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ABSTRACT

The development of recombinant retroviral vectors able to transfer
exogenous genetic material into hemopoietic target cells has played a pivotal role
in our current understanding of hemopoiesis and has played a pioneering role in
the field of gene therapy. However, with the efficiency of gene transfer to murine
stem cells only 15% the power of recombinant retroviral gene transfer is currently
severely compromised by the efficiency of retroviral infection. To optimize the utility
of recombinant retroviruses, the human CD24 cell surface antigen was developed
as a dominant selectable marker in a retroviral vector to enable the identification
and selection of retrovirally transduced murine bone marrow cells, including those
with long term in vivo repopulating ability. Following infection of day 4 5-FU treated
murine bone marrow cells and selection of retrovirally transduced cells using an
anti-CD24 antibody and Fluorescence Activated Cell Sorting (FACS), functional
analysis of selected CD24+ cells demonstrated the presence of hemopoietic cells
at various stages of development, including in vitro clonogenic progenitors, day 12
CFU-S, and cells with totipotent long-term repopulating potential. Further
experiments demonstrated the ability to regenerate the hemopoietic systems of
myeloablated recipient mice with cells derived exclusively from provirally marked
stem cells and that the transferred CD24 gene was expressed in various
phenotypically defined populations of cells in vivo including marrow stem cell
candidates defined by the ScatLin- cell surface phenotype. Thus, CD24 can be
utilized not only as a selectable marker but also as a means to traék and phenotype
transduced cells and their progeny in vitro and in vivo. To provide information on
the recovery of hemopoietic stem cells following bone marrow transplant, irradiated
recipient mice were injected with various numbers of day 14.5 fetal liver or day 4 5-
FU adult bone marrow estimated to contain 10, 100 or 1000 Competitive

Repopulating Units (CRU). Analysis of the femoral marrow of primary recipients

showed complete recovery of bone marrow




cellularity and clonogenic progenitor content and a near full recovery of day 12
CFU-S numbers irrespective of the number or origin of the cells initially
transplanted. While the recovery of donor-cell-derived CRU was incomplete in all
cases, fetal liver was markedly superior to those from adult bone marrow.
Moreover, proviral integration analysis of mice receiving retrovirally transduced
CD24+ selected bone marrow cells provided evidence for a >300-fold clonal
amplification of a single transduced stem cell. These studies have provided
procedures for the selection, tracking and phenotyping of murine bone marrow
cells, including those with competitive long term lympho-myeloid repopulating
ability. The availability of such procedures should increase the power of retroviral
marking studies, and be advantageous in studies aimed at the genetic
manipulation of hemopoietic sterh cells and their progeny, as well as in the
development of vectors able to optimize the expression of transferred genes in
specific target cells of interest for use in human gene therapy trials. Moreover,
these findings set the stage for attempts to enhance 'hemopoietic stem cell
regeneration post-transplant by the administration of exogenous agents or the
expression of intracellular factors that may enhance the regenerative potential of

stem cells.




