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ABSTRACT

The adult bone marrow contains stem cells capable of reconstituting all hemopoietic

lineages for the life-time of a recipient following lethal irradiation and bone marrow

transplantation. Despite more than two decades of research to characterize this population of

pluripotent stem cells, mechanisms that regulate the survival, proliferation and differentiation in

the initial stages of hemopoietic development in vivo remain poorly understood. Methods for

maintaining, expanding and following the fate of the most primitive hemopoietic cells in vitro

thus offers major opportunities for the investigation into these mechanisms. The major

objectives of this work were therefore initially to determine if totipotent stem cells capable of

repopulating hemopoiesis in lethally irradiated mice could be maintained and proliferate for

extended times in vitro, and subsequently to quantitate stem cell numbers in these cultures and

assess their in vivo repopulating potential in lethally irradiated hosts.

Initial studies were aimed at determining if stem cells capable of repopulating all

hemopoietic lineages in lethally irradiated mice could be maintained and proliferate when grown

in a long-term culture (LTC) system. Marrow cells from 5-fluorouracil treated male mice were

infected with a helper-free recombinant virus carrying the neomycin resistance gene and seeded

onto irradiated adherent layers of pre-established, long-term marrow cultures of female origin.

At 4 weeks, cells from individual cultures were transplanted into multiple recipients. Southern

blot analysis of hemopoietic tissues 45 days post transplant demonstrated large clonal

populations common to lymphoid and myeloid tissues as indicated by the presence of unique

retroviral insertion fragments. In a number of cases it was found that multiple recipients of a

single flask were repopulated with the same clonally marked totipotent cells indicating

expansion of such cells during culture prior to their injection into irradiated recipients. These

results demonstrated for the first time both maintenance and expansion in vitro of totipotent

stem cells with in vivo repopulating ability.
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In a subsequent and more extensive study, a quantitative in vivo assay for competitive

repopulating units (CRU) was combined with retroviral marking of the initial cell population in

order to quantitate stem cell numbers, and to determine if long-term repopulating ability had

been maintained. These studies included the analysis of 46 different clones obtained in

recipients 5 weeks to 7 months after transplantation of the cultured marrow. Half of these

clones (22 of 46) included both lymphoid and myeloid progeny. Eight of the 22 lympho

myeloid clones were represented in multiple recipients, in some cases following the injection of

limiting numbers of CRU, indicating repopulation from sibling totipotent stem cells with long-

term repopulating potential. Quantitation using the CRU assay demonstrated that in spite of the

significant expansion of some totipotent stem cells revealed by retroviral marking, there was a

net decrease in total CRU numbers after 4 weeks in LTC. Such results suggest that the

behavior of individual CRU in LTC may be very heterogeneous, with some undergoing

extensive amplification even in the face of concurrent mechanisms leading to a net loss of

CRU, presumably due to their differentiation and/or death. Serial analysis of cells released into

the nonadherent fraction of LTC for up to 7 weeks provided additional evidence for continued

proliferation of cells with long-term repopulating potential. LTC can thus clearly support the

maintenance and amplification of totipotent hemopoietic stem cells for extensive periods of time

without diminution of their long-term in vivo repopulating potential. These results set the stage

for future studies into manipulation of development and proliferation of cells with these

capabilities.

The final series of investigations explored an approach for manipulating early

hemopoietic cell behavior based on reconstitution of bone marrow following retroviral transfer

and subsequent constitutive expression of a candidate regulator. As a model, a recombinant

retrovirus carrying the interleukin-7 (IL-7) gene was used to infect bone marrow cells for

reconstitution of lethally irradiated hosts. IL-7 has been implicated as a regulator in early T-cell
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and early B-cell development. Constitutive expression of IL-7 might therefore be anticipated to

cause an amplification of stages early in hemopoietic development in mice reconstituted with

IL-7 producing clones of hemopoietic cells. IL-7 reconstituted recipients exhibited a severe

lymphoproliferative disorder with hyperplastic lymph nodes and splenomegaly, due

predominantly to expansion in extrathymic lymphoid tissues of an unusual T cell population

resembling immature thymocytes. Further experiments will be required to establish whether

IL-7 acts directly on this population of immature T-cells to induce their expansion or whether

this cytokine affects the commitment or expansion of cells at developmentally earlier stages of

hemopoiesis.

The results presented here provide for the first time evidence of in vitro amplification of

totipotent long-term repopulating hemopoietic stem cells, establishing the LTC as a starting

point for delineating the regulatory factors that influence the maintenance, proliferation and

developmental decisions of these cells. Additional evidence for a role of IL-7 in early stages of

hemopoietic development and a murine model for these effects in vivo are described.
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CHAPTER I

INTRODUCTION

1) THE HEMOPOIETIC SYSTEM.

A) AN OVERVIEW OF HEMOPOIESIS: CRiTICAL ISSUES IN HEMOPOIETIC

STEM CELL BILOLOGY.

Hemopoiesis is a continuous process of cell turnover, involving the regulated

differentiation and amplification of blood cell precursors to allow the replacement of

approximately 200 billion erythrocytes (1) and 60 billion neutrophilic leukocytes in the adult

normal human every day (2). This is achieved in part by the continued regulated contribution

of earlier less specialized precursors and progenitors that have some proliferative ability but are

not self-maintaining. These too must be supplied from a developmentally earlier source. This

process ultimately depends on the continued turnover of cells termed “hemopoietic stem cells??

that are both self-maintaining with the capacity for extensive proliferation, and are

multipotential with the ability to produce daughter cells that can contribute along multiple

lineages. In terms of studying hemopoietic development, it is vital to understand the molecular

mechanisms regulating these initial stages of development in order to distinguish extrinsic and

intrinsically determined control points. This introduction examines the current state of

knowledge of hemopoietic stem cells and assays that can be used to identify their physical and

functional properties. The overall objective of this thesis is then to improve the current state of
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knowledge and increase the understanding of events occuring at the hemopoietic stem cell

level.

Hemopoietic cells at different stages of development have been operationally defmed by

their differentiative, proliferative, and self-maintenance capacity (Figure 1). The mature blood

cells that carry out specific hemopoietic functions can be classified into two lineages, myeloid

and lymphoid. The myeloid cells are produced in the bone marrow (3) and consist of

granulocytes/monocytes/macrophages, (granulocytic), erythrocytes (erythroid) and platelets

(megakaryocytic) and their precursors. The lymphoid cells are produced to various degrees in

the bone marrow, spleen, thymus and lymph node and consist of T-lymphocytes and B-

lymphocytes. Mature functional end cells and their immediate precursors are not self-

maintaining, and undergo extensive maturation steps within relatively few divisions (4,5).

Myeloid committed cells at earlier stages of development (progenitors), and earlier lymphoid

cells are not easily definable by morphological criteria. Myeloid progenitors have been

recognized retrospectively by their capacity to form specific colony types in vitro, or in vivo.

Similar clonal assays for early lymphoid cells are less well developed, but recently have

become better characterized by recognition of specific antigen expression during development.

Myeloid progenitors and early lymphoid cells can be generated from a common

precursor, the totipotent hemopoietic stem cell. Hemopoietic stem cells can be operationally

defined by their ability to regenerate and sustain both myeloid and lymphoid blood cell

production for extensive times in vivo. Many important questions remain unanswered

concerning the nature and regulation of the hemopoietic stem cell compartment. These include

basic understanding of their numbers, usage over time and both intrinsic and extrinsic

regulatory processes. These issues are the major focus of this thesis, which has the main



3
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Figure 1. Schematic representation of the organization and regulatory factors
involved in the hemopoietic system showing developmental
compartmentalization and maturation compared to the potential for self
renewal and proliferation of myeloid cells, and antigen expression during
lymphoid cell differentiation.(Modified from Reference (190)).
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objectives of developing approaches to determine regulators and mechanisms that play critical

roles in stem cell behavior.

Assays that identify primitive hemopoietic cells as well as the current understanding of

their properties and developmental regulation are briefly reviewed below.

B) ASSAYS FOR EARLY HEMOPOIETIC CELLS.

a) In Vitro Colony Assays.

In vitro assays for cells with the ability to form colonies in semi-solid media have been

extremely useful in identifying cells at early stages in the hemopoietic hierarchy. It is now

possible to recognize a wide range of cells termed progenitors that can give rise to colonies of

either specific single lineages or multiple lineages of mature cells. Progenitors are the

precursors to differentiated end cells. Unlike end cells and their immediate precursors,

progenitors are difficult to defme by morphological criteria, and are relatively rare (1-3% of

hemopoietic cells). Such cells were first identified in assays simultaneously developed in 1965

by Pluznik and Sachs (6) and Bradley and Metcalf (7) that allowed the clonal growth of

hemopoietic cells (8). Proliferation of progenitors in vitro has been shown to be critically

dependent on specific growth factors that have in the past been supplied through

supplementation with conditioned media derived from various sources (9). More recently, a

number of distinct gene products with hemopoietic colony stimulating activity have been

identified and genetically cloned, so that these functional proteins can now be obtained in pure

form (Reviewed in (10)).

