 25| 1.75% ) - - (23) (54) (90)
— T =
) e
S E |0.125f-
A vy i i .| (38)64 | (82)80*

Table 2 — Calculated and experimentally determineddonor chimerism after transplantation of
various fractions of marrow from normal donors to progressively irradiated recipients. Groups of
five mice, either CD45.2 or CD45.1, were irradiateith doses of 1 to 6 Gy. Two hours later, the mice
were injected with congenic marrow in an amoungiag from the equivalent of 0.125 to 2 femurs. The
calculated (theoretical) donor chimerism leaumbers in italics and parenthesesps calculated
assuming a 100% engraftment efficiency of donor G3RThe experimental chimerismumbers in
bold) was determined 5 weeks after transplantation @ripperal blood. The correlation coefficient
between the calculated and the experimental valass = 0.9227 (p<0.0001).

*indicates a mean from two experiments that usgubeimg combinations of CD45.1 and CD45.2 mice as
donors and recipients, the remaining data are &@imgle experiment.

4.1.6 Immunosuppressive treatment to reduce immune dispay in the

CDA45.1/CD45.2 experimental system

Because the expected and calculated chimerism saleeiated in recipient mice
irradiated with radiation doses lower then 3 Gy,iowhsuggested only a partial
utilization of donor repopulating cells, the pod#\p of partial immune intolerance in
the congenic mice (CD45.1, CD45.2) which had baejgssted by van Os et al. [77]
and by results of Tomita et al. [78] was tested. #pplied an immunosuppressive
treatment to normal (non-irradiated) mice, recipsesf a standard dose of intravenously

transplanted donor congenic bone marrow cells.
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Groups of 3 CD45.2 non-irradiated recipients weangplanted with congenic
donor cells in an amount corresponding to eithdir dfaa femur or two femurs. Mice
were then i.p. injected with 350 mg/kg cyclophospli®e immediately or 24 hours after
transplantation. Other groups of transplanted rentp were given 1 mg/100 ml or 2
mg/100 ml Dexamed in drinking water. Non-treateah$planted mice were used as
controls. Donor engraftment determined 14 days lhmdonth after transplantation is

shown in Table 3.

donor engraftment
transczllinted experimental expected
14d 30d
0.5f - 0.13+0.03 3.4
A | without suppression
2f 0.71+0.21] 0.49+0.18 12.3
0.5f 1.71+£0.24) 1.21 +0.23 3.4
CY (immediately)
2f 5.46 £0.92| 4.28+0.71 12.3
B
0.5f 1.24£0.42] 1.23+0.18 3.4
CY (24h)
2f 5.31+0.57| 4.47 £0.42 12.3
Dexamed 0.5f - - 3.4
(1mg/100mb) 2f 8.20 £+ 0.97| 5.80 +2.13 12.3
C
0.5f 2.05+0.11] 1.53+0.3§ 3.4
Dexamed
(2mg/100mi) 2f 7.10+0.81| 6.46 +2.15 12.3

Table 3 — Effect of immunosuppressive treatment onormal recipients of congenic bone marrow.
Non-irradiated recipients were transplanted witimgamic donor cells in an amount corresponding to
either one-half of the femur or two femuws)( The immunosuppressed mice were then treated (®jth
350 mg/kg cyclophosphamide immediately or 24 haftsr transplantation;Q) Dexamed in dose of 1
mg/100 ml or 2 mg/100 ml of drinking water, respeslly. Data are presented as mean + SEM. (n=3) The

theoretical donor chimerism levels for 100% engneftt efficiency are also indicated
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4.1.7 Stability of established chimeric hematopoiesis

Quantitative comparison of donor and host hemaggi®in chimeric mice assumes
that the donor and the host repopulating cells (§§B&nd LTRCs) contribute equally to
productive hematopoiesis, i.e. that one does netamwnpete (overgrow) the other.

Values from these and other experiments (in tolaln@lependent experiments) in
which a partial chimerism was induced in submyedimakely irradiated mice by
injecting congenic donor bone marrow cells frommalr donors were used to evaluate
the stability of engraftment during a three-monghi@d. The results presented in Table
4 indicate an equal fitness of the competing darat the host LTRCs in generating

nucleated blood cells during the three-month period

Donor chimerism Donor chimerism )
TBI 3M 6M Ratio 3M/6M n
4 Gy 58.2 +10.281 52.70 £ 9.780 1.13+0.113 n=>5
5 Gy 87.20+6.872 85.53 + 8.583 1.02 + 0.030 n=3
6 Gy 89.48 +1.488 88.35+1.964 1.02 +0.014 B=1

Table 4 - Chimerism stability between 3 (3M) and §6M) months after transplantation. Recipient
mice, either CD45.2 or CD45.1, were irradiated vétsublethal dose of ionizing radiation (4 to 6 Gy)
and were transplanted with congenic donor cellssfiyavith an aliquot containing BMCs from a half
femur). Donor chimerism was determined in periphel@od after 3 and 6 months.
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4.2 Restoration of pools of hematopoietic stem cells taf

bone marrow damage induced by sublethal irradiation

The hematopoietic tissue is one of the tissuestwaie very sensitive to damage by
ionizing radiation. HSCs and progenitors of bloallscare increasingly destroyed by
progressive doses of irradiation. The damage elét none of the HSCs survive since
only HSCs possess the capacity to restore wholeatugoiesis and maintain it
permanently. HSCs restore damaged hematopoiesiswiighing from proliferative
quiescence to active proliferation and by switchigween self-renewing asymmetric
and self-renewing symmetric cell divisions. Thesadamental processes in the stem
cell biology and functioning are difficult to studhecause HSCs are very rare cells after
the irradiation induced damage; only a very tingctiron (single cells or only a few
dozens of them) may survive in the whole body.

We developed a sensitive method for quantificatétHSCs surviving irradiation
by means of competition with a known number of $@anted donor HSCs (see 4.1.1,
p.46) and utilized this method to study early peaskthe restoration of the pool of
HSCs from a very low number of HSCs surviving ircenirradiated with 6 Gy*{Co).
This was complemented by examination of progengools and HSCs typified by
particular cell surface epitope profiles and byreietion of the general bone marrow

condition and the recovery of blood cell production

4.2.1 Recovery of STRCs and LTRCs after sublethal irradidion by 6 Gy

determined by three functional assays

At various times after sublethal irradiation micesrev injected with a defined
amount of congenic BMCs corresponding to one-haihe femur (approximately 3.5%

of total BMCs). Clonogenic repopulating cells (ST&R@&nd LTRCs) were estimated
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from resulting donor chimerism level. This was ipteted as reflecting the magnitude
of empty niches available to the incoming dononscel00% donor hematopoiesis
would indicate that all niches in the irradiatectipéents were available to donor
repopulating cells and 0% donor chimerism wouldidatk a full occupancy of the
niches by the host STRCs and LTRCs. A chimerisnellév between these extreme
values indicates the fraction of niches lacking éhelogenous host STRCs and LTRCs
which are available to transplanted donor STRCs laFRICs present in the standard
dose corresponding to approximately 3.5% of thetaltnormal value.

The second assay based on co-transplantation eheegting BMCs, collected at
different times after 6 Gy irradiation, with normaongenic BMCs, mixed in
determined ratios to lethally irradiated mice.

Finally, BMCs regenerating 30 or 60 days after 6ifégdiation or normal BMCs
were transplanted to lethally irradiated syngenicemThe ability of the regenerating
and normal BMCs to “close” hematopoietic tissueiagfaa defined dose of congenic

normal BMCs was tested after 20 and 30 days.