TABLE OF CONTENTS

LI OO OO PSPP PR i
ABSTRACT..... .ottt s bbb s s n s i
TABLE OF CONTENTS... ...ttt iv
LISTOF FIGURES...........ccooii et sbe s vii
LISTOF TABLES...........occeorireeein et n s s viii
ABBREVIATIONS...........oooireceecre ettt s s s aa s e sen s iX
ACKNOWLEDGMENT.........cooviieiiiiieniecee et Xi
CHAPTER 1. Introduction
1.1. The hemopoietiC SYSIEM...........cccemnimniiin s 1
1.1.1. Overview of hemopOoIESIS.......c...cciviiviiniii 1
1.2. Assays for early hemopoietic cells.........ccovivveiiimniiinii 3
1.2.1. In vitro clonogenic Progenitors.........ccccvvvienicniiinninnecccins e, 3
1.2.2. Colony-forming units-spleen (CFU-S).........ccccovvvnniinnnicnnnnnn, 5
1.2.3. The hemopoietic stem cell (HSC).........coovvvviniviiiiiiiiiiinininnn, 6
1.2.4. Phenotyping and purification of HSCs........cccccoieiiniiiinnin, 9
1.3. Ontogeny of the murine hemopoietic system...........ccccooviniiiniiiiins 13
1.3.1. Development of the hemopoietic system........cccoeeniiiiiinnnnnn, 13
1.3.2. Comparison of stem cells from fetal liver and adult
BISSUES. ... ettt r e e eeae e e 14
1.4. Properties of hemopoietic stem cells........coovvviiiiiniiii s 16
1.4.1. Cycling status.......cccovvericiiiin 16
1.4.2. Developmental potential and dynamics of HSCs.................... 16
1.4.3. Self-renewal and aging of HSCs........ccovcvvvnniiiiinininiee 19
1.5. Regulation of hemopoiesis..........cccemrriinininiinin 23
1.5.1. Regulation by extracellular factors...........ccccoeenviniiiiiininnnnn. 23
1.5.1.1. Hemopoietic growth factors.........cccceviiiiininiiiinnninns 23
1.5.1.2. The extracellular matrix...........ccoccvneiniiniinincineiiens 25
1.5.2. Regulation by intracellular factors..........ccoceevennnninininninnn, 27
1.6. Genetic manipulation of hemopoietic cells using recombinant
FEITOVITUSES. .....vecuieeeereeetesr it st e e st sa e se s e s s s bs s b e b s b e b b s b b e s ba e e nee s 28
1.6.1. The lifecycle of retroviruses...........ccocvviiiinnneninnenninn, 29

1.6.2. Recombinant retroviruses as vectors for gene transduction.. 33
1.6.2.1. Production of helper-free replication-defective

FEITOVITUSES.....cei et e 34
1.6.3. Optimization of retroviral gene transfer............ccocvvveeiieninnni 36
1.6.3.1. Retroviral infection strategies............cccovuiiviiiinnnnnnin, 36
1.6.3.2. Targeting of virions to host cells..........ccooeviiinnnnnn, 38
1.6.3.3. Use of selectable markers to increase the utility
of recombinant retroviral vectors................ errrrr e 40
1.6.4. Retroviral vector design..........c.ccccevvniininnininiinnnieiesinenieens 40
1.7. Thesis objectives and general strategy.........c..cccvvinvciiniieiniencniee e, 44

CHAPTER 2. Materials and Methods
2.1. Construction of retroviral vectors, virus production and viral assays... 46

2.1.1. Recombinant retroviral VeCtors...........ccoevrcmnnnninniiinncinnnnce, 46

2.1.2. Viral packaging and other cell lines..........cc.ccceivviniiiiniinnninnnnnn. 47

2.1.3. Generation of viral producer cell lines...........ccccceeeiiiiiiininninnan, 47

2.1.4. Viral titering and helper virus assay..........ccceuveiieiciiienicnnennne. 48
iv




2.2. Hemopoietic cell culture and assays..........ccoeviiiiniiiniicininienneesssnnns 48

2.2.4. MICE....cooicere s 49
2.2.2. Viral infection of bone marrow cell and cell lines.................... 49
2.2.3. In vitro clonogenic progenitor assay..........ccceveieirenieneisieninnnnn, 50
2.2.4, CFU-S @SSAY....cceccerirrrreesrieriesnre e seesees s sissasss s sssssessnssassanesseens 50
2.2.5. Bone marrow transplantation and quantitation of
competitive repopulating units (CRU).........c.ccocvviniivininniiinn e, 50
2.3. Molecular analysis........c..c.ccvveiniinin e 52
2.3.1. Southern blot analysis...........ccccomiiiiniini e 52
2.3.2. Antibody staining procedures.............ccccorriniicnniiinnnn, 53
2.3.3. Fluorescence activated cell sorting (FACS)........c.ccooevviviiiinnn 55