In vitro clonogenic cells can be defined within a hierarchical structure by their

proliferative and differentiative ability as well as for their capacity for generating progeny also
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detectable as colony-forming cells (self-renewal). The more mature forms have limited

proliferative ability, yield mature progeny after shorter intervals in vitro and form colonies

restricted to a single lineage (11,12). Cells capable of forming in vitro colonies have been

termed colony forming units (CFU). Some of these colonies are erythroid (CFU-E),

granulocyte (CFU-G), macrophage (CFU-M), mast cell and megakaryocyte specific (13-16).

Immediate precursors to these are bi-potential progenitors that form mixed colonies of two cell

types, for example granulocyte-macrophage progenitors (CFU-GM) (17). These progenitors

are also restricted in proliferative ability and form in vitro in a short time. Both uni and bi

potential progenitors are killed in vivo by drugs such as 5-Fluorouracil (5-FU) which are

cytotoxic to cycling cells, indicating these progenitors are in active cycle under steady-state

conditions (18,19).

The criteria that separate more primitive types of clonogenic progenitors are a more

extensive proliferative capacity, more prolonged periods intervening before mature progeny are

seen, and the ability to generate secondary colonies upon replating. Progenitors that fit within

these categories are CFIJ-GEMM (or B-macro), HPP-CFC and blast colony forming cells. A

large proportion of at least the latter two cases of earlier progenitors are unaffected by cycle-

specific cytotoxic drugs such as 5-FU, suggesting many of them are in a non-cycling state in

vivo (20-22). CFU-GEMM is the name given to a clonogenic cell population that can form

colonies containing a mixture of granulocytes, erythrocytes, macrophages and megakaryocytes

within 12-14 days after plating (14,23). These were termed macrosopic burst-forming cells

(B-Macro) because it was found that large colonies(> i04 cells) of erythroid nature

consistently also contained mature cells of other lineages. Self-renewal potential of B-macros

in vitro has been documented, but this ability appears to be limited (24). Recently precursors

to B-Macros termed pre-CFCm1jhave been identified by their ability to expand under

appropriate conditions in liquid culture and subsequently produce B-Macros in semi-solid
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cultures (25,26). Likely this assay detects a cell equivalent or overlapping with blast colony

forming cells.

Massive in vitro macrophage colonies (containing 10 cells) termed high proliferative

colony forming cells (HPP-CFC) can be identified when 5-FIJ treated murine bone marrow is

plated at low density under appropriate conditions (20). Although these progenitors can

produce significant numbers of in vitro derived cells, their re-plating ability is low, suggesting

that these represent a more committed progenitor that has maintained a significant proliferative

potential. Despite this it has been suggested that there is a strong correlation of these cells with

those capable of repopulating bone marrow of irradiated mice (27,28). The human equivalent

of HPP-CFC are found in low frequency in bone marrow, and generate large (5X105)

macrophage colonies (29).

Clonogenic cells giving rise to small “blast” colonies have also been described for

mouse and man (30-32). Characteristics of these blast colony forming cells are delayed onset

of colony formation, resistance to cell cycle specific chemotherapeutic agents and the ability to

generate a wide variety of cell types upon replating into secondary cultures including numbers

of secondary blast colonies as well as B-Macros. These properties are suggestive of primitive

stem cells, however demonstration of their in vivo repopulating ability has not to date been

documented.

b) Spleen Colony Assay (CFU-S’.

The in vivo spleen colony assay first described by Till and McCulloch in 1961 (31) has

been extensively used as a measure of hemopoietic cells with stem cell properties. The assay is

performed by injecting lethally irradiated mice with syngeneic hemopoietic cell populations and

scoring of macroscopic nodules visible on the spleen of the recipient 8-14 days post transplant.
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Spleen colonies generated in this time frame are heterogeneous (34,35). Spleen colonies

observed at days 12-14 are of single cell origin as demonstrated by studies using irradiation

induced chromosomal markers (36,37) and more recently using unique retroviral integration

events as markers (38,39), and generally are of mixed myeloid cell types, and contain cells

capable of further spleen colony formation on transfer into secondary recipients. Day 12 CFU

S thus manifest properties of pluripotent stem cells including an extensive proliferative ability,

multi-potentiality (40,41), and self-renewal ability (42). Spleen colonies visible at days 8-9 are

relatively small, contain mainly erythroid cells, and do not contain cells capable of further

spleen colony formation on transfer to secondary recipients (34).

Although the CFU-S assay has been a valuable tool for generating concepts of stem cell

differentiation, the relationship of CFU-S to cells with totipotent long-term repopulating ability

is unclear. The ability to produce lymphoid cells within the colonies has not been demonstrated

(43,44). Considerable evidence has accumulated indicating that most CFU-S in normal adult

mice are separable from cells capable of sustained hemopoiesis in transplanted mice (reviewed

in (45,46)) as will be discussed later in this text.

c) Assays for Early Lymphocytes.

Clonogenic assays for the earliest stages of lymphocyte development are not available.

In vitro assays similar to those described for myeloid progenitors that allow growth of either

murine B-cell colonies (CFU-B)(47), or T-cell colonies (CFU-T)(48) have been developed,

but these are thought to represent outgrowth of activated mature cells. Other approaches have

been taken to identify the earlier stages of lymphocyte differentiation, primarily through the

detection of developmentally specific cell surface markers using the fluorescence activated cell
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sorter (FACS) to isolate and identify pure cell populations, and through determining the

potentials of these cells by various assays.

Several stages of B-cell development can be discriminated by expression of cytoplasmic

and surface immunoglobulin (Ig)(49,50), plus other non Ig antigens (reviewed in (51)). Pre-B

cells are at the earliest and best defmed stage of differentiation, recognized by having begun to

rearrange their Ig heavy chain genes (Figure 1) (52-54). When this process is complete and

functional rearrangement has occured Ig light chain genes rearrange to eventually give rise to

surface 1gM expressing B cells. Pre-B cells and B cells can be recognized by a monoclonal

antibody to the B lineage specific antigen B220 (55,56). Hemopoietic cells capable of

repopulating lethally irradiated mice express low levels of Thy-i antigen (Thyil0) (57). Cells

expressing both B220 and low levels of Thy-i do not form spleen colonies or rescue lethally

irradiated mice, but can repopulate lymphopoiesis when co-injected with normal bone marrow

(58). It is not known however, to what extent these cells overlap with those capable of

coniributing to T-cell development.

Early T-cell development begins with migration of early hemopoietic stem cells to the

thymus. The most immature thymocytes do not appear to express many of the T-cell antigens

(CD3,CD4, CD8, and the T-cell receptor (TCR)) at readily detectable levels except for low

levels of Thy-i, similar to totipotent stem cells found in the bone marrow. This population of

thymocytes can be functionally defined by their ability to reconstitute the thymus of an

irradiated mouse or a fetal thymus depleted of lymphoid cells (59-61), and to differentiate in

vitro into more mature T-cells (Figure 1) (62-64). Thymocytes begin to rearrange and then

express TCR and proceed through an intermediate CD3medCD4+CD8+ stage prior to

becoming3high and single CD4 or CD8 positive functional T-cells.
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d) In Vivo Assays for Hemopoietic RepoDulating Cells.

Evidence from chromosomal markers, isoenzyme analysis and retroviral marking have

demonstrated the presence in adult marrow of hemopoietic cells with both myeloid and

lymphoid long-tem repopulating potential. The earliest experimental studies indicating this

were those of Wu et. al.(36), who demonstrated repopulation of lymphoid and myeloid

lineages in bone marrow transplanted recipient mice from contributions of a single stem cell

through the use of irradiation induced chromosomal markers. Subsequent studies using

isoenzyme markers provided additional evidence for the existence of totipotent stem cells.

Ivlintz et a! (65) demonstrated a monoclonal derivation of lymphoid and myeloid lineages from

the inoculation of fetal wiwv mice with limiting numbers of fetal liver cells derived from

strains that produce distinguishable hemoglobin and isoenzymes. Similar results have been

achieved in more recent studies using bone marrow cells from adult congenic mice as a source

of allelic differences (66). Reiroviral marking studies have similarly demonstrated totipotent

stem cell repopulation using irradiated (67) as well as W/WV (38) recipient mice, and using

donor stem cells from either adult 5-fluorouracil treated bone marrow (67), or fetal liver cells

(68). The scheme usually used to detect different integration patterns to demonstrate clonal

hemopoietic populations in reconstituted mice is outlined in Figure 2. The demonstration of

totipotent stem cells is not limited to the murine system. Analysis of chromosomal

abnormalities and X-linked G-6PD isoenzyme studies in human leukemias have pointed to an

origin from a multipotential cell (69). The existence of a normal totipotent stem cell was also

recently demonstrated in studies of patients receiving marrow from donor females

heterozygous for an X-linked restriction fragment length polymorphism (RFLP) who

underwent apparent monoclonal or oligoclonal hemopoietic reconstitution (70).
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The studies described above have indicated totipotent differentiation capacity and long-

term repopulating potential as properties of the most primitive types of hemopoietic cells.