4.2.1.1 STRCs and LTRCs determined according to decreasedvailability of

niches to transplanted congenic BMCs

Groups of 5 CD45.1 mice were exposed to irradiabgne Gy and with a delay
ranging from 2 hours to 30 days they were trangpthwith congenic CD45.2 BMCs
from one-half of the femur of normal donors. Rasglt chimerism which was
composed of donor and host cells was determined &ftnonth in blood and again after
6 months in blood and bone marrow. Results fromegperiments consisting in total of
25 groups and presenting both the donor and thedmamerism levels are showed in
Figure 16. Nonlinear regression curves were fittethe experimental data and the time

when the host and the donor cells are equally septed was indicated (13.9 days for
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the early repopulation determined one month (STR¥@d)18.0/18.5 days in case of the
long-term repopulation (LTRCs)). The equal donod &ost chimerism indicates that
the number of the host STRCs and LTRCs were the semin the transplanted BMCs
(3.5% of total).

Lower chimerism in peripheral blood after 1 montimpared to that after 6 months
(Figure 16 and confirmed in other 8 experiments ciwhare not presented) was
unexpected regarding a higher sensitivity of STRECgradiation than of LTRCs. To
reveal this difference, a group of 8 CD45.2 recipmice were irradiated by a sublethal
dose 6 Gy and transplanted with congenic CD45.1 BM@responding to one-half of
the femur. One month after transplantation, thaltohimerism was determined in the
peripheral blood as well as in lineages of nuckdti®od cells (B220B-cells, Gr-1
granulocytes, Mac-Imacrophages and CD3-cells). Four of the mice were sacrificed
and chimerism was also determined in the bone waFogure 17A). Lower donor
chimerism in peripheral blood compared to bone avarcan be explained by
dominance of the host-derived CD&lIs (more than 70% of all CD8ells) in blood 1
month after transplantation. Two months after tptarstation, the ratio of donor- and
host-derived CD3cells was already reversed; most of the CB&8ls were of donor-
origin (78%) similar to chimerism level in otherobd cell lineages (Figure 17B). Bone
marrow does not contain any significant number efells and consequently is not

affected by the delayed onset of donor T-cell pobida.
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Figure 16 — Chimerism of donor cells transplanted ith a delay from 2 hours to 30 days and
appropriate host chimerism.Chimerism was determined in peripheral blood 1 ingA) and 6 months
(B) after transplantation; after 6 months the chisrarivas determined also in bone marr@j. Data are
presented as mean + SEM (n=5-34). Error bars reptes 1 SEM for 5 recipients from one to six
separate experiments. The time of equally repraientof the donor and host cells was estimatedgusi
nonlinear regression curves. Regression analygialinear regression using the log (inhibitor) vs.
response curve - variable slope (four parametaisylation.
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Figure 17 — Difference between the short-term chinmesm in peripheral blood and bone marrow.
Chimerism of STRCs in peripheral blood and bone ravar(A). Chimerism in peripheral blood
subpopulations (B220, GM, CD3) one and two monthsr dransplantationR). Data are presented as
mean = SEM (n=4-8).

4.2.1.2 STRCs and LTRCs estimated according to repopulatingbility in

competitive transplantation test

The presence of repopulating cells, progenitordRE3) and HSCs (LTRCs) in the
bone marrow regenerating after sublethal irradmtith 6 Gy was tested by their co-
transplantation with normal congenic BMCs in defin@atios. CD45.1 BMCs were
collected at various times after exposition of mioeirradiation and co-transplanted
with normal CD45.2 BMCs from congenic donors inheit 1:1 or 10:1 ratio into
lethally irradiated (9 Gy) CD45.2 recipients. Cartsplantation of normal BMCs from
CD45.1 and CD45.2 donors mixed in 1:1 ratio proglidexpected chimerism of
approximately 50%. The regenerating BMCs competedrlp with that of normal
BMCs during the entire follow-up period extendimgrh 12 to 30 days after irradiation.
Despite that the cellularity of femoral bone marmas already normal after 20, 25 and
30 days (see Figure 24A), and most of the nichese w® longer available to

transplanted cells after 20 and 30 days (Figure fl& regenerating BMCs were
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significantly inferior to normal BMCs even when adistered in a 10:1 ratio (Figure
18). Repopulating activity of the regenerating BMGCslected after 30 days was
approximately only 4 — 6%of normal BMCs for STRCs. A similar estimate couiut

be done for LTRCs since the chimerism levels weoddw even when the regenerating

BMCs were given in a 10 fold excess.
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Figure 18 — Engraftment of donor cells collected atarious time points after irradiation by 6 Gy

and co-transplanted with normal non-irradiated congenic cells into lethally irradiated recipients in

a 1:1 or 10:1 ratio.Engraftment was determined in peripheral blood htm¢white bars) and six months
(grey bars) after transplantation; after six mortthes chimerism was determined also in bone marrow
(black bars). Data are presented as mean + SEMHn Significance of difference from the controts a
individual time points:” P < 0.005,” P < 0.01,"P < 0.05.

4213 STRCs and LTRCs estimated according to ability to lose

hematopoiesis of lethally irradiated mice to transfanted cells

Repopulating potential of regenerating and normMdICB was compared in lethally
irradiated recipients. The potential was evaluatedording to inhibition of the
engraftment of congenic BMCs administered afteo230 days. Groups of 3 CD45.1
mice were irradiated by a sublethal dose of 6 GY (B were collected either 30 or 60
days after the irradiation and also from normal enad the same sex and age, and

transplanted in an amount corresponding to onedidtfe femur into groups of lethally

! %D,/(100-%0Dy) x 100 in the case of the 1:1 ratio and multipltad 10 in the case of 10:1 ratio,
respectively; [y is donor chimerism
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(9 Gy) irradiated syngenic mice. Twenty or 30 ditsr, recipients were transplanted
with BMCs from one-half of the femur of normal cemjc CD45.2 donors (Figure
19A). Engraftment of the congenic BMCs was asseafted 1 and 6 months in blood
samples (Figure 19B, C) and after 6 months alsahole bone marrow and in LSK
subpopulation (Figure 20). Transplantation of ndriBMCs to lethally irradiated
syngenic mice inhibited engraftment of congenic E§Rbelow 10% already after 20
days (Figure 19B). Engraftment of congenic LTRCs wunibited by normal BMCs to
29% in blood and 37% in bone marrow after 20 d&ygure 19C, Figure 20A). After
30 days the engraftment of congenic LTRCs was itédto 20% in blood and 29% in
bone marrow (Figure 19C, Figure 20A). Transplaotatof the regenerating BMCs,
collected 30 days after irradiation by 6 Gy, andtiesser degree also the regenerating
BMCs collected after 60 days, inhibited engraftmehtongenic BMCs significantly

less (Figure 19B, Figure 20A).
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Figure 19 — Chimerism of syngenic (empty parts ofhie columns) and congenic (black parts of the
columns) cells in blood determined 1 month (STRCsdr 6 months (LTRCs) after the congenic
transplantation. Congenic BMCs, testing the availability of nichesdbnor BMCs, were transplanted 20
or 30 days after transplantation of the syngenicdMSyngenic BMCs was from normal non-irradiated
(non-IRR) mice or from mice regenerating from aiteadiation either 30 days (“-30 days”) or 60 day
(“-60 days”). Recipients of the syngenic BMCs, delied by congenic BMCs after 20 or 30 days, were
lethally irradiated A). The chimerism between syngenic and congenic eetls determined in blood
collected either 1 montiBj or 6 months €) after the congenic transplantation. Data areqntesl as

mean + SEM (n=5). Significance of difference frdm hon-irradiated controls at individual time psint
P <0.005,"P <0.01,P < 0.05.