CHAPTER 3. Selection of retrovirally transduced hemopoietic
cells using CD24 as a marker of gene transfer

< T I (01 (oY 0T (o T o VSR OUUR 57

B.2. RESUIES......oeeueeriiceeceee ettt 58
3.2.1. The CD24 viral VECIOL........ccocevvicicinrenie i 58
3.2.2. FACS selection of CD24-transduced in vitro clonogenic
progenitors and CFU-spleen (CFU-S).........ccccoociviiiininniiniiicnini 60
3.2.3. Selection by FACS of CD24-virus-infected CRU.................... 61

3.3, DiSCUSSION......ceiirieieecreceetestesteesseneesee e aseesreesaneseeenteseeseesesssbnsssssaaesanssbaans 69

CHAPTER 4. High level reconstitution with preselected hemopoietic
cells expressing a transduced gene encoding a cell surface antigen

4.1, INtrOAUCHION.....ceviecierr e bbb 76
4.2, RESUNRS....eeeee et b s 77
4.2.1. Viral vectors and experimental design..........ccccccvviniiiiiiinnnan. 77
4.2.2. The majority of donor-derived cells in recipients
contain iNtaCt ProOVIFUS.......cocvvieiiiernin e 78
4.2.3. Efficient gene transfer to and expression of CD24
among ScatLin™ bone marrow stem cell candidates....................... 85
4.3, DISCUSSION.....ceiieteriieiriritece s s ssre e e s secseesas s b st e s s s ab s be s sanesbaannne s 89

CHAPTER 5. Evidence of both ontogeny and transplant dose regulated
expansion of hemopoietic stem cell in vivo

.1, INtrOAUCTION. ...t e 93
5.2, RESUIS.....eiuereererrrercre ettt s s 94
5.2.1. Overall experimental design...........ccoevririiniineiiniieeies 94
5.2.2. Kinetics of reconstitution of the terminal compartments........ 94
5.2.3. Reconstitution of the marrow............cccccinininniiiieenne 95
5.2.4. Reconstitution of the marrow CRU compartment.................... 97
5.2.5. Regenerative ability of a single CRU assessed
using retroviral Marking........cccceevrinierniene 99
5.3, DISCUSSION. .....coiirrinriieeeeecrrersesreeeennees s s ssness s bs e sessae s e sas s s s sbasbaeba s e s eassanans 101
CHAPTER 6.
DISCUSSION.......eiiuiicieiiecreete et e s r s bbb st assne e e 107
CHAPTER 7 ' Y
REfEreNCES......ocuiiiiceee e s 114




LIST OF FIGURES

CHAPTER 1
Figure 1.1  Schematic representation of the hemopoietic hierarchy....... 2
Figure 1.2. Schematic representation of the competitive repopulating

UNit (CRU) @SSAY.....ccivreerrireriecesrirresees e e s s ssne e e 10
Figure 1.3. Various organs in which hemopoiesis takes place during

ontological development.........cc.ocveiiiveeiiiieeeeeiccece e 15
Figure 1.4. Schematic representation of a model to explain HSC

behavior following bone marrow transplant..............c.coceeennn. 19
Figure 1.5. Schematic representation of a typical retrovirus. ................... 32
Figure 1.6. Critical features of the retroviral lifecycle............cccoccovvinnneennn. 33
Figure 1.7. Steps involved in the production of recombinant retrovirus.. 35
CHAPTER 3.
Figure 3.1. Schematic of the JZenCD24tkneo provirus.........c..ccceevvevrnneen. 59
Figure 3.2. Flow cytometric analysis of CD24 expression of Ba/F3

cells infected with the JZenCD24tkneo retrovirus.................. 60
Figure 3.3. FACS selection of CD24 virus-infected in vitro clonogenic

progenitors and day 12 CFU-S.............. e ereereea—eeanteeeartaesaaaes 62
Figure 3.4. Selection of CD24 virus-infected CRU by FACS.................... 65
Figure 3.5. Hemopoietic reconstitution from CD24 retrovirus-infected