Assays for CFU-S as described above are inadequate for specifically quantitating numbers of

cells with these properties. The only valid method for detecting the most primitive type of

hemopoietic stem cell must measure its ability to reconstitute and sustain normal hemopoiesis

for extensive periods of time in lethally irradiated recipients. CFLJ-S are particularly

susceptible to radiation and have a small capacity to undergo sub-lethal damage repair (71).

Death of these cells occurs in all hemopoietic tissues in a logarithmic time-dependent fashion as

a result of total body irradiation (72). Since myeloablative treatments (e.g. doses of irradiation

that do not allow survival of mice) do not necessarily kill all residual hemopoietic stem cells,

the presence of regenerated hemopoiesis by donor stem cells needs to be verified using a

reliable genetic marker. Some markers used in mouse studies are sex differences (detection of

the Y-chromosome)(73), isoenzyme markers, or hemoglobin variants (74) and radiation

induced chromosomal markers (75) as mentioned above.

A number of approaches have been taken to quantitate stem cells capable of

repopulating hemopoiesis in irradiated mice. One such technique has been to provide bone

marrow cells at limiting dilution, and then to assay for survival of recipients 30 days post

transplant (72). There are difficulties with this assay however, because there are a number of

ill-defined variables that can contribute to mortality under these conditions, and even after lethal

doses of irradiation, regeneration of host hemopoiesis may occur (76,77). Recent attempts

have been made to determine more effective dose rates and fractionated total body irradiation

schemes to attempt to ensure endogenous stem cells are depleted (78).

An alternative approach to lethal irradiation for hemopoietic stem cell ablation is the use

of mice harboring mutations at the white-spotting (W) (79) locus, which result in severe
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deficiencies in fertility and hemopoiesis (reviewed in (80)). The hemopoietic defects in

affected homozygous or compound heterozygous mice (e.g.W/W”) are severe, and stem cells

of W/W” mutant mice are unable to make macroscopic spleen colonies (CFU-S) when

transplanted into normal syngeneic mice (81). Normal (+1+) syngeneic bone marrow however,

can form spleen colonies in, and permanently cure non-irradiated w,wv mice. The use of

W/W” mice for stem cell studies has the advantage of overcoming the unpredictable effects of

irradiation on survival and host stem cell recovery. This assay however has a potential

disadvantage of a low seeding efficiency of donor stem cells to the marrow.

Estimations based on the number of clones repopulating hemopoiesis in radiation

chimera.s when reconstituted with graded numbers of adult bone marrow cells suggest a

frequency of 1-3 per i0 (82-84). Other approaches, using rescue of lethally irradiated mice

(72), curing W/W” mice (85), or in competitive repopulation assays (77) indicate a 10-fold

higher frequency. Using mixtures of genetically different bone marrows for transplantation in

a competitive strategy has allowed stem cell numbers to be estimated using the binomial model

with covariance (86). Levels of both lymphoid and erythrocyte types were found to be closely

correlated when sampled over a period of several months suggesting most circulating cells

were derived from common precursors.

More recently a quantitative competitive strategy has been designed that makes use of

limiting dilution of male donor cells and female recipients (77). The assay involves

transplantation of male test cells together with female cells that have been compromised by two

previous cycles of transplantation. The compromised female cells ensure not only the

detection of a very primitive class of repopulating cells, but also ensure the survival of lethally

irradiated mice transplanted with very low numbers of test cells. The frequency of competitive

repopulating units (CRU) is then determined using Poisson statistics by the proportion of

recipients positive for male cell repopulation.
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The reasons for differences in estimations of stem cell numbers using various assays is

unclear, but in the case of W/WV cure and competitive repopulation, survival is not dependent

on donor stem cells. Discrepancies may also be accounted for by intrinsic differences in the

stem cells of different strains of mice (87). Frequency of stem cell numbers has also been

assessed by extrapolation from numbers of purified repopulating cells, and fall within the range

of these studies (84). Similar studies have also been used for fetal liver, which have estimated

stem cell content to be 1-10 per i0 cells (88,89).

Efficient and consistent assays to determine the frequency of repopulating cells

represent an important step to address questions regarding factors that influence proliferation

and differentiation of these cells. Recent attempts have been made to establish limiting dilution

assays in long-term marrow cultures as an alternative simple and routine procedure to quantitate

marrow repopulating cells (90,9 1). From these studies the numbers of cells responsible for

initiating murine long-term cultures are estimated to be in the range of estimates for

repopulating cells generated by in vivo studies. These results are of particular importance to

human studies where equivalent in vivo models for stem cell development are not available. It

has been suggested that the sustained output of clonogenic progenitors observed in human

long-term cultures is the result of activation of very primitive hemopoietic cells termed long

term culture initiating cells (LTC-IC) (92). Limiting dilution analysis techniques have made it

possible to quantitate LTC-IC frequencies from various cell populations. (93). For murine

and human cultures it has yet to be shown that the cells responsible for culture establishment

are equivalent to repopulating cells.
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2) PROPERTIES OF MURINE HEMOPOIETIC STEM CELLS.

A) DEVELOPMENTAL POTENTIAL AND DYNAMICS OF HEMOPOIETIC STEM

CELLS.

Key questions regarding hemopoietic stem cells include: what is the developmental and

proliferative potential of the most primitive stem cell; how many stem cells are required at any

time point to sustain hemopoiesis; what are the dynamics of stem cell contribution post

transplantation, is it a sustained long-lasting contribution of very few stem cells, or are stem

cells a fuel for hemopoiesis, to be used sequentially from a pooi and burned-out as needed?

As discussed above, the existence of totipotent hemopoietic stem cells are now well

documented. The existence of populations of stem cells that are restricted to either myeloid or

lymphoid development has been difficult to verify. Restricted developmental potential of stem

cells was initially suggested by analysis of mice reconstituted with marrow cells containing

chromosomal markers (75). This observation was strengthened by the ability to transfer the

same differentiation pattern to secondary transplant recipients. However, these studies are

limited by the difficulties in analyzing a large population of cells from a particular lineage where

a small contribution from a particular clone may go undetected. Restricted contributions to

either lymphoid or myeloid lineages has also been observed in retroviral marking studies,

which have the technical advantage of allowing more sensitive and quantitative assessments of

different cell populations (39,67). In addition to these observations, the existence of a highly

proliferative stem cell that is responsible for long-term maintenance of erythropoiesis has been

postulated (66,94). This class of stem cells was proposed when preferential long-term

monoclonal erythropoietic reconstitution was detected by injecting limiting numbers of +1+
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cells into W/W” mice and following reconstitution using cellular markers (Hbb, Gpi, Pgk). It

was subsequently demonstrated using similar procedures that the stem cells responsible for

erythropoiesis may be multipotential (95), and may also contribute to lymphopoiesis (96).

Detection of lineage-restricted reconstitution by genetic or induced markers in all cases

discussed above, may have arisen through the self-renewal and contribution from restricted

stem cells (Figure 3 A), but it is also possible that stochastic models (97,98) can explain these

occurrences. In this case a single totipotent stem cell may self-renew, plus generate a non-self

renewing daughter cell with extensive proliferative capacity restricted to a particular lineage.

The subsequent proliferation and further committment would then provide large numbers of

differentiated progeny appearing along one pathway (Figure 3B). Such a model would

preclude the need to maintain self-renewing lineage restricted stem cells. Standard marking

techniques in transplanted recipients cannot distinguish between the two possibilities.

The number of stem cell clones and their usage in steady state hemopoiesis and post

BMT in the murine system remains unclear. Theoretical possibilities include maintenance of

hemopoiesis by continual proliferation of a few, or many stem cells versus the sequential

activation of stem cell clones that proliferate, differentiate, then eventually decline. The former

possibility was supported by Harrison et al (99), who determined by analysis of allophenic

mice harboring distinct stem cell populations which produce different hemoglobin types, that

hemopoiesis in these mice resulted from the simultaneous contribution from most if not all of

their stem cells. Similar conclusions have been drawn from the analysis of radiation chimeras

(82).

The latter model of “clonal succession” was initially proposed by Kay in 1965 (100).

A large number of transplantation studies have demonstrated results consistent with the model

of
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B.

restricted stem cell proliferation and
self-renewal commitment

totipotent stem cell

() myeloid restricted stem cell

() lymphoid restricted stem cell

non self renewing committed cell

Figure 3. Two models for lineage restricted hemopoietic development from a totipotent stem cell:
(A.) by production and maintenance of restricted stem cells that contribute continuously
to a specific lineage; or (B.) generation of lineage committed cells with high
proliferative potential that undergo sequential differentiation and expansion.