Six months after the transplantation of congenic &Vthe chimerism between
syngenic and congenic cells was also determineithenLSK population, which is a

subfraction of BMCs enriched in progenitors and S the mice transplanted with
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normal syngenic BMCs, congenic LSK cells repres#i3é% and 20% when the
congenic transplant was given after 20 days or & ,drespectively. The regenerating
BMCs, collected 30 days after 6 Gy irradiation,nead out to be very weak in
repopulating of the hematopoietic tissue of lethalladiated syngenic mice since more
than 95% of LSK cells was of the congenic phenatypgewever, the regenerating
BMCs collected 60 days after 6 Gy irradiation regaped the LSK population of

lethally irradiated syngenic mice to the same degiethe BMCs (Figure 20B).
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Figure 20 — Chimerism of syngenic (empty parts ofhie columns) and congenic (black parts of the
columns) cells in bone marrow determined six monthafter the congenic transplantation.Congenic
BMCs, testing availability of niches to donor cellgere transplanted 20 or 30 days after transpianta
of the syngenic BMCs. Syngenic BMCs were from ndrna-irradiated mice (non-IRR) or from mice
regenerating from a 6 Gy irradiation 30 days (“¢ys”) or 60 days (“-60 days”). Recipients of the
syngenic BMCs, followed after 20 or 30 days by aarig BMCs, were lethally irradiated. The chimerism
between syngenic and congenic cells was determinedthole bone marrowA) and in the LSK
population B). Data are presented as mean * SEM (n=5). Sigmifie of difference from the non-
irradiated controls at individual time points:P < 0.005,”P < 0.01,"P < 0.05.
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4.2.2 State of the host hematopoiesis during its regeneran from damage by

sublethal 6 Gy irradiation

General state of hematopoiesis during its regeioerftom sublethal irradiation by
6 Gy was examined between days 10 and 30. Samplbbad, bone marrow and
spleens were collected and subsequently analyzesnptete blood count with
differential of white blood cells, cellularity of ome marrow, percentages of
differentiated bone marrow subpopulations, frequesnof progenitors and HSCs
characterized by the LSK and CD150/CD48 phenotygmestheir proliferation activity

were determined.

4.2.2.1 Restoration of blood cell production

Complete blood count with differential of white bbb cells was determined in
control mice and at various time points after stif@kirradiation by 6 Gy. Numbers of
total white blood cells (WBC), red blood cells (RBolatelets (PLT) and the
hemoglobin concentration (Hb) are shown in Figute Rercentages of lymphocytes
(Lym), neutrophils (Neu), eosinophils (Eos), baskp{Bas) and monocytes (Mon) are
presented in Figure 22. On day 15 after irradiattenWBC and platelet counts started
to increase. The red blood cell count and hemoglobncentration reached their nadirs
on day 15 and started to increase on day 20. Tiesséts thus demonstrate significant
blood cell production, derived from the progenit83RCs) and HSCs (LTRCs) which

survived irradiation, after day 15.
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Figure 21 — Complete blood cell count at various e points after irradiation by 6 Gy. Levels of
white blood cells (WBC;A), red blood cells (RBC;B), platelets (PLT;C), and hemoglobin
concentrations (HbD) are presented as mean + SEM (n = 3-6). Signifieaof difference from the

controls at individual time points: P < 0.005,” P < 0.01,"P < 0.05.
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Figure 22 — Differential of white blood cellsPercentages of lymphocytes (Ly#), monocytes (Mon;
B), neutrophils (NeuC), eosinophils (Eod)), and basophils (Bag) are calculated from the total white
blood cell count. Data are presented as mean = §EM 3-6). Significance of difference from the
controls at individual time points: P < 0.005,” P < 0.01,"P < 0.05.
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4.2.2.2  Spleen weight

The splenic hematopoiesis, which occurs naturallynice, becomes increasingly
active in conditions connected with accelerateddloell production. This activation
was monitored by determining spleen weight at cffé time points after irradiation
with 6 Gy. The size and weight of spleens was redud days after irradiation, started
to increase on day 12 and peaked on day 15 witlkeightvexceeding that of non-
irradiated control mice approximately twice (Fig@®). The spleen weight changes did

not reach statistically significant levels whertéesby analysis of variance.
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Figure 23 — Spleen weights at various time pointdtar 6 Gy. Data are presented as mean + SEM (n =
3-6). Difference from the controls at individuahg points was not statistically significant.

4.2.2.3 Bone marrow cellularity and differentiated precursars of blood cells

Bone marrow cellularity and numbers of bone marsmbpopulations defined by
specific antigenic markers (anti-Gr-1/Mac-1 for mubocytes and macrophages (GM
cells), anti-B220 for B-cells and anti-Ter119 agaiarythroid cells) were determined at
different times after sublethal irradiation by 6.@MCs from CD45.2, 5-6-months old
male mice were collected at various time pointeraftradiation by 6 Gy. Non-
irradiated mice were used as control. Total boneramacellularity started to increase

on day 12 and reached the values of control or2@ayrhe myeloid precursors (Terl19
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and GM cells) achieved normal values between dagT#b119 significantly elevated,
P<0.05) and 20 (GM). B cells (B220) peaked on dayp@t did not recover completely.
On day 30, Terl19 cells and B220 cells were sigaifily decreased compared to

control values and also the total bone marrow ity decreased (Figure 24).
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Figure 24 — Bone marrow cellularity and representabn of subpopulations.Number of total BMCs
(A), B200 8), GM (C), and Ter119D) cells in 1 femur was determined. Data are preseas mean +

SEM (n = 3). Significance of difference from thentols at individual time points: P < 0.005,” P <
0.01,"P < 0.05.
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4.2.2.4  Subpopulations of lineage negative (low) c-kit posve Sca-1 positive

(LSK) cells

Bone marrow from irradiated and control mice wagthier analyzed for
subpopulations known to be highly enriched for gragprs and HSCs. Numbers of
LSK cells determined in non-irradiated control amdvarious times after 6 Gy are
shown in Figure 25. The LSK population was furtBebdivided into 4 populations
according to surface markers CD150 and CD48 (Figaje

Approximately 0.23% of the BMCs belonged to the 'M8ca-Tc-kit" (LSK)
population in control mice (~65 000 cells per femdiradiation significantly reduced

their numbers; however, the population was fullyoreered by day 30.
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Figure 25 - Numbers of LSK cells per femur.Data are presented as mean + SEM (n = 3-6).
Significance of difference from the controls atiidual time points’™ P < 0.005,” P < 0.01,"P < 0.05.
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Subdivision of LSK population according to CD150/CD48:

Control Days after TBI
10 12 15
A
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Figure 26 — Subdivision of LSK population accordingo surface markers CD150 and CD48 in
control non-irradiated mice and at various time intervals after sublethal irradiation by 6 Gy.
Representation of all 4 populations as percentafieSK (A); Numbers of the cells in femoral bone
marrow B). Data are presented as mean + SEM (n = 3-6)ifiRignce of difference from the controls at
individual time points:” P < 0.005, P < 0.01,"P < 0.05.
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Approximately 41% of LSK cells (0.093% of BMCs) dad the CD15@C D48
phenotype characteristic for progenitors [6]. Orysdd0 to 15 after irradiation their
numbers were decreased to 10 — 30%. This was fetldvwy recovery of their numbers
which reached normal levels on day 30 (Figure 26B).