competitive repopulating cells as assessed by Southern

Figure 3.6. Proportion of recipient mice expressing the transferred
CD24 gene at early and late time points posttransplant
as assessed by FACS.........cco e 71
Figure 3.7. Flow cytometric analysis of CD24 expression in the
hemopoietic tissues of one repopulated mouse 4 months
post transplantation...........cccco e 72
CHAPTER 4.
Figure 4.1. Viral vectors used and FACS selection of retrovirally
transduced bone marrow cells..........ccoociriciiinc 79
Figure 4.2. Detection of high levels of intact provirus in recipient mice
by Southern blot analysis............ccoccveerinnninienrnce e 83
Figure 4.3. Assessment of proviral integration in primary or secondary
recipients and day 12 spleen colonies by Southern blot
ANAIYSIS. .eieiiireriiiie e 86
Figure 4.4. Expression of the transferred CD24 gene in primary marrow
stem cell candidates as defined by the Sca*Lin- cell surface
PRENOLYPE.....coieicei ittt ana e 87
Figure 4.5. Proportion of stem cell candidates defined by the ScatLin-
cell surface phenotype positive for CD24 expression at 24
weeks post transplant...........cooveiiiivenii 88
CHAPTER 5.
Figure 5.1. Regeneration of Ly5.1 donor-derived cells following the
transplantation into secondary recipients...........c..c....... v 98
Figure 5.2. Demonstration of CD24 provirus in bone marrow (B),

spleen (S), and thymus (T) DNA of primary and secondary
transplant recipients. .........ccccc v 101

Vi




LIST OF TABLES

CHAPTER 1
Table 1.1.  Options in selectable/reporter markers for retroviral
VECIOIS.....oiitiiiiiniincsri b 41

CHAPTER 3

Table 3.1.  Proviral integration and CD24 expression on cells from
individual spleen colonies derived from sorted and unsorted
bone marrow cells following CD24 virus infection.................. 63

Table 3.2.  Proviral integration and CD24 expression on cells from
competitively repopulated mice assessed 5 weeks post
tranSPlant.........oo s 67

CHAPTER 4
Table 4.1.  Flow cytometric analysis of CD24 expression in various
hemopoietic tissues in recipient mice 24 weeks

POSHIANSPIAN........occei et 81
CHAPTER 5
Table 5.1.  Proportion of Ly5.1+ peripheral blood cells from primary
FECIPIENES. ..ttt 95

Table 5.2.  Regeneration of cellularity, CFC and day 12 CFU-S
populations in the femurs of primary recipient mice 8
months post transplant.........ccccooiriecvn 96
Table 5.3.  Expansion of donor-derived CRU in primary recipients of
fetal liver or adult bone marrow cells...........ccecveriverinieeereneennns 99




7AAD
ADA
AGM
AIDS
ATTC
BFU-E
BFU-Mk
BM

bp

BSA
CAFC
cDNA
CD
CFU
CFU-E
CFU-G
CFU-GEMM

CFU-GM
CFU-M
CFU-S

LIST OF ABBREVIATIONS

7-amino actinomycin D

adenosine deaminase

aortic gonadal mesenephros region
acquired immune deficiency syndrome
American Type Culture Collection

burst forming unit-erythroid

burst forming unit-megakaryocyte

bone marrow

base pair

bovine serum albumin

cobble stone area forming cell
complementary deoxyribonucleic acid
cluster designation