A.
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stem cell succession, with polyclonal reconstitution and clonal fluctuations over extended

periods of time. Inconsistent with this model however, has been the observation of mice that

maintain detectable clones for extensive periods of time in excess of 1 year suggesting long

lasting hemopoiesis from single clones was possible. This was also seen in isoenzyme

studies, where major shifts in the contributions of donor stem cells to hemopoiesis were

observed including both gains and losses, plus in some cases long lasting (1 year) monoclonal

reconstitution. (65). The generation of clonal markers by retroviral integration has provided a

particularly powerful method for tracking clonal contribution of hemopoietic repopulating cells

(Fig. 2). Analysis of mice reconstituted with retrovirally marked marrow has revealed

polyclonality in most cases, with major fluctuations of stem cell contribution in the first few

months post transplant at first indicating hemopoietic development was consistent with clonal

succession (39,101). More recent studies have indicated that after this time frame hemopoiesis

may be dominated by fewer long-lasting totipotent stem cell clones (102,103). Stable long-

lasting clones have also been demonstrated to contribute to the majority of hemopoiesis for a

combined life-span of over 2 years when transferred into secondary recipients (104).

Jordan and Lemischka (102) have derived a model for stem cell behavior based on

sequential analysis of clonal contributions in mice transplanted with retrovirally marked cells.

The model proposes that stem cells undergo an initial disequilibrium post transplant, reflected

by dramatic clonal fluctuations in vivo. These initial months post-transplant may be mistakenly

interpreted as clonal succession. The authors suggest that the initial disequilibrium is not due

to intrinsically distinct classes of stem cells with different developmental and proliferative

properties, but instead represent an expanding pool of totipotent stem cells undergoing

stochastic comniittment versus self-renewal events. Eventually a stable hemopoietic system

emerges in which one or few stem cell clones dominate for the life-time of the recipient.

Although this model can explain some scenarios, stem cell clones do occasionally emerge at
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long times post transplant (102), and in secondary transplant recipients (39), suggesting the

presence of dormant stem cells.

In summary, relatively few, and perhaps single totipotent stem cells are sufficient to

sustain long-lasting hemopoiesis in the mouse. Stem cell utilization has not been completely

resolved, and results appear to be dependent on the system used. Long term hemopoiesis in

transplanted murine recipients appears to favor the maintained contribution of relatively few

stem cell clones after an initial disequilibrium. This however may be a function of the number

of stem cells given to a host at the time of transplantation, and a large dose of stem cells may

favor polyclonal reconstitution. Despite the model proposed by Jordan and Lemiscka (102),

the possibility of clonal fluctuation due to the decline of short-lived, less competitive stem cells,

and eventual dominance by the progeny of more primitive stem cells cannot be discounted.

Heterogeneity with regards to both physical and functional properties within stem cells have

been well documented and will be discussed below. In addition, after the initial expansion of a

stem cell clone, it is not known how the stem cell progeny are regulated for extended periods.

It may be that the progeny are utilized successively, making it necessary to introduce markers

in vivo in order to address this possibility.

B) PHENOTYPING MIJRTNE HEMOPOIETIC STEM CELLS.

Numerous purification strategies for hemopoietic stem cells have been developed over

the last two decades based on attempts to discriminate cells by size and density, cell surface

characteristics, and staining by supravital dyes (reviewed in (45,46)), and assay for

enrichment of CFU-S. Initial studies separated bone marrow cells by size and density on

centrifugation gradients and showed enrichment of CFU-S in fractions of smaller and less

dense cells when compared to whole marrow (105,106). These procedures are routinely used
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as starting steps for stem cell enrichment. Other physical characteristics have been defined by

the fluorescence-activated cell sorter (FACS), which can not only measure fluorescence, but

also light scatter. When compared to whole bone marrow, CFU-S were found to have medium

forward (a measure of cell size) and medium to low perpendicular (a measure of cell granularity

and complexity) light scatter intensities (107).

Further enrichment for CFU-S and/or repopulating cells has been possible based on

lectin binding (108,109), use of monoclonal antibodies to antigens on the cell membranes

(110,111), or uptake of supravital dyes such as rhodamine-123 (112,113). The highest

enrichments for CFU-S using these procedures range from 100- to 1000-fold compared to

normal bone marrow (109,111,114).

A combination of positive selection using monoclonal antibodies against Thy-i and

Sca-i as well as negative selection using a cocktail of antibodies which allows the removal of

the majority of mature end cells (Lin-) (110) resulting in a population of Thy1l0Scai+Lin

cells has provided the highest purity of CFU-S (1/10 cells) to date (iii). Thy1l0Scai+Lin

cells contain a high frequency of cells (1/10) capable of proliferating when injected into the

thymus (CFU-T) suggesting lymphoid potential (115). Even at this level of purity this

population of cells is heterogeneous based on rhodamine dye uptake (116). Analysis of

congenic radiation chimeras injected with limiting numbers of Thy1l0Sca1+Lin cells

estimated that 1/40 of these cells were capable of contributing to lymphoid and myeloid

reconstitution for greater than 9 weeks (84). However in most of these cases contribution of

donor cells was low (< 10 % donor derived), and conclusive evidence that these represent

totipotent contributions from individual cells remains to be demonstrated.

In contrast to the results demonstrating co-purification of CFU-S and repopulating

cells, some investigators have demonstrated qualitative and physical separation of CFU-S from

those cells capable of contributing radioprotective ability to irradiated mice. Treatment of mice
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with a dose of 5-fluorouracil (which selectively eliminates proliferating cells) causes a

thousand-fold reduction in day- 10 CFU-S without affecting the repopulating ability of the bone

marrow (117). Similarly, after repeated serial transplantations, the bone marrow may

regenerate normal CFU-S numbers, but loses the ability to contribute to long term repopulation

upon transfer to subsequent lethally irradiated mice (118). Some reports have demonstrated

physical separation of most CFU-S from those cells capable of long-term reconstitution.

Rhodamine-123 (Rh) fluorescence intensity has been used to separate CFU-S (Rh-bright) from

cells capable of both raclioprotective ability (Rh-dull) and long-term culture initiation, although

some overlap occurs (90,119). A more striking separation was reported by Jones et. al. (120)

using counterfiow centrifugal elutriation, which separates cells according to size and density.

Recent approaches combining retroviral marking and stem cell purification have

allowed isolation and subsequent in vivo characterization of the developmental potential of

repopulating cells (121,122). Using this combined procedure a highly enriched population of

fetal liver stem cells (500-1000 fold) was isolated based on recognition with monoclonal

antibody AA4. 1, cell density, and lack of fibronectin (FNA) and UN markers (AA4. 1 FNA

Den1°65107°Linlo), and subsequent developmental potential of these cells assessed by clonal

analysis in repopulated mice (122). A similar procedure was employed to assess cells in a 5-

FU resistant Thy1l0H2K population in a competitive assay. Retroviral marking of this

population demonstrated that at least some proportion of these cells were capable of

repopulating both myeloid and lymphoid lineages for extended times (121).
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C) HETEROGENEITY WITFIIN THE HEMOPOIETIC STEM CELL POPULATION:

DWFERING SELF-RENEWAL AN]) PROLIFERATIVE POTENTIALS.

a) Self-renewal of CPU-S and CFU-C.

In the process of examining spleen colonies for the presence of secondary CFU-S (an

indicator of self-renewal), Siminovitch et. al. (123) noted the distribution per colony was

extremely heterogeneous, with some colonies containing many CFU-S (200-300), while others

contained very few (< 10). Subsequent analysis revealed that the distribution of CFU-S

content of individual spleen colonies could be described by a probabalistic model in which

CFU-S have a probability of self-renewal versus differentiation or death (97). This model

predicts that the heterogeneity observed can be due to developmental decisions from a

homogeneous starting population. The model does not however predict to what extent these

decisions are determined intrinsic to the cell or by extrinsic factors such as growth factors or

the microenvironment. Transplantaton studies have demonstrated a rapid progressive decline

in self-renewal ability of CPU-S with each serial passage (124,125). Models to explain this

decline argue either in favor of environmental influences, in which under the appropriate

conditions CPU-S can be indefinitely maintained (124), or in favor of differences due to

mitotic history, in which the quality of the CPU-S declines with each successive division

(126).

The heterogeneity observed in CPU-S generation in vivo hasalso been observed in

vitro by analysis of generation of CPU-S in macroscopic mixed colonies (24). Similar

heterogeneity has also been seen for self-renewal in vitro of blast colony forming cells (127).

These results cast doubt on the role of extrinsic factors in determining stem cell differentiation

in vivo (24,127,128). To date difficulties in studying repopulating cells at the single cell level
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have precluded analogous assessment of the heterogeneity in proliferative behavior of these

cells.

b) Variability in Stem Cell Capacity for Long-Term Hemopoiesis.