The CD150CD48 phenotype characteristic for multipotent hematepoi
progenitors (MPP) [6] represented approximately 2#%SK cells (0.05% of BMCs).
After irradiation, this population almost complgtedisappeared (<1% of LSK) and
their numbers remained very low still 30 days adtéolethal irradiation (Figure 26B).

The CD150CD48 phenotype characteristic for HSCs [6] represerit8B% of
LSK cells (0.04% of bone marrow cells). Ten dayeraifradiation their numbers were
reduced to approximately 1% of normal values. Thaimbers steadily slowly
increased between days 10 and 30 but remained subhéor the whole follow-up
period.

The CD150CD48" cells represented only approximately 8% of LSKscéd.02%
of BMCs) in control mice. After irradiation, thenelative representation increased
significantly throughout the whole follow-up periodgFigure 26A). They absolute
numbers were normal and more than doubled on d4kigQre 26B).

The LSK SP population, which normally represented® ® of BMCs, is shown in
Figure 27. Ten days after irradiation their numbeese reduced to 4.6% of normal
values and remained low till day 25, however wer8% of the control values on day

30.
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Figure 27 — Numbers of LSK SP cells/femur in bone arow regenerating from sublethal
irradiation by 6 Gy. Data are presented as mean + SEM (n = 3-6). Sogimifie of difference from the
controls at individual time points’ P < 0.005,” P < 0.01,"P < 0.05.
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To determine the cell cycle status of LSK cells &adsubpopulations according to
CD150/CD48, groups of four CD45.1 female mice (Ba8nths old) were irradiated
with a sublethal dose of 6 Gy. Non-irradiated miere used as control. Various times
after irradiation the mice were sacrificed and BM©#ected from femurs were stained
for cell cycle analysis as described in 3.8.4. @glile status of LSK, LSK CD150

CD48'’, LSK CD150CD48 and LSK CD150CD48 populations is shown in Figure 28.
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Figure 28 — Cell cycle analysis after 6 Gy in LSKA), LSK CD150CD48" (B), LSK CD150'CD48
(C) and LSK CD150'CD48" populations. Data are presented as mean = SEM (n = 3-6).
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4.3 Restoration of pools of hematopoietic stem cells taf
lethal irradiation and rescue transplantation of syigenic

BMCs

Availability of niches for STRCs and LTRCs aftethal irradiation and immediate
application of syngenic rescue transplant was de$tg delayed transplantation of
congenic BMCs. Moreover, the possibility of nichetusation was investigated after
repeated large transplantations of syngenic BMGuimdtered during the first four
days after lethal irradiation. Available niche spaas determined by transplantation of
a defined dose of congenic BMCs and subsequentysasabf resulting chimeric

hematopoiesis.

4.3.1 Engraftment of congenic BMCs transplanted with a dey from 2 hours to
180 days to lethally irradiated mice given a rescusyngenic transplant of different

size immediately after irradiation

Similarly to experiments using sublethal irradiatithe process of restoration of the
STRCs and LTRCs pools was examined after lethadliation and subsequent syngenic
rescue transplantation. At various times afterdkitiadiation with 9 Gy and immediate
rescue transplantation of syngenic BMCs, recipiergseived a defined dose of
congenic BMCs. The chimerism level derived from gemic BMCs, determined in
blood after 1 and 6 months and in bone marrow &tenonths, was interpreted as
reflecting the availability of empty niches to cemic donor STRCs and LTRCs in
course of the regeneration induced by previous eyicgtransplant. Table 5 shows the
expected chimerism if both transplants were peréarnsimultaneously, i.e. when

STRCs and LTRCs contained in transplanted syng@iCs could not yet multiplicate
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and expand their pools and hereby inhibit engraiftnté the congenic repopulating

cells (STRCs and LTRCs).

syngenic congenic expected congenic chimerism if
transplant transplant administered simultaneously
1/200f 1/2f 99%
1/100f 1/2f 98%
1/10f 1/2f 83%
0.5f 2f 80%
2f 2f 50%

Table 5 — Combination of utilized doses of transplated syngenic and congenic BMCs and expected
congenic chimerism in the case of their simultane@uransplantation

4.3.1.1 Rescue syngenic transplant corresponding to 1/20A#10 of the femoral

bone marrow

Engraftment of congenic BMCs from one-half of tremfir and transplanted at
different times after lethal irradiation and immegei rescue transplantation of syngenic
BMCs corresponding to 1/200 or 1/10 of the femurssented in Figure 29.

Groups of 5 CD45.2 mice were exposed to lethaldiatéon (9 Gy) and were
immediately injected with a syngenic rescue traasipin an amount of 1/200 or 1/10 of
the femur. They were subsequently transplanted waathigenic CD45.1 BMCs from
one-half of the femur with a delay from 2 hours3® days. Resulting chimerism of
donor cells, which was determined after 1 montperipheral blood (STRCs) and again
after 6 months in peripheral blood and bone maifioliRCs), is shown in Figure 29.

In the experiments using 1/10 of syngenic femordl(3, transplantation of
congenic BMCs was delayed also by 40 days. Regultihimerism was almost

undetectable (chimerism was below 0.1%; data nowvah
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Figure 29 — Chimerism of congenic donor cells traqdanted with a delay from 2 hours to 30 days
after 9 Gy irradiation and rescue syngenic transplatation. Chimerism was determined in peripheral
blood 1 and 6 months after transplantation of carg@MCs; after 6 months the chimerism was
determined also in bone marrow. As rescue syngesnsplant were administered BMCs corresponding
to 1/200 of the femur (black dots — STRCs and LTROgseripheral blood, empty dots — LTRCs in bone
marrow) or to 1/10 of the femur (black squares RE% and LTRCs in peripheral blood, empty squares —
LTRCs in bone marrow). Data are presented as me&EM (n=5). Regression analysis: nonlinear
regression using the log (inhibitor) vs. responsee - variable slope (four parameters) calculation

We next tested whether a higher dose of congeni€8MNbllected from 2 femurs
will demonstrate available niches 60 or 180 daywrairradiation and syngenic
transplantation. Groups of 6 CD45.2 mice were Igtharadiated (9 Gy) and
transplanted with syngenic BMCs from one-half af tamur. After 60 or 180 days they
received congenic CD45.1 BMCs from two femurs. Gmel six months after this
second congenic transplantation, blood and boneomarvere examined for presence
of cells derived from the congenic transplant. Gimnism resulting from the
transplantation of congenic BMCs from two femurssweot significantly different
between normal non-irradiated and lethally irragtiatand rescue-transplanted mice

(Figure 30).
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Figure 30 — Chimerism of donor cells transplanted vth a delay 60 (A) and 180 days (B) after lethal
irradiation and immediate syngenic transplantation.Groups of 6 CD45.2 mice were lethally irradiated
(9 Gy) and transplanted with syngenic BMCs from-ba#f of the femur. After 60 or 180 days they
received congenic CD45.1 BMCs from two femurs. Ghism was determined in peripheral blood 1
month (STRCs) and 6 months (LTRCs). After 6 months, chimerism was determined also in bone
marrow. Data are presented as mean + SEM (n=6).