colony forming unit

colony forming unit-erythroid

colony forming unit-granulocyte

colony forming unit-granulocyte-erythroid-monocyte-
megakaryocyte

colony forming unit-granulocyte-macrophage
colony forming unit-macrophage

colony forming unit-spleen

centiGray

competitive repopulating unit

cesium

calf serum

deoxycytidine triphosphate

Dulbecco's Modified Eagles Medium
deoxyribonucleic acid

embryonic carcinoma cell
ethylenediaminetetraacetic acid
erythropoietin

embryonic stem cell

fluorescence activated cell sorter

fetal calf serum

fluorescein-isothiocyanate

fIk2/flt3 ligand

5-fluorouracil

geneticin

granulocyte colony stimulating factor

green fluorescence protein
granulocyte-macrophage colony stimulating factor
glucose 6 phosphate dehydrogenase
glucose phosphate isomerase

hepes buffered solution

Hank's balanced salt solution/2%fetal calf serum
high proliferative potential colony forming cell
heat stable antigen

hemopoietic stem cell

viii




HXM

Ig

iL
IRES
LFA
LIF
LTC
LTC-IC
LTR
M-CSF
MDR-1
MESV
MHC
MIP-1a
MoAb
MoMuLV
MPSV

hypoxanthine-xanthine-mycophenolic acid
immunoglobulin

interleukin

internal ribosomal entry site
leukocyte function association
leukemia inhibitory factor

long term culture

long term culture-initiating cell

long terminal repeat

macrophage colony stimulating factor
multi-drug resistance-1 protein
murine embryonic sarcoma virus
major histocompatibility complex
macrophage inhibitory protein-1a
monoclonal antibody

Moloney murine leukemia virus
myeloproliferative sarcoma virus

MRA-CFU-S marrow repopulating ability-colony forming unit-spleen

MSCV
NCS
NH4ClI
ORF
P

PB
PCMV

PCR
PGK
Pl
RBC
Rh
RNA
R-PE
RPMI
RT

RU
SCCM
SD
SDS
SEM
SSC
TE
TGF-8
U
VCAM
VLA
VSV-G
w
WBC
WGA

murine stem cell virus

newborn calf serum
ammonium chloride

open reading frame

phosphate

peripheral blood

PCC4 embryonal carcinoma cell-passaged myeloproliferative
sarcoma virus

polymerase chain reaction
phosphoglycerate kinase
propidium iodide

red blood cell

rhodamine

ribonucleic acid
R-phycoerythrin

Roswell Park Memorial Institute
reverse transcription
repopulating unit

spleen cell conditioned medium
standard deviation

sodium dodecyl suifate
standard error of the mean
sodium chloride sodium citrate
tris-EDTA

transforming growth factor-3

units

vascular cellular adhesion molecule
very late antigen

vesicular stomatitis virus G glycoprotein
White spotting mutation

white blood cell

wheat germ agglutinin




ACKNOWLEDGMENTS

| would like to thank and express my gratitude:

to my supervisor Dr. R. Keith Humphries for the opportunity to do graduate
training at the Terry Fox Laboratory and for his enthusiastic support and tireless
guidance throughout this project.

to Drs. Connie J. Eaves and Peter Lansdorp for their collaborative efforts
and many stimulating discussions. | would also like to thank Dr. Eaves for her
invaluable contributions to writing the manuscripts described in this thesis.

to the many members of the Humphries laboratory for providing an
invigorating scientific environment in which to study.

to Patty Rosten, Gayle Thornbury, Visia Dragowska, Maya St-Clair and Fred
Jenson for expert technical assistance.

to Drs. Dixie Mager, Muriel Harris and Ross MacGillivray for serving on my
graduate committee.

to the Medical Research Council of Canada for financial support.

to my parents for their years of support and understanding, to Heather
Murray for believing in me and to the Dragon Hags for making life fun.




CHAPTER 1
INTRODUCTION

1.1 The hemopoietic system

1.1.1 Overview of hemopoiesis

Hemopoiesis is the essential, lifelong process whereby multiple types of
highly specialized blood cells are generated. These cells include those
responsible for carrying out specific functions such as carbon dioxide and oxygen
transport (erythrocytes), blood clotting (platelets), humoral (B lymphocytes) and
cellular (T lymphocytes) immunity as well as mounting phagocytic responses to
foreign organisms and their products (granulocytes/monocytes/macrophages). In
the normal human adult it is estimated that approximately 200 billion erythrocytes
(1) and 60 billion neutrophilic leukocytes (2) are produced everyday. This
observation has stimulated a great deal of interest in the cells that are ultimately
responsible for accommodating this enormous daily output of cells, and in the
mechanisms that regulate this process. The cell types mentioned above can be
functionally divided into two distinct groups termed myeloid and lymphoid (Figure
1.1).