Nevertheless, considerable evidence indicates that stem cells differ in repopulating/self

renewal capacity. In 1965 Hayflick proposed that normal diploid fibroblasts are capable of a

finite number of cell doublings (129). This led investigators studying hemopoietic

development to question the theory of self renewal of stem cells capable of repopulating

irradiated hosts. True self renewal implies that at least one daughter cell after each division

remains exactly the same as the parent cell. If a stem cell’s potential is based on its mitotic

history, then any bone marrow population may be heterogeneous unless all stem cells had

undergone equal doublings. This concept of a continuum of maturing totipotent stem cells was

originally termed the generation-age hypothesis (130), and predicts a maturation step coincident

with each cell division. Hemopoiesis would then be maintained from a population of stem cells

with differing potentials. Depending on the rigor of the assay employed, cell division could

then give the appearance of self-renewal, when in fact the daughter cells had undergone a

minor differentiation step.

Marking studies have revealed that progeny of single stem cells can contribute to

hemopoiesis in primary and secondary recipients for the equivalent of the lifetime of a mouse

(104). How these progeny are maintained and regulated is not known. It has been

demonstrated that clonal progeny in a transplanted recipient can contribute to totipotent long

lasting hemopoiesis in multiple secondary recipient mice, suggesting self-renewal from a

parental cell some time post transplant (103). Early times post transplant indicate a number of

fluctuating short-lived clones (102). This phase of engraftment coincides with similar
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observations found by serial transplantation studies (118), and in reconstitution of W/W” mice

at limiting dilution where erythrocyte replacement was found to precede leukocyte replacement

(94). These may represent stem cells with intrinsically less potential than the long term clones;

they may alternatively reflect normal environmental or stochastic mechanisms influencing a

homogeneous start population of stem cells.

An experimental approach to explore stem cell heterogeneity and self renewal has been

through the use of sequential bone marrow transplantation. Initial studies demonstrated that

CFU-S content (126), and the competence to induce recovery of irradiated mice (131)

decreased with short (14-35 day) sequential bone marrow transplants. The number of serial

transplants is limited, with little hemopoietic recovery after the third transfer, even with large

inoculums of cells (132). An analogous decline is observed in long-term bone marrow cultures

that were originally described by Dexter (133), which have been shown to maintain CFU-S for

prolonged times. These cultures demonstrate a rapid decline in CFU-S self-renewal ability and

repopulating ability within the first three weeks (134,135). These data support the model of

stem cell decline with proliferative history. Additional support for this model has come from

observations that circulating stem cells have decreased ability to form secondary CFU-S, and it

was speculated that these represent waste products at the bottom end of the stem cell hierarchy

(136). In addition, stem cells that have survived alkylating agents have a reduced capacity to

maintain sequential transplantations (132,137).

Although intrinsic stem cell differences may explain the observed decline, it does not

discount the possibility of exthnsically mediated changes to otherwise self-renewing stem cells.

Stem cell repopulating ability as defined by potential for serial transplantation or ability to

outcompete other donor cells does not decline with age (138- 141), an indication that these cells

remain completely functional under normal physiological conditions. Young and old bone

marrows were equally depleted of competitive ability against fresh marrow after one cycle of
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transplantation. Under different conditions for serial transplantation than those described

above, the rapid decline in the ability to maintain hemopoiesis is not as acute. Sequential

transplantation of normal bone marrow into WIW” mice with longer time intervals (12-14

months) could maintain erythropoiesis continuously for over 6 years (142,143). These mice

did exhibit a slightly decreased cure rate and number of CFU-S with each initial

transplantation, but after six successive transplantations have not lost their ability to repopulate.

It is not known what the role of prolonged times between transplant plays in the recovery of

reconstituting ability, but this observation has been confirmed and disputed by others

(118,144) who have used marking to ensure stem cells were donor derived. The fact that the

decline in repopulating potential is observed in serial transplants in unirradiated WIW” mice

discredits the possibility that the damage results from irradiation of the carrier

microenvironment.( 145)

More recent investigations have begun to address the nature of the decline observed in

sequential transplantation. If stem cell proliferation is the cause of the decline, it was

hypothesized that transplantation with limiting numbers would induce a greater proliferative

stress to reconstitute a host, and this would be reflected in subsequent transplantations. This

combined with observations of CFU-S numbers led the authors to suggest both a decrease in

stem cell content and self-renewal capacity were responsible for the decline (144). This

conclusion was confirmed by another report in which estimates of stem cell numbers and

depletion were based on competitive repopulation studies (86). It was suggested from these

results that transplantation caused a two-fold decrease in stem cell numbers, and a sevenfold

reduction in marrow repopulating ability. In contrast, similar results have led other

investigators to conclude that the decline was solely due to dilution of repopulating cells with

more mature progenitors (118).
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These results point to the importance of developing systems where repopulating stem

cells can proliferate within a controlled environment (ie in vitro). Such a system coupled with a

rigorous quantitative assay for repopulating cells may resolve questions regarding intrinsic

differences between clonal progeny of proliferating stem cells, and regarding the effects of

extrinsic factors on proliferation and developmental capacity. Such answers are crucial to

future goals for both bone marrow transplantation and genetic engineering.

3) REGULATION OF PRIMITIVE HEMOPOJETIC CELLS.

A) THE HEMOPOIETIC MICROENVIRONMENT.

Several lines of evidence suggest that regulation of hemopoietic stem cell proliferation

occurs in distinct localized microenvironments within the bone marrow (Reviewed in (146)).

Strong evidence for a localized control of proliferation comes from shielded leg experiments

(147,148). In these experiments CFU-S are induced to proliferate in response to total body

irradiation. The CFU-S in lead-shielded femurs of irradiated mice, however remain in the

steady-state “G0phase” of the cell cycle, indicating the existence of local proliferation control

mechanisms. It has been suggested that there exists specialized compartments within the bone

marrow that regulate the pathway of stem cell proliferation and development (149), but there is

no clear evidence suggesting such pathways exist, and it may be equally possible that

developmental decisions may be determined by pathways that are intrinsic to a stem cell, with

the microenvironment only providing non-specific activation signals (97).

The bone marrow microenvironment contains both hemopoietic cells and non

hemopoieitic cells, either of which may be involved in regulating hemopoiesis. Macrophages

(150,151) and T-lymphocytes (152,153) are present within the bone marrow, and both are



26

capable of secreting multiple growth factors that affect hemopoietic development. A main

focus of attention for potential cells responsible for this local control of blood production

within the bone marrow are reticular cells, endothelial cells, fibroblasts, and fat cells (154)

operationally defined as the supportive or “stromal” environment. Morphological studies have

demonstrated a close association between these fixed tissue elements within the bone marrow

and blood cells (155-157). A strong indication that these cells are at least partially responsible

for support is the observation that marrow-derived stromal cells transplanted into ectopic sites

can initiate hemopoiesis (158,159). Stromal cells within the bone marrow are generally

considered to be of non-hemopoietic origin and mesenchymally derived (160,161). The

possibility of a stem cell common to both hemopoietic and at least some stromal cells persisting

in adult marrow remains controversial (162).

The importance of stromal-cell stem-cell interactions are highlighted by the discovery of

complementary phenotypes in mice harboring mutations at the dominant steel (Sl) (163) and the

white-spotting (W) (79) loci. Both strains express similar phenotypes, with defective

pigmentation and severe deficiencies in fertility and hemopoiesis (reviewed in (80)). The

hemopoietic defects in affected homozygous or compound heterozygous mice (e.g. Sl/Sidl or

W/W”) are macrocytic anemia (164), defective megakaryocytopoiesis (165,166), reduced

granulocytopoiesis (167) and a deficiency in mast cells (168,169). The defects were found to

be complementary when it was discovered that stem cells of 51151(1 mutant mice are able to

make macroscopic spleen colonies (CFU-S) when transplanted into normal syngeneic mice

(170), whereas wiwv mice were not (81). Normal syngeneic bone marrow, however, could

form CFU-S i wiwv mice but not in S1/Sl hosts. In addition irradiated Sl/Sld stroma could

not serve to maintain in vitro hemopoiesis when supplied with syngeneic or W/W” bone

marrow. Conversely however,WIW” stroma could support normal and Sl/Sld bone marrow

(171). These observations were interpreted as a defect in S1/Sl” microenvironment, and a
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complementary defect intrinsic to W/W” stem cells. Recently the genes at the Si and W ioci

have been cloned and their molecular defects characterized (172-175). The gene for the W loci

was first identified to be allelic with the c-kit proto-oncogene, a member of the tyrosine kinase

receptor family. It was speculated that the defect in the Si loci would be loss of the ability of

the bone marrow microenvironment to produce the ligand for c-kit , which is expressed on

hemopoietic stem cells. This assumption was shown to be correct when the Si locus was

cloned and its product subsequently termed Steel Factor (SF), and found to be a potent

hemopoietic growth factor.

Further evidence that stromal cells are responsible for locally mediated blood cell

production is supported by in vitro studies using a long-term culture system that maintains stem

cells and progenitors for extended periods developed by Dexter (133), and through establishing

bone marrow stromal cell lines. Maintenance and differentiation of early hemopoietic cells in

both murine and human long-term cultures depends on the development of a supportive

population of adherent cells. The adherent cell layer contains adipocytes, macrophages,

fibroblasts and endothelial cells although the precise role and importance of each of these cell

types in supporting early hemopoiesis in such cultures is just beginning to be clarified

(176,177).