4.3.1.2 Rescue syngenic transplant consisting of BMCs frora femurs

Groups of 5 CD45.1 mice were irradiated with a détidose of 9 Gy and
immediately injected with syngenic BMCs in an amooarresponding to two femurs
(approximately ~40.10BMCs). With a delay from 2 hours to 17 days thegeived
congenic CD45.2 BMCs from two femurs per mouse.n@hism resulting from the
second, congenic transplant was determined aftgrdl6 months. The chimerism data
obtained after 1 month reflected predominantly tkagraftment of STRCs.
Analogously, chimerism determined after 6 months vilmm LTRCs. Due to the
experimental setup, a 50% chimerism was expectethéncase when competing
syngenic and congenic repopulating cells (STRCsLAMRICs) had the same chance to
engraft into supportive niches. This was likel\othe case at the time point “0”, when
the congenic transplant was given within two howféer the syngenic one.
Unexpectedly, syngenic transplant correspondingpiaroximately 14% of total murine
BMCs (two femurs) did not measurably inhibit engragnt of LTRCs from the same

amount of congenic BMCs for more than two weekgyFé 31B). On the other hand,
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engraftment of STRCs progressively decreased (EigRtA). After 10 days the
engraftment of STRCs was approximately 10%. Siecgprent mice irradiated with a
lethal dose would be still highly immunosuppresdbd, value of 10% could indicate a

complete restoration of STRCs pool from the resyungenic transplant.

1000 A STRCs 100, B LTRCs

s PB
80+ 80 o BM

% of congenic donor cells

Interval between TBI and second (congenic) transplantation (days)

Figure 31 — Chimerism of congenic donor cells traqdanted with a delay from 2 hours to 17 days
after lethal irradiation and immediate syngenic transplantation. Chimerism was determined in
peripheral blood 1 month (STRC8) and 6 months (LTRCSB, black dots) after second congenic
transplantation and after 6 months also in boneawa(B, empty dots). Data are presented as mean *
SEM (n=5). Regression analysis: nonlinear regressising the log (inhibitor) vs. response curve -
variable slope (four parameters) calculation.

4.3.2 Saturation of hematopoietic stem cell niches with epeated syngenic

transplantation of BMCs from 2 femurs

The high availability of niches for LTRCs persigfirstil on day 17 after
transplantation of a large dose of BMCs (from twm@irs corresponding to ~14% of
total BMCs) prompted us to test whether repeatemti@dtration of such doses of
normal BMCs will limit availability of niches toansplanted congenic BMCs.

Groups of 4 CD45.1 recipients were irradiated vtmal dose of TBI (9 Gy) and
were transplanted as shown in Table 6. Chimerisndawfor cells from the second,
congenic transplantation, which was determined am# 6 months later in blood and

after 6 months also in bone marrow, is shown inufgg32. It is compared to an
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expected (theoretical) chimerism calculated from rftio between total amounts of the

syngenic and congenic BMCs administered

day 0 day 1 day 2 day 3 day 4
gg}l/ig 1 ] - - - 2f CD45.2
group2 | 2rcpas.a : : : 2 CD45.2
oS | 2fcpasa  2fcpasa : - 2f CD45.2
g:;‘(j/f*“ 2fCD45.1 2fCD45.1  2fCD45.1 . 2f CD45.2
gé‘é‘(j/ff 2fCD45.1  2fCD45.1 2fCD45.1 2fCD45.1  2fCD45.2

Table 6 — Transplantation schema of niche saturatim Groups of 4 recipient mice were irradiated by 9

Gy on day 0. Individual groups were transplantedbg to four doses of syngenic BMCs corresponding
to two femurs per dose (approximately 14% of t@MCs). On day 4 they were all transplanted with

congenic BMCs from two femurs.

* Percentage of the whole syngenic BMCs administere

1005 A STRCs 1005 B LTRCs

chimerims of congenic cells (%)

Repetitions of syngenic transplantation

e PB o BM =© theoretical‘

Figure 32 - Chimerism of congenic cells transplanteon day 4 after lethal irradiation followed by a
single or repeated transplantations of syngenic BME according to Table 6.Chimerism was
determined in peripheral blood A,(STRCs, black dots) and 6 montlgs (TRCs, black dots) after TBI
followed by repeated syngenic transplantation dtet & months also in bone marro®, (empty dots).
Empty squares are estimates of theoretical chimesiscongenic donor cells. Data are presented asmme
+ SEM (n=4). Regression analysis: nonlinear regwessasing the log (inhibitor) vs. response curve -
variable slope (four parameters) calculation.
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Niche availability for the congenic STRCs was digantly suppressed already by
one dose of syngenic BMCs and results deviated filoentheoretical ones (Figure
32A). In contrast, availability of niches for thergenic LTRCs was not significantly
limited by one dose of syngenic BMCs (chimerismseloto 50%), but became
progressively limited after their repeated doses, close agreement with the theoretical
values. It was ~20% after 4 doses of syngenic BMRpgcted (theoretical) chimerism,
was calculated under assumption that the syngemid eongenic cells were
administered together, i.e. in ratios 1:1 (expedaderism 50%) up to 4:1 (expected

chimerism 20%).
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5 DISCUSSION

Hematopoietic stem cells (HSCs), although they Hzeen widely studied for more
than a half century, are still the subject of isiga investigation. Hematopoietic stem
cells are very rare inside the bone marrow and tiddkes their research difficult.
Although at this time they are phenotypically wetlaracterized, the most reliable and
rigorous method of their determination is a fung#ib test, when after their
transplantation into a damaged hematopoietic mmnoenment they reestablish and
maintain hematopoiesis for a long time [79].

In this study we monitored the effect of ionizingdiation on HSCs and their
microenvironment with focus on ensuing regeneratiDeciphering of processes
underlying regeneration of tissues from their stegtls is of the utmost importance
since they are basic not only for generation of nisaues during embryogenesis but
also for their regeneration after damage and, qaaily, for tumor growth and
relapsing of tumors after a therapy. We have chdisermegeneration of hematopoietic
tissue as it is the most affordable for a quamaatvaluation of the regeneration
process. The ultimate goal of the study was cautiob to existing knowledge of the
stem cell biology in general and, specifically, expansion of understanding of the
processes driving the regeneration of hematopoieststie derived from hematopoietic

stem cells.
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5.1 Efficiency of HSCs transplantation

Irradiation is assumed to generate space in thpieet's hematopoietic tissue,
enabling engraftment of transplanted HSCs (revieimed 0]). Although conditioning
of mice with irradiation negatively influences theming of transplanted BMCs from
the circulation to the bone marrow [80-82], the HS&esent in transplanted BMCs
engraft with a high efficiency [2,66,72,78]. Howeyveot all studies confirmed this high
engraftment efficiency of transplanted HSCs [83{ aseveral studies unanimously
demonstrated significant structural damage of ckfie parts of the bone marrow stroma
elicited by irradiation [38,40,69-71]. Interestigglin normal non-irradiated syngenic
mice all intravenously transplanted donor stemscefiresent in the bone marrow
delivered intravenously, compete equally with thokthe host and replace a respective
portion of them [58,84,85]. Hence, a highly effitianechanism for selective trapping
of HSCs from the blood and for their engraftmeno iniches operates in normal mice.
The mechanism might serve for physiological redaton of HSCs among different
parts of the hematopoietic tissue which is disteduthroughout the entire body.
Whether the mechanism is compromised by the bonmeomastructural damage caused
by irradiation, and how much this could negativahfluence engraftment of
intravenously administered HSCs, was unclear. Wee htackled the problem in
sublethally irradiated mice using essentially tppraach developed and applied by the
Dr. Quesenberry’s group [58,86] for studies in nakmmice. In difference from the
studies using normal mice as recipients of tramgpth bone marrow, a proportion
(number) of HSCs surviving in mice exposed to ddfé sublethal doses of ionizing

radiation had to be established at first.
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The proportional survival of hematopoietic STRCgofenitors) and LTRCs
(HSCs) in progressively irradiated mice confirmed hagher radiosensitivity of
progenitors as compared to HSCs, especially after doses (Figure 12, p.47), as
reported previously in several studies [87,88].idomg radiation induces double-strand
DNA breaks and LTRCs and STRCs differ in their @yafor non-homologous end-
joining repair mechanism. This enables the survofaHSCs (LTRCs) after doses of
ionizing radiation which already result in apopsost progenitors (STRCs) [89,90].