During normal adult life myeloid cells are produced exclusively within the
bone marrow (3) while cells of the lymphoid lineages are produced to varying
degrees in the bone marrow, spleen, thymus and lymph nodes. Mature functional
end cells and their immediate precursors have a limited lifespan and a limited
proliferative capacity and hence are not self-maintaining. Thus, these cells must be
continuously replaced from a pool of more primitive proliferating cells. These cells
constitute a hierarchy of cells with increasing proliferative potential and wider

differentiative capacities.
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Figure 1.1. Schematic representation of the organization of the hemopoietic system
and some of the assays used to evaluate HSCs and various pools of progenitor
cells; HSC, hemopoietic stem cell; CRU, competitive repopulating unit assay; RU,
repopulating unit assay; LTC-IC, cells with the ability to initiate in vitro long-term
cultures; CAFC, in vitro assay for cobblestone forming area cells; day 12 or day 8
CFU-S, colony-forming-unit spleen cells able to produce splenic nodules 12 or 8
days post inoculation respectively; Blast col., in vitro blast colony assay. The
relative potential for proliferation and self-renewal of various groups of cells is
shown to the right.

Ultimately, all cells of both the myeloid and lymphoid lineages are derived
from cells referred to as totipotent stem cells which are estimated to comprise only
0.01% of the total marrow compartment. These cells are operationally defined by
their capacity to regenerate and sustain both the myeloid and lymphoid arms of the
hemopoietic system for long periods of time following transplant and by their
extensive capacity for self-renewal, the process of cellular division resulting in the
production of daughter cells which are functionally indistinguishable from the

parent cells in terms of their proliferative and differentiative potential. Many

important questions remain unanswered regarding the nature and regulation of




totipotent hemopoietic stem cells. These include a basic understanding of their
numbers, biological potential, usage over time and the genes encoding extrinsic
and/or intrinsic factors which are responsible for the regulation of these biological
characteristics. Moreover, with an increasing emphasis on the development of
clinical strategies that depend upon the regeneration of HSC numbers (eg.
autograft purging and the genetic therapy of inherited hematological disorders) the
assessment of the self-renewal potential of HSCs is of particular interest.

The ability to manipulate HSCs genetically has provided a powerful tool to
begin to address the above issues. The overall goal of the work presented in this
thesis was to develop methodologies to increase the utility of gene transfer for the
efficient genetic manipulation and tracking of HSCs and to utilize these procedures
to define more clearly the self-renewal potential of HSCs following bone marrow
transplant. The following introduction examines the current state of knowledge of
the phenotypic and functional properties of HSCs as well as the methods available
for their genetic manipulation.

1.2. Assays for early hemopoietic cells.
1.2.1. In vitro clonogenic progenitors

The ability to culture hemopoietic cells in vitro has provided a large amount
of information on the cellular organization, the proliferative and differentiative
potential, and growth factor requirements of cells at various stages of hemopoietic
| development. Assays first described by Bradley and Metcalf (4), and Pluznik and
Sachs (5) involved the growth of hemopoietic cells in a semi-solid matrix of agar
that allowed colonies of hemopoietic cells derived fromvsingle cells to be identified
and characterized. Subsequent assays for such "clonogenic progenitors" utilized
plasma clots or, now most often, methylcellulose to provide semi-solid medium.
Such growth medium is typically supplemented with nutrients and growth factors

required by the dividing cells and which have been provided historically in part by