A number of stromal cell lines have been isolated from the bone marrow and long-term

cultures and characterized with respect to morphology, phenotype, growth factor production,

and ability to support hemopoiesis. Most of these cell lines constitutively express mRNA for

several cytokines including M-CSF , IL-6, and TGF-13 (178-18 1). In addition some of these

cell lines can be induced to express other growth factors by stimulation with inflammatory

mediators such as IL-i (182), TNF-o (183) and lipopolysaccharide (LPS) (184). These

observations and others have suggested a model in which the microenvironment may play a

role in the regulation of hemopoiesis either by constitutive, or induced expression of growth
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factors by stromal cells (185,186). This is supported by the observations that some stromal

derived cell lines can maintain both myelopoiesis and B-lymphopoiesis in vitro (187), although

the ability to maintain totipotent stem cells has not yet been demonstrated.

B) HEMOPOIETIC GROWTH FACTORS.

A large number of growth factors and receptors involved in the regulation of

hemopoiesis have been identified and their molecular and functional characterisation are

ongoing processes (reviewed in (188-190). A list of these factors and some of their known

activities are summarized in Table I, and some of their targets displayed in Figure 1. The first

factors were initially identified by their ability to support in vitro colony growth, and termed

colony stimulating factors (CSF) due to their ability to stimulate granulocyte, macrophage and

mixed colonies in vitro and are termed G-CSF, M-CSF, GM-CSF and multi-CSF (also termed

interleukin-3) respectively. Since that time a large number of other factors involved in

regulation of hemopoiesis have been identified and their genes cloned. Twelve of these

molecules have been termed interleukins (IL-la and 3 to IL-i 1).

Classification and nomenclature of factors involved in hemopoietic regulation are now

becoming increasingly confusing since the original concepts of lineage-restricted activity,

and/or a single cellular source of a given factor is found not to be the case in most if not all

instances. For example, monocytes can produce M-CSF and GM-CSF, IL-i and TNF

(reviewed in (190)) but IL-i and TNF can also induce fibroblasts and endothelial cells to

produce GM-CSF, G-CSF, M-CSF IL-6 and IL-7. T-cells are known to produce IL-2, 3,4,

and 5 and GM-CSF. Different cell types are also continuously being identified that express or

react to a number of these factors alone or in combination (for example IL-7 can induce

monocytes to secrete cytokines (191). Classification becomes increasingly difficult as multiple
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Table I. Hemopoietic Growth Factors (CSFs and Interleukins)

Name Abbreviations Major Activities

Erythropoietin Epo Erythroid

Macrophage CSF M-CSF, CSF- 1 Monocyte/macrophage

Granulocytic CSF G-CSF Neutrophil

Granulocytic-macrophage

CSF GM-CSF NeutrophWmacrophage

Steel Factor SF, SCF, MCF,c-kit ligand C-S EC, Mast cells

Interleukin-1 alpha IL-la C-S EC, T-cells

Interlekin-1 beta IL-1{ C-S EC, T-cells

Interleukin 2 IL-2 T-cells

Interleukin-3 IL-3 Most myeloid lineages

Interleukin-4 IL-4 B-cells, T cells

Interleukin-5 IL-5 eosinophil, B cells

Interleukin-6 IL-6 C-S EC, B cells

Interleukin-7 IL-7 Pre-B cells, T cells

Interleukin-8 IL-8 Neutrophils, T-cells

Interleukin-9 IL-9 Early erythroid

Interleukin- 10 IL- 10 T-cells, mast cells

Interleukin-1 1 IL-il c-S EC, B-cells

C-S EC is an abbreviation for co-stimulator of early cells.
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targets for the activity of specific growth factors, and the ability of multiple factors to synergise

in stimulating a cellular response are being identified. In addition some growth factors are

multifunctional, and during myeloid differentiation a response can change from being

proliferative in progenitors to inducing functional priming in end cells (192). The ability to

induce differentiation has been difficult to segregate from proliferation, but data from cell lines

suggests such a role exists for growth factors (193). Although some interleukins appear to be

more or less lymphoid or myeloid specific, many appear to be co-stimulatory in combination

with other growth factors at various stages in hemopoietic development. For example 11-5

induced differentiation of bone marrow cells into eosinophils is enhanced by IL-i and IL-3,

and IL-5 also acts on B lymphocytes (194,195).

In addition to the complexity generated by the interaction of multiple factors , a number

of factors have recently been identified and cloned that can reversibly inhibit primitive

hemopoietic cell proliferation either directly, or by antagonist actions. Transforming growth

factor-{3 can be a potent inhibitor of proliferation of some hemopoietic cells (196), is a potent

inhibitor of IL-i receptor expression, and can be produced by marrow stromal cells (197).

Recently an antagonist to the IL-i receptor proteins (IL-ira) has been cloned (198), as well as a

protein involved in inhibition of early progenitor proliferation, MIP-la (199).

To what extent these and other factors play a role in the very earliest stages of

hemopoietic development are unknown. In the next section some of the evidence implicating a

number of growth factors in these events will be reviewed.
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C) GROWTH FACTORS IN THE EARLY STAGES OF HEMOPOIESIS.

a) Early Myeloid Progenitors.

In vitro colony assays for those progenitors that are capable of generating secondary

colonies remains the major source of information for determining growth factor effects on early

hemopoiesis. The most widely implicated growth factors in this stage of development are

interleukins 1, 3 and 6, G-CSF, and more recently IL-il, SF, and LW. IL-3 has been

demonstrated to have mast cell growth factor activity, and granulocyte-macrophage colony

stimulating activity (200). IL-3 can also act alone in the proliferation and differentiation of

blast cell colonies and multilineage colonies (201), as well as induce colony formation from

emiched CFU-S (202). IL-i however cannot function as a a colony stimulating factor alone,

but was identified as a factor that synergised with M-CSF in macrophage colony formation

(203). IL-i is a potent synergistic factor in the production of earlier multiineage colonies in

combination with M-CSF or IL-3 (204). This combination is also effective, and found to be

optimal for the production of HPP-CFC from 5-PU treated marrow (205), and from stem cell

populations enriched by FACS (206,207). Both TGF-f (208) and MIP-ict (199) have been

demonstrated to inhibit murine HPP-CFC formation in the presence of the above growth

factors or conditioned media respectively.

Combinations of IL-i and IL-3 act synergistically in the production of blast cell

colonies (209). IL-6, originally identified as a B cell stimulatory factor (210), and as a growth

factor for murine GM progenitors (211,212), enhances the proliferation and time of emergence

of blast cell colonies in combination with IL-3 (213). This synergistic effect with IL-3 of

shortening the dormancy period of quiescent progenitors has also been described for G-CSF

(214), and for IL-il (215). One study has demonstrated that survival of blast cell progenitors
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in culture does not seem to require IL-i, IL-3, IL-6, or G-CSF (216), it may be however, that

other growth factors are responsible for stem cell maintenance.

b) Early Lymphocyte Precursors.

A number of factors have been implicated as regulators in the early stages of

lymphopoiesis. Some evidence from pre-B cell lines indicates that IL-3 influences replication

of B-lymphocyte precursors (217,218), but the physiological significance of these findings is

not clear since long-term cultures that support B- lymphopoiesis do not express detectable IL-

3. Interleukin 7 was recently cloned and identified as the primary candidate responsible for

proliferation of the later stages of bone marrow derived pre-B cells in Whitlock-Witte long term

cultures (219). It was subsequently shown to be a potent mitogen for pro- and pre-B cells,

but does not induce immunoglobulin-positive B cells to proliferate (220,221; reviewed in

(222)). Equally important molecules in early lymphopoiesis are factors that inhibit

differentiation, providing an additional regulatory mechanism (reviewed in (223)). While IL-4

has been shown to have a functional role in terminal maturation of B- cells (224), it can also

inhibit maturation of B-cell precursors produced in long-term cultures (225). TGF-f3 has also

been indicated as an antagonist of B lymphopoiesis (226).

Combinations of growth factors have been demonstrated to function as proliferative

signals to early T-cell precursors. IL-4 in the presence of the mitogen PMA induces the

proliferation of fetal thymocytes (227,228) and early adult thymocytes that don’t express CD3,

CD4, or CD8 (TN, triple negative thymocytes) (229). Fetal thymus (day 15 gestation) can

also be stimulated with combinations of TNF-cz + IL-2, IL-9 + IL-2, or IL-lO + IL-2 (229).