The donor HSCs and the HSCs surviving irradiatiorrdcipient mice should be
equal in their contribution to blood cell productito enable quantitative assessment of
their ratio after transplantation of a testing da$edonor cells. We have tested this
assumption by examining the stability of the partidonor chimerism in
submyeloablatively irradiated mice between 3 andnénths after irradiation and
transplantation. Any difference in the fitness loé both competing HSCs should result
in a progressive overgrowth of the “stronger” btard the chimeric hematopoiesis.
This was not the case (Table 4, p.55).

We used congenic CD45.1/CD45.2 mice enabling tkeridnination of donor and
host hematopoietic cells in chimeric mice by theo tisoforms of the CD45 cell
membrane phosphatase. In most experiments a sthrdtse of normal BMCs,
corresponding to approximately 3.5% of their totantent in the mouse was
transplanted to progressively irradiated congeempient mice. The resulting donor
chimerism was determined after 1 month and after 4 months. The results were
compared to theoretical chimerism levels calculateth the assumption that from
100% to 20% of the transplanted STRCs and LTRCsaftegl and contributed just as
much to the production of blood cells as thoseisung irradiation in the hosts (Figure

15, p.52). The highest agreement between experaghemd theoretical data was
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constantly for calculations assuming 100% utilizatof donor STRCs and LTRCs in
recipients irradiated with 3 Gy and higher dosdse Tonsensus of the theoretical and
experimental data was also analyzed by calculaqmares of the differences between
the two sets of data. This result was further 1eifin two experiments in which
different doses of donor BMCs cells were adminexetio progressively irradiated hosts
(Table 2, p.53).

The efficiency seemed to be lower in recipientadiated with doses lower than 3
Gy. Using also CD45.1/CD45.2 congenic mice, Tonaitaal. [78] demonstrated that
stable chimerism was uniformly established in 3ifgdiated CD45.2 recipients of
CD45.1 bone marrow cells but not in 1.5 Gy-irraglihtecipients. van Os et al. [77]
demonstrated immunogenicity of Ly5 (CD45)-antiggmgransplantation experiments.
We hypothesized that the lower than expected eimgeat of donor STRCs and LTRCs
in mice irradiated by doses below 3 Gy, and padity in normal non-irradiated mice
might be caused by a partial immune disparity betwhe congenic CD45.1/CD45.2
mice. Hence, we applied immunosuppressive treattoembrmal recipients of congenic
BMCs which should had increase resulting chimetigrtheoretically expected values.
The immunosuppression was partially effective (€aB| p.54) and approximated our
experimental results to those expected from evielgmovided by previous experiments
in normal mice [58,84,85]. Hence, the lower thapested engraftment of transplanted
marrow in recipients irradiated by doses lower tBa@y was likely due to the minor
immune disparity of CD45.1/CD45.2 congenic mice.

Results of the experiments presented in the fiast pf the dissertation thesis and
published [31] provided us a possibility for estting very low numbers of STRCs and

LTRCs in a damaged hematopoiesis by competitiorh vt known number of
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transplanted donor STRCs and LTRCs. This was atllin ensuing experiments aimed

at elucidation of the process effective in regetiegehematopoiesis.
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5.2 Regeneration of hematopoiesis from surviving or

transplanted HSCs

In adulthood, HSCs are slowly proliferating cells3]91] residing in a specific
cellular and extracellular microenvironment knows) the osteoblastic niche [33,43].
After transplantation or a damage affecting the &empoietic tissue, HSCs can

repopulate the whole hematopoiesis and maintaimmoughout the organism’s lifetime.

A current view of the hematopoietic tissue reget@naassumes that:

- the ultimate regeneration is possible only from HSC

- HSCs can arise only from surviving or transplarti&Cs by their self-renewal

- self-renewal of HSCs results from renewing celislons of HSCs which can be
either asymmetric, replacing the HSCs that hadddyiby its single identical
copy and providing one progenitor cell utilizabbe §eneration of blood cells, or
symmetric, replacing the HSC that had divided lgyrttwo identical copies

- the only way how the number of HSCs can increagetlagir self-renewing

symmetric divisions

First, we indirectly estimated pools of STRCs aridRCs in the hematopoiesis of
mice recovering from a sublethal irradiation by § By transplanting them with a
standard dose of congenic BMCs. Long-term donomehism, determined 6 months
after transplantation in the bone marrow, was 90%%« when congenic donor cells
were administered within 2 hours after irradiati@igure 16, p.59). According to the

relationship between donor chimerism and ratio h&f host and donor LTRCs (see
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equation in 4.1.2, p.48), the surviving fractiontteé host LTRCs (HSCs) was 0.39%. If
the total number of HSCs in normal murine hemategisiwere 9000 (see Introduction
part 1.3.4, p.24), approximately 35 HSCs would serirradiation with 6 Gy.

The long-term donor chimerism (determined after @ths) was constantly high
when congenic BMCs were administered with a defaypoto 15 days. Hence, during
these 15 days the majority of stem cell niches meadslable to transplanted donor
LTRCs by sublethal irradiation with 6 Gy remainatbacupied by the host LTRCs. By
assuming that niches are “closed” by presence oRQ@F, we interpret these
experimental findings as an evidence for LTRCs nemsilbemaining low during the first
two weeks of spontaneous regeneration of the heromic tissue damaged by
sublethal irradiation. Niches for STRCs (progersjoclosed more rapidly and with a
different kinetics (Figure 16, p.59). When trangpddion of congenic BMCs was
delayed by 18.0 to 18.5 days, contribution of tlesthand the donor LTRCs to blood
cell production was equal, which was demonstrate@ 50% chimerism level. Using
the quantitative relationships established in in& part of this thesis and published
[31], we estimated, that during a period of appmedely 3 — 3.5 days, between days 15
and 18-18.5, the pool of LTRCs increased from -€35320. Thereafter, the pool of the
host LTRCs continued to grow which was reflected fopgressively decreasing
chimerism derived from donor congenic BMCs. The masurable donor chimerism in
mice which were injected with congenic BMCs 24 @ days after irradiation then
indicates lack of available niches for transplantkmhor LTRCs suggesting that
numbers of the host LTRCs reached or approache&dnienal numbers.

We used two transplantation-based assays to estiki&Cs in regenerating bone
marrow. One was a competitive transplantation assamparing hematopoietic

chimerism after transplantation of tested celletbgr with normal non-irradiated cells
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in a defined ratio and administered to lethallyadiiated recipient mice. This assay
demonstrated presence of only approximately 5%I&Gs in the hematopoietic tissue
30 days after irradiation. The number of LTRCs \wameasurable even after 30 days
(Figure 18, p.61). In this assay, the regenerdBNs were not able to fully compete
with normal BMCs even when transplanted in a 10-fpieponderance. The second
transplantation-based assay compared capacityrofati@nd regenerating bone marrow
to reconstitute hematopoiesis in lethally irradiateice. Syngenic BMCs collected 30
days after irradiation of mice by 6 Gy were sigrafitly inferior in their capacity to
close hematopoiesis against congenic transplarend20 or 30 days after the syngenic
transplantation, when compared to either normal BMZ BMCs collected 60 days
after irradiation (Figure 19, p.63 and Figure 2@4).