poorly defined "conditioned" cell medium. Today a large number of hemopoietic




growth factors have been purified and their genes cloned resulting in the
availability of pure recombinant factors (reviewed in (6)). The vast majority of
clonogenic progenitors detectable in assays of normal bone marrow are of uni- or
bipotent potential that are able to give rise to colonies consisting of granulocytes
and monocytes/macrophages (colony-forming units granulocyte-macrophage;
CFU-GM) (7), pure granulocytes or monocytes/macrophages (CFU-G or CFU-M) (4,
5), erythrocytes (BFU-E and CFU-E) (8), and megakaryocytes (BFU-Mk) (9). More
recently assays for cells with B, but not T, lymphoid potential have been described
(10). Such cells, while sometimes possessing considerable proliferative potential
yielding colonies of several thousands of cells, have limited or no capacity for self-
renewal as determined by their inability to generate equivalent secondary colonies
in subsequent replatings (11). These cells also appear to be actively cycling under
normal steady-state conditions in vivo since they are highly susceptible to killing by
cycle-specific cytotoxic drugs such as 5-fluorouracil (5-FU) (12). Such cells, then,
are believed to be relatively late in the hemopoietic hierarchy.

Such in vitro assays also enable the identification of earlier progenitors
characterized by their ability to produce colonies consisting of multiple lineages (ie.
granulocyte / erythrocyte / macrophage / megakaryocyte from CFU-GEMM) (13,
14), of great size (eg. high proliferative potential colony-forming cells, HPP-CFC)
(15), and/or cells with a primitive undifferentiated cellular morphology (ie. blast
colony forming cells) (16-18). CFU-GEMM and blast colony forming cells are also
characterized by a capacity for self-renewal as demonstrated by the ability of some
of their clonal progeny to form secondary and less frequently tertiary multi-lineage
and blast colonies in replate assays (16, 19).

1.2.2. Colony-forming units-spleen (CFU-S)
The first assay available to study hemopoietic cells shown to possess "stem

cell-like" properties was the in vivo spleen colony assay described by Till and

McCulloch in 1961 (20). This assay is based on the ability of certain cells (CFU-S,




for colony forming unit-spleen) to home to the spleen and grow to form
macroscopic hemopoietic nodules detectable on the surface of the spleen 8-12
days post-transplant. The origin of individual nodules from a single cell (ie. clonal
in origin) was first determined by injecting bone marrow cells from mice harboring
unique radiation-induced chromosomal abnormalities (21, 22) , and this was later
confirmed using unique retroviral integration events as markers (23, 24). Individual
spleen colonies detected on day 8 post-transplant usually are restricted in the
types of cells they contain (either erythroid or granulocytic but not both (25, 26))
and rarely produce daughter colonies upon subsequent retransplantation (11).
Thus, day 8 CFU-S resemble uni-potential in vitro clonogenic progenitors. In
addition, a large proportion of day 8 CFU-S are also sensitive to killing by the
cycle-active drug 5-FU (27). However, those CFU-S which result in large colonies
detected on day 12 are often composed of cells of multi-lineages (20), are more
resistant to killing by 5-FU and are often able to generate numerous daughter CFU-
S (28). Whether these cells possess the potential to produce cells of the lymphoid
lineages remains controversial (29-31).

Although spleen colony-forming cells were once thought to constitute the
most primitive hemopoietic compartment since they possess a large capacity for
proliferation, are multi-potential and have significant self-renewal ability, recently
the use of counterflow centrifugal elutriation has been used to show that day 12
CFU-S can be physically separated from cells with long term repopulating ability
(32).

1.2.3. The hemopoietic stem cell

It has been proposed that the most useful, rigorous definition of a
hemopoietic stem cell should be based on such a cell having an in vivo capacity for
the long term production of all blood cell Iineageé (33). Evidence for the existence

of cells with such characteristics has primarily come from transplantation models.

For example, Wu et. al. (22) detected common chromosomal abnormalities in both




the myeloid and lymphoid compartments of myeloablated recipient mice that had
received a transplant of marrow cells from donor mice harboring unique radiation
induced chromosomal abnormalities. Subsequent evidence suggesting the
existence of totipotent HSCs was provided by Nakano et. al. (34) who performed
marrow transplants between congenic strains of mice which possessed
distinguishable hemoglobin and isoenzyme markers. Moreover, the transplant of
retrovirally marked adult day 4 5-FU bone marrow (35) or fetal liver cells (36) into
irradiated (35) or genetically anemic 'W/WV (23) mice has also demonstrated the
existence of lympho-myeloid repopulating stem cells based on the detection of
common proviral integrants in cells of both the Ilymphoid and myeloid
compartments in the recipient mice. ~ As described in the subsequent section,
hemopoietic stem cells cannot yet be positively identified on the basis of any
unique morphological, physical or cell surface characteristics. Thus, rigorous
identification of totipotent hemopoietic stem cells relies on functional assays based
on the ability of such cells to regenerate and sustain the hemopoietic systems of
myeloablated or genetically anemic (ie. W/WV) recipients. A variety of
transplantation strategies have been designed in an effort to quantify hemopoietic
stem cells derived from various cell populations. One such approach involves
assessing the survival of irradiated recipient mice for 30 days following
transplantation with limiting numbers of marrow cells (39-41). However, such an
assay is complicated by the potential contribution from residual recipient cells, and
the possibilities that such short term radioprotective capacity may in part derive
from more mature cell types (42, 43). Moreover, the transplant of insufficient
numbers of cells with short-term radioprotective capacity can result in the death of

the recipient before cells with long term repopulating capacity can be read out.

1The W locus, located on chromosome 5, encodes the receptor for Steel factor which is a
hemopoietic growth factor shown to support the proliferation of both immature and lineage restricted
lymphoid and myeloid progenitor cells in combination with other hemopoietic growth factors (37, 38).
Mice harboring mutations at the W locus are characterized by an intrinsic defect in primitive
hemopoietic stem cells and thus, the hemopoietic systems of these mice can be replaced with normal
wild type hemopoietic cells without the use of conditioning regimens such as irradiation.
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A second, very powerful approach to the quantification of hemopoietic stem
cells has been the use of the competitive repopulation assay first developed by
Harrison (44, 45). This assay is based upon comparing the long-term repopulating
abilities of two separate populations of hemopoietic cells which are distinguishable
on the basis of allelic differences in hemoglobin and Gpi-1 isoenzyme markers.
One of the cell populations (the "competitor") consists of a fixed number (usually 1-
2 x 106 cells) of fresh marrow that serves as a standard for repopulating potential.
Varying numbers of a "donor" or "test" source of stem cells are then injected and
the mean relative contribution of the two populations to hemopoiesis measured.
Repopulating units (RU) are calculated according to the formula RU=%(C)/(100-%),
where % is the measured percentage 6f peripheral blood cells in the recipient with
the donor phenotype, and C is the number of fresh competitor marrow cells
used/109. Each repopulating unit represents the repopulating ability shown by 1 x
109 fresh marrow cells from the competitor pool. This method has a number of
advantages over 30 day survival assays. Recipient mice are analyzed at long
periods post transplant providing a rigorous measure of stem cell function.
Moreover, the short term hematological rescue of myeloablated recipient mice is
not dependent upon the cell population being tested since life sparing doses of
donor cells are provided in the competitor cell population. However, this method
cannot be used to assess properties of individual HSCs such as their proliferative
capacity since one cannot distinguish between differing proliferative capacities and
differing numbers of HSCs.

The Competitive Repopulating Unit assay developed by Szilvassy et. al.
combines limiting dilution and corhpetitive repopulating procedures to quantify
totipotent repopulating stem cells. In its original form, the CRU assay involves the
co-injection of limiting numbers of male test cells along with a fixed number (2 x

109) of female competitor cells into myeloablated female recipient mice. The

competitor cells ar