Adult TN thymocytes can be stimulated with IL-lO + IL-2 + IL-4 (230), or TNF-a + IL-2

(229). These combinations however, do not maintain the T-cells in an undifferentiated state,
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demonstrated in part by the loss of ability to repopulate fetal thymus organ cultures. IL-7,

initially described as a pre-B cell growth factor has also been shown to stimulate proliferation

of fetal thymocytes (229),and adult thymocytes that are negative for expression of CD4 and

CD8 (231) in the absence of co-stimulation. TN thymocytes do not proliferate in response to

IL-7, but can be maintained in an undifferentiated state in liquid culture, suggesting

maintenance but not self renewal as a function of IL-7 at this early stage of development (232).

c) Growth Factor Effects in Vivo.

The recent surge in cloning and expression of recombinant hemopoietic growth factors

has made available large quantities of these products for in vivo studies, which have primarily

focussed on their potential use for clinical enhancement of hemopoietic recovery after

chemotherapy, radiotherapy and bone marrow transplantation (reviewed in (233)). The

murine model has provided the means to study growth factor effects on hemopoietic

stimulation in vivo with or without previous irradiation. In general, recombinant growth

factors have a limited life span in vivo, and experiments are usually performed by repeated

injections over a prolonged period or by delivery via a continuous perfusion pump.

Comparisons between the effectiveness of different growth factors is difficult due to the

variability between published studies with regards to cytokine concentrations and half-life,

routes of administration, administration schedules, and duration of treatment.

A number of factors have been found to enhance hemopoietic recovery in

myelosuppressed mice with or without transplantation of marrow cells. These include G-CSF

(234), GM-CSF (235,236), IL-3 (237), IL-i (238,239), IL-6 ( 240,241), or with

combinations of growth factors (242,243). Some studies have analysed the effect of in vivo

administration on early hemopoietic progenitors (CFU-S). Significant amplification of CFU-S
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numbers have been observed after treatment with G-CSF (244), IL-3 (245) and IL-6 (241).

The difficulty with determining the specific direct effects of in vivo administration of

recombinant growth factors on stem cells or progenitors is the potential for secondary effects

by stimulation of other growth factors. For example a high level of TL-6 can be detected in

serum of mice treated with IL-i, and may play a major role in the observed response (246).

4) GROWTH OF PRIMITIVE HEMOPOIETIC CELLS IN VITRO.

A) LIOUID CULTURE SYSTEMS.

Enriched hemopoietic CFU-S populations have been tested for their ability to proliferate

in short-term liquid suspensions, with the readouts being either visualizing cell numbers or by

establishing in vitro progenitor content, and found that IL-3 had the most significant effect

(207,201). An assay that detects precursors to multilineage in vitro colonies termed pre

CFCmuiij has been developed. The presence of these cells was inferred by the ability of IL-i

and IL-3 in suspension culture to produce a net increase in multi lineage colonies, suggesting

proliferation of an earlier cell (25). It was later shown that expansion of these cells could be

quantitated, and the observed amplification was dependent upon IL-i and IL-3, and

combinations of a number of other growth factors could not replace the effect (26). Similar

attempts have been made to amplify CFU-S in suspension culture initially without success

(247,248). More recent attempts have been successful however, demonstrating an increase in

CFU-S in culture in response to combined IL-3 and IL-6 (249). This amplification has also

been observed using purified stem cells as a starting population, and culturing in the presence

of mast cell growth factor (MGF, also known as stem cell factor) with either IL-i or IL-3.
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These investigators observed a 2 to 12 fold increase in CPU-S depending on the combination

of growth factor and stem cell source (250).

While these experiments define factors capable of maintaining or initiating proliferation

of progenitors and CFU-S, they do not necessarily identify factors that regulate the control of

proliferation of cells at the earliest stages of hemopoiesis. Assays capable of detecting factors

that regulate maintenance, proliferation and commitment of totipotent repopulating stem cells

have yet to be defined. Initial attempts to address some of these questions have been made.

Bone marrow cultured in IL-3 in combination with IL-6 appeared to outcompete cells cultured

with each of these factors alone when transplanted into W/W” recipients, and the totipotent

nature of these cells was determined by retroviral marking (249). However, such experiments

cannot distinguish between quantitative and qualitative changes and therefore do not provide

definitive evidence of proliferation.

B) DEXTER LONG TERM BONE MARROW CULTURES.

A culture system for maintaining CPU-S in vitro for prolonged periods was initially

described by Dexter et. al. in 1977 (133). Dexter long-term cultures consist of a non-adherent

population of cells containing myeloid cells andprogenitors (25 1-253), but not mature

lymphocytes (254), and an adherent layer that provides a microenvironment of macrophages,

adipocytes and fibroblasts. Both CFU-S and CFU-C can be maintained at high levels for at

least 12 weeks. Although CPU-S numbers are maintained at significantly high levels, the

ability for serial transplantation, and CPU-S self-renewal ability (as measured by numbers

produced in a single 14-day serial transplantation of bone marrow ) declines rapidly within the

first few weeks of culture (255). Both adherent and non-adherent fractions of the cultures may
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contain CFU-S, but the non-adherent cells present after 1-2 weeks have a greatly reduced

potential for regenerating CFU-S in irradiated recipients.

Maintenance of CFU-S production requires constant close range cell-cell interactions of

stem cells with the adherent cells (256). frradiation of the adherent layer eliminates CFU-S

production, but the culture can be returned to normal with a fresh inoculum of bone marrow

cells (257,258). Attempts to serially transfer CFU-S from the non-adherent or adherent

fractions onto irradiated adherent layers results in both a loss in CFU-S numbers and a

complete loss of CFU-S regenerating potential within one transfer (258). This decreased

repopulating ability is analogous to the loss observed in sequential bone marrow transplantation

after the second or third transfer. A number of suggestions have been proposed to explain this

phenomenon (259).

Early studies on maintenance of repopulating cells in long-term culture demonstrated

using donor marrow from mice with a hereditary chromosomal marker (CBA/HT6T6), that

substantial lymphoid and to a lesser extent myeloid reconstitution could be detected in mice 2-4

months post transplant after receiving cells that had been in culture for up to seven weeks

(260). Erythropoietic repopulating ability can be maintained in LTC, but it is substantially

reduced when assayed by competitive repopulation (261). Reconstitution of immunodeficient

mice that lack mature B-cells (CBAIN) showed a delayed B-cell recovery with long-term

cultured cells compared to normal marrow (262). This observation and the observation that

Abelson virus transformable pre-B cells are not present in these cultures suggests that either a

very early lymphoid restricted stem cell, or a totipotent stem cell are responsible for the

reconstitution. SCID mice (severe combined immune deficient), which carry a mutation that

results in an absence of B and T lymphocytes (263) have been used to quantitate cells from

long-term cultures capable of reconstituting lymphopoiesis. Compared to normal bone

marrow, long-term culture derived cells were suggested to be 4-fold enriched for cells capable
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of reconstituting lymphopoiesis, which was attributed to preferential maintenance of lymphoid

restricted cells (264). The overall results have led investigators to suggest that long-term

cultures may maintain relatively few, if any totipotent stem cells, but the cultures do maintain

CFU-S, myeloid restricted, and lymphoid restricted stem cells (261,264).

Some attempts have been made to isolate and characterize the cells responsible for

initiating LTC. Initial studies using stem cells purified due to lectin-binding propertiesas the

source to initiate LTC were unsuccessful (265), probably because the purification was based

on isolation of CFU-S. Purified cells capable of initiating LTC however, can be separated

from the majority of CPU-S based on low Rhodamine-123 uptake which is also a property of

cells capable of long-term reconstitution of lethally irradiated mice (119).

5) HEMOPOIETIC MANIPULATION USING RETROVIRUSES.

A) RETROVIRAL FEATURES.

Retroviruses at present provide the most efficient means to transfer foreign genes into

mammalian somatic cells. Gene transfer using retroviruses is non-toxic, and integrations into

the host genome are stable and occur as single unique events. These features make retroviral

gene transfer a powerful tool for both genetically marking cells for clonal analysis and for

expressing foreign genes allowing functional tests of putative regulatory molecules. Key

features of the retroviral life cycle are summarized in Figure 4. Critical steps in this process

are: packaging of the virion RNA into structural viral proteins and budding of the intact virion

from the cell surface; infection of a host cell via specific receptors; reverse transcription of the

viral RNA into cDNA; integration of the proviral cDNA into the host genome; and expression
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integrated provirus viral mRNA

viral proteins

Figure 4. The retroviral life cycle beginning with expression of viral RNA and
proteins which then associate and bud from the cell surface. Infectious
particles then recognise specific receptors, the viral RNA enters the host
cell, undergoes reverse transcription to DNA which then integrates into the
host genome and the cycle begins again.
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of the viral RNA from the integrated DNA. Events occurring at each of these stages are now

known in considerable detail.

Retroviruses in general have three stuctural genes (gag, pol and env) which encode

products that function as internal viral proteins, an RNA dependant DNA polymerase termed

reverse transcriptase, and external envelope proteins respectively (reviewed in (266,267)).