Since the three assays examining the recovery ®®CSTand LTRCs pools in
sublethally irradiated mice provided different résu we further analyzed the
hematopoiesis spontaneously regenerating in mrediated by 6 Gy by determining
recovery of the blood cell production and by memguBMCs highly enriched in
progenitors and HSCs. A quantitatively significamgelopoiesis was present from day
15 after irradiation with lymphopoiesis lagging beh Cellularity of the bone marrow
reached normal values about day 20 after irradiadmd was characterized by
stimulated myelopoiesis at the expense of lymphepei(Figure 21, p.66 and Figure
22, p.67). Cellularity of the spleen, indirectlytelenined according to the development
of spleen weights, recovered earlier on day 15.

Interesting data provided analysis of the LSK g¢efissubpopulation of BMCs
enriched in progenitors and HSCs and accountingpproximately 0.2% of total
BMCs. Total number of LSK cells fully recovered by 30. However, representation

of their subtypes characterized by expression ofi&Dand CD48 markers was
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markedly skewed (Figure 26, p.71). Cells bearing thenotype of multipotent
progenitors, LSK CD15C@D48 cells [6] essentially disappeared. The LSK
CD150CD48 cells [6], which are most close to HSCs, recovevedy slowly and
achieved less than 20% of their normal values lyy3fa Progenitors, the LSK CD150
CD48' cells [6] recovered fully by day 30. However, timst abundant became the
LSK CD150CD48" cells which exceed their normal numbers alreadydags after
irradiation and remained high till day 30.

As it is generally assumed that HSCs can multiplly dy self-renewing symmetric
cell divisions, we examined the cell cycle statughe studied subcategories of LSK
cells using a pulse labeling with bromodeoxyurid{BelrU) administered in vivo. The
most quiescent were the LSK CD18D48 cells (HSCs) with the percentage of S-
phase cells about 10% in normal bone marrow anditaP®% in regenerating bone
marrow. On the other hand, the LSK CD150+ cellsresging also the CD48 marker
(LSK CD150CD48" cells) incorporated BrdU in normal bone marrowvadl as in
regenerating bone marrow. By assuming that S-pbaske cell cycle lasts 6 hours,
these cells would duplicated twice a day. CD48 wuke is expressed throughout all
short-term progenitors, but it is excluded fromddarrm HSCs [92,93]. Venezia et al.
also described a transient up-regulation of CD4&benotypically defined HSCs in
bone marrow damaged by 5-fluorouracil [94].

Proliferation rate of the LSK CD150D48" cells was in between of the two above

discussed cells.
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5.3 Closing of the hematopoiesis of lethally irradiatedmice
transplanted with syngenic bone marrow to delayed
transplant of congenic BMCs

Further we studied regeneration of hematopoiedig iamaged by a lethal dose of
irradiation and rescued by transplantation of spngeBMCs. A measure of the
regeneration, aimed at estimation of the poolsI®®Ss and LTRCs, was the chimerism
resulting from transplantation of a defined frasti@f normal congenic BMCs
administered from 2 hours to 180 days after irtamiiaand rescue transplantation.
Initiation of the regeneration of hematopoieticstis was from transplanted syngenic
STRCs and LTRCs.

Rescue transplantation of approximately >~Eyngenic BMCs (~1/200 of the
femoral bone marrow) did not result in completeibiwtion of engraftment of congenic
BMCs till day 30.

After enlarging the rescue transplant to approxatyax1@ of syngenic BMCs
(~1/10 of the femoral bone marrow), the engraftm@ntongenic cells became more
suppressed after 20 and 30 days of regenerationvasdmmeasurable after 40 days.
Surprisingly, a much larger syngenic transplantjresponding to two femurs
representing approximately 14% of whole BMCs, diot mhibit engraftment of
congenic LTRCs up to 17 days of regeneration. Hhgemt of STRCs present in the
congenic transplant was much more affected by pusvitransplantation and
regeneration of syngenic BMCs. Similarly as aftex sublethal irradiation with a dose
of 6 Gy, when hematopoiesis regenerated spontalyerosn surviving STRCs and
LTRCs, closing of regenerating hematopoiesis agjdrsmsplanted STRCs started

earlier and followed a different kinetics from tluditL TRCs.
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Finally, we attempted to inhibit engraftment of genic BMCs by repeated
injections of large syngenic transplants, each amimg approximately 14% of total
murine BMCs. In contrast to a single dose of symg&MCs, two doses representing
together approximately 28% of whole BMCs, as wedl three and four doses
representing 42 and 56% of BMCs, respectively, megjvely inhibited engraftment of
congenic LTRCs. Moreover, when the experimentaleslwere compared with the
theoretical ones calculated from ratios in whiclggnic (increasing number) and
congenic (constant number) BMCs were administefadlé 6, p.80), the values agreed
very well (Figure 32, p.80). The experimental valder STRCs deviated from the
theoretical ones. Closing of the niches for cong&iRCs was more rapid than it was
predicted due to their saturation by increasing Iens of transplanted syngenic BMCs.
This suggests early multiplication of STRCs in megating bone marrow.

These results, together with those presented inr&i@l, indicate that niches
occupied by transplanted STRCs are different froosé for LTRCs; they close more
rapidly during regeneration of the hematopoietssue compared to those for LTRCs.
The results also show that there is a limited nunddeniches for both STRCs and
LTRCs and they engraft transplanted repopulatirits @nly until they are saturated
with appropriate type of cells. Moreover, ther@dsevidence for a significant reduction
of niches for LTRCs (HSCs) in the hematopoietisues of mice after lethal irradiation
mice, since their saturation by successive doséBMEs equivalent to 14% of their
normal numbers followed the predicted developmergsuming undisturbed
transplantation space.

By assuming that STRCs and LTRCs inhibit engraftmenh transplanted

repopulating cells by occupying (closing) theirhmes, our results suggest that while the
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pool of STRCs expands rapidly during regeneratibdamaged hematopoietic tissue,

the pool of LTRCs remains low for and extended time
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6 CONCLUSIONS

The present study provides experimental evidenate th

m a very high proportion of intravenously administeteematopoietic stem
cells is captured from circulation and engraft ne thematopoietic tissue
damaged by irradiation

m in the bone marrow there are two different types ro€hes for
hematopoietic repopulating cells which are difféhenengrafted and
repopulated by transplanted progenitors (STRCs)H®ds (LTRCs)

m niches remain available for transplanted LTRCs (B)Sfor a relatively
long time after both sublethal and lethal irradiatiwhile those for STRCs
(progenitors) close more rapidly

m regenerated bone marrow has low repopulating chpadihough it
resumed the blood cell production and the engraftragtransplanted cells
is markedly inhibited; thus HSCs generated in regaing hematopoietic
tissue might be transiently deficient in capaaitye transplanted

m damaged hematopoiesis restored preferentially mpesis while the
restoration of lymphopoiesis and of pools of ttsplantable repopulating
cells lagged behind

m representation of the subtypes of LSK cells charatd by
presence/absence of antigens CD150 and CD48 ifficagmly changed
during bone marrow regeneration