The proviral DNA is flanked by repeats termed LTR’s (long-terminal repeats) which contain

regulatory elements , and polyadenylation signals. The host RNA polymerase II transcribes

the retroviral RNA from the proviral DNA, and two molecules associate with the viral

structural proteins to make a complete virion. Association of the viral RNA molecule with

packaging protein is dependent on the presence of a specific viral sequence termed the ‘P

packaging signal region (between MoMuLV bases 215 and 355) adjacent to the 5’ LTR

(268,269) This sequence is necessary but additional sequences extending into the gag region

are now also recognized as essential for efficient RNA packaging (270,271). The intact

retroviral particle buds from the cell surface and searches for a new host to infect which

requires recognition of specific cell-surface receptors. Several cell surface molecules that can

serve as retroviral receptors have now been identified. These include CD4 for HTV (272) and

Wi which has recently been cloned and identified as the receptor for murine type C ecotropic

retroviruses (273). The viral particle fuses with the cell membrane either at the surface, or

within an acidified endosome after receptor mediated endocytosis, releasing the virion core into

the cytoplasm.

Once inside the host cell the viral RNA is used to generate DNA for integration into the

host genome. Reverse transcription uses both strands of RNA which are used as the templates

by reverse transcriptase to generate a double stranded DNA provirus (274,275). Retroviral

integration requires that the cells are undergoing DNA synthesis, but partially synthesized viral

DNA may persist in quiescent cells for some time until activated to proliferate (276). Retroviral
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integration is completed totally due to the function of a reverse transcriptase proteolytic

cleavage product IN, which produces a 4 base pair staggered cut in the cellular genome, and

joins the ends of the linear viral DNA to the target DNA resulting in a flanking 4 base pair

duplication (277-280; reviewed in (281)).

Most retroviral integrations occur randomly within the genome, but it has been

demonstrated that approximately 2 out of every 8000 integrations will occur at the same site.

These preferential sites of integration have been estimated to be present at 500-1000 per

genome. Molecular isolation of preferred sites of integration revealed no obvious sequence

similarity between them (282). Once integrated, subsequent expression of the viral genome is

due to enhancer and promoter sequences within the LTR. The absolute level of expression is

dependent upon both chromosomal position and the type of enhancer sequences within the

LTR (283-285).

B) DESIGN OF RECOMBINANT RETROVIRUSES.

a) Production of Helper Free Replication Defective Reirovirus.

High efficiency gene transfer is a prerequisite for experiments whose goal is studying

hemopoietic development by marking stem cells or by introduction of putative regulatory

genes. Infection with recombinant reiroviruses currently provides the most effective approach

for gene transfer to primary hemopoietic cells. The utility of this method has been greatly

facilitated by the development of a system for packaging infectious replication defective

retrovirus free of helper (replication competent) virus. Such helper-free packaging systems

minimize potential problems of multiple integrations into the genome, which may complicate

experiments in which retroviruses are used as markers for clonal analysis or increase the
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chance of the activation of harmful genes such as oncogenes, or inactivation of important

regulatory genes (286-287). This has been achieved by generation of packaging ccli lines that

can provide functional viral proteins in trans. but cannot alone produce infectious virus, due to

the absence of the critical packaging sequence in the retroviral sequence used to construct the

line. Transfecting a packaging cell line with a plasmid containing the replication incompetent

recombinant virus that contains the ‘I’ sequence can subsequently produce a particle that can

infect but not replicate, and therefore is termed “replication defective” or “helper free” (Figure

5).

The concept of a helper free reiroviral packaging cell line was introduced in 1983 by

Mann et al (288) who developed the P-2 packaging cell line by deleting the sequence in a

cloned Moloney murine leukemia virus (M-MuLV). Transfer of the mutant packaging RNA in

such a line is not completely blocked. Infrequently both packaging RNA and recombinant

virus RNA are packaged together allowing recombination to take place during reverse

transcription (275) resulting in a functional competent helper virus. Newer generations of

packaging cell lines have therefore been developed that greatly minimize the risk of helper virus

production. These involve removing sequences homologous to those in recombinant viruses to

decrease the probability of recombination. For example in the packaging cell line PA3 17

produced by Dusty Miller (289), the 3’ LTR was replaced with the polyadenylation signal from

the simian virus SV4O DNA. This approach has greatly reduced the chance of helper virus

production, but it still occurs at low frequency. The most recent series of cell lines (eg GP-E

86(290) and ‘P-CRE(291) ) contain physically separated packaging functions by incorporating

gag and poi genes into one plasmid and the env gene into another, and then separately

Iransfecting them into a cell line. Physically separating the viral protein encoding genes

decreases the likelihood of recombination events leading to replication competent virus.
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By altering the source of the env gene which encodes the protein responsible for

recognizing the cellular receptor, the host range can be altered. To date packaging cell lines

with a host range limited to mice (ecotropic) have used the env gene from M-MuLV, and those

which have an extended host range including human cells (amphotropic) are derived from

murine virus 4070A (292-294).

Two main procedures can be employed to introduce the recombinant retrovirus

sequence into the packaging cell line. Transfection procedures are simple and generally are

followed by selection of producer clones generating high litre virus. High titres have been

found to be more routinely possible by infecting the packaging cell line with helper free virus

generated from a packaging line of opposite env host range (to overcome receptor

interference), for example by infection of an ecotropic viral producer cell line with an

amphotropic virus (295). Virus production from packaging cell lines transfected with a viral

DNA construct in general are at least 10-fold lower than those observed from cell lines infected

with the same virus (296,297). In addition, transfected viral DNA is less stable and has a

higher chance of rearranging and producing altered virus than if virus is introduced to the

packaging cell line by infection procedures (298). Various strategies have been effectively

employed to increase viral litres including “ping-ponging” in which amphotropic and ecotropic

viral producer lines can be co-cultivated or undergo repeated infections to facilitate multiple

integration events.

b) Retroviral Vector Design.

A number of approaches have been taken to design retroviral vectors, depending on the

investigators’ desired application (reviewed in (299)). Approximately 80% of the viral genome
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(gag, poi, env) encodes for functional protein, most of which can be removed and replaced by

exogenous DNA while retaining the ability to package the viral RNA and form an infectious

particle. With each construct generated the investigator must deal with two essential concerns;

viral titre and hence gene transfer efficiency; and gene expression in transduced target cells.

Often it is a trade off between manipulation of the viral genome to produce sufficient levels of

regulated expression at the expense of viral titres, each of which must be determined by testing

individual constructs separately. At present there are no rules governing the outcome of these

variables and it is difficult to predict which will function most effectively.

The amount of virus expressed from a viral producer cell line (viral titre) is a crucial

factor for infection efficiency into bone marrow cells, particularly due to the low frequency of

hemopoietic stem cells in this population, and can be a major concern for both marking studies

and for the introduction of expressable foreign genes. All the factors that influence viral titres

are not known, but investigators are now aware that inclusion of sequences extending into the

viral gag region are important (270,271). Low viral titres have been a major drawback to some

retroviral designs, particularly those vectors that have a “crippled” 3’ LTR designed so that

after infection of the target cell the LTR promoter and enhancer are non-functional (300).

The two main options for obtaining expression of the transfected gene contained within

the recombinant retrovirus are the use of the viral LTR promoter itself, or linkage of the gene to

its own or exogenous promoter. To date, LTR driven expression has proven equal or better

than that obtained from a broad range of internal promoters including those of viral or

eukaryotic gene origin (301). Levels of expression and tissue restriction of expression from

retroviral LTRs depends on the nature of the viral LTR used (302). Mutations within LTRs

have allowed expression of retroviral genes in embryonal carcinoma cells, where viral

inactivation normally occurs possibly due to negative regulation by cellular factors (283,285).

Isolation of these mutants have provided retroviruses with a larger host range capable of
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expressing in primitive cells, which are valuable tools for construction of recombinant

retroviruses carrying foreign genes.

In some instances it is desirable to have more than one gene expressing in a vector, for

example one gene that can be used for positive selection of infected cells by inducing drug

resistance, and a second that expresses a gene with a particular cellular function. This may be

obtained by using the LTR promoter and producing a polycistronic message, or by placing one

gene in the naturally occurring splice junctions within the virus (303), or by allowing one gene

to be expressed from the LTR, and the second gene placed under control of an internal

promoter (304). In general the introduction of more than one exogenous gene into the

retroviral genome causes a decrease in expression of those genes compared to expression if

only a single gene were present (305-307).

Despite these difficulties, long term expression of foreign genes such as human

adenonosine deaminase (308), x and f3-globin (309,310), as well as some hemopoietic growth

factors discussed below have been documented in the hemopoietic systems of mice

transplanted with retrovirally infected bone marrow.

C) RETROVIRAL GENE TRANSFER TO HEMOPOIETIC CELLS.

Retrovirally mediated gene transfer has proven a powerful tool for the study of

hemopoiesis. The main applications have been for marking and fate mapping of hemopoietic

stem cells as described above, and for the introduction of expressable genes either for gene

replacement as a model for human genetic diseases or as a means to test regulatory molecules

such as putative oncogenes