m the stem cell phenotype and some of their functigraperties may

transiently dissociate in newly produced HSCs
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Supplementary Figure 1 — Gating of the most primitve populations of the bone marrow.(A)
exlusion od derbis by gating of cell singlet8) @ating of cells, €) gating of Linlow/c-kit+ population,
(D) gating of Linlowc-kit+Sca-1+ (LSK) populationk) gating of subpopulations of LSK according to
CD150 and CD48 surface markeis) gating of Hoechst 33342 negative cells (side fatfmn, SP).
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Supplementary Figure 2 — Cell cycle analysis gatingA) exlusion od derbis by gating of cell singlets,
(B) gating of cells, €) gating of Linlow/c-kit+ population,[§) gating of Linlowc-kit+Sca-1+ (LSK)
population, E) gating of subpopulations of LSK according to CDland CD48 surface marker$;)(
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% of experimental _efficiency (%)
IRR surviving chimerism corresponding % of whole BM content
(Gy) cells mean + SEM 100 80 60 40 20
B 3.5 2.8 2.1 1.4 0.7
0.5 72 0.053 + 0.43 4.64 3.74 2.83 1.91 0.96
1 52 6.03 +2.12 6.31 5.11 3.88 2.6 1.33
2 26 242 +1.34 11.86 9.72 7.47 5.11 2.6P
A1 3 13 10.64 +3.50| 21.21 17.72 13.91 9.72 5.11
E 4 6 41.19+3.74| 36.84 31.82 25.98 18.92 10.45
n| 5 1.5 75.22 + 2.52 70.00 65.12 58.38 48.28 31.82
<| 6 0.2 85.19+1.12] 94.59 93.33 91.30 87.50 77.78
7 0.02 95.57 +1.25| 99.43 99.29 99.06 98.59 97.p2
Y (X1 — )2 371.56| 388.01 | 616.25 | 1259.58 2940.04
0.5 95 0.03+0.03 3.55 2.86 2.16 1.4% 0.78
1 88 1.07+0.50] 3.83 3.08 2.33 1.57 0.79
ol 2 68 3.14+2.12] 490 3.95 3.00 2.02 1.0p
al 3 33 6.56 +3.51] 9.59 7.82 5.98 4.07 2.08
S 4 10 43.29 £ 4.59 25.93 21.88 17.36 12.28 6.54
P_i 5 1.5 80.25+4.10 70.00 65.12 58.33 48.28 31.82
- 6 0.2 93.98 + 0.64 94.59 93.33 91.30 87.50 77.78
o| 7 0.02 97.62 £ 0.69 99.43 99.29 99.06 98.59 97.22
Y (X1 — )2 442.49| 705.18 | 1168.6 2036.59 3983.89
0.5 95 0.15+0.08 3.55 2.86 2.16 1.4% 0.78
1 88 0.23+0.10f] 3.83 3.08 2.33 1.57 0.79
S| 2 68 258+1.53 4.90 3.95 3.00 2.02 1.0
ol 3 33 6.18+2.99] 9.59 7.82 5.98 4.07 2.08
G114 10 31.32 +4.32 25.93 21.88 17.36 12.28 6.54
E 5 1.5 64.98 £ 6.63 70.00 65.12 58.33 48.28 31.82
— 6 0.2 90.37 £ 1.64 94.59 93.33 91.30 87.50 77.78
o| 7 0.02 96.31 + 0.50 99.43 99.29 99.06 98.59 97.22
Z (X1 —x)"2 123.38| 126.98 | 256.28| 663.22 1892.97
0.5 95 0.09 3.55 2.86 2.16 1.45 0.73
1 88 0.65 3.83 3.08 2.33 1.57 0.79
2 68 2.86 4.90 3.95 3.00 2.02 1.02
S 3 33 6.37 9.59 7.82 5.98 4.07 2.0§
E 4 10 37.3 25.93 21.88 17.36 12.28 6.54
— 5 1.5 72.61 70.00 65.12 58.33 48.28 31.82
ol 6 0.2 92.18 94.59 93.33 91.3( 87.50 77.18
7 0.02 96.96 99.43 99.29 99.06 98.59 97.22
Z (X1 —x)"2 184.70| 317.77 | 614.06| 1251.38 2839.77

Supplementary Table 1 - Comparison of experimentahnd theoretical donor chimerism levels assuming
different efficiencies of the engraftment of intraxenously administered donor BMCs.
Estimates of surviving fractions of STRCs and LTR@sdifferent submyeloablative doses of irradiatidRR)
derived from Figure 1B. The experimental chimeriaras determined by pooling the results from the four
experiments presented in Fig. 3. The theoreticaehelism was calculated using the assumptions thifolf the
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femoral bone marrow contains 3.5% of the total S¥REd LTRCs, 100 — 80 — 60 — 40 or 20% of themadhgr
and those of the donor and the host contribute Iggt@ blood cell production. The square roots bét
differences between the experimental and the cledl values were determined (x1 — x2)*2 and their
summation is given below the columns. The bedidiiveen the experimental results and calculategegalvas

for 100% engraftment efficiency which is indicategthe least sum of squared differences (bold nusibelow
columns). Results are given for STRCs derived fionor chimerism determined in blood one month after
transplantationA), LTRCs derived from donor chimerism determineithesi in blood B) or bone marrow()
four or six months after transplantation and folR(s derived from the mean donor chimerism calcdl&iem
that measured in the blood and that measured imdreow D).
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IRR %_o_f exp_erim_ental corresponding % of whole BM content
(Gy) surviving chimerism
cells mean + SEM | 25 3 35 4 45
0.5 72 0.053 £ 0.43 3.36 4.00 4.64 5.26 5.88
1 52 6.03+£2.12 4.59 5.45 6.31 7.14 7.96
2 26 242 +1.34 8.77 10.34 11.86 13.33 14.75
S1 3 13 10.64 +3.50| 16.13 18.75 21.211 23.53 25.71
|n_: 4 6 41.19+£3.74) 29.41 33.33 36.84 40.00 42.86
n| 5 1.5 75.22 +2.52| 62.50 66.67 70.00 72.13 75.00
<| 6 0.2 85.19+1.12] 92.59 93.75 94.59 95.24 95.74
7 0.02 95.57 +1.25| 99.21 99.34 99.43 99.50 99.56
Z (X1 —x)"2 452.01| 366.84 | 371.56 | 437.68| 547.22
0.5 95 0.09 2.56 3.06 3.55 4.04 4.52
1 88 0.65 2.76 3.30 3.83 4.35 4.86
2 68 2.86 3.55 4.23 4.90 5.56 6.21
313 33 6.37 7.04 8.33 9.59 10.81 12.00
E 4 10 37.3 20.00 23.08 25.93 28.5Y7 31.03
1| 5 1.5 72.61 62.50 66.67 70.0( 72.783 75.00
m| 6 0.2 92.18 92.59 93.75 94.59 95.24 95.74
7 0.02 96.96 99.21 99.34 99.34 99.50 99.56
Z (X1 —x)"2 418.22| 267.29 | 184.70| 148.28 144.73

Supplementary Table 2 - Effect of varying the fradbn of STRCs and LTRCs in BMCs contained in bone
marrow collected from a half of the femur.
Calculation of theoretically expected donor chiregriin progressively irradiated hosts assuming 100%
engraftment efficiency of STRCs and LTRCs but thiepresentation in the bone marrow from half oé@ndir
varying from 2.5 to 4.5%.The proportional survigflthe host STRCsA) and LTRCs B) are those from Figure
1B, the latter being the mean from estimates ddrfu@m the chimerism level determined either in tth@od or

in the marrow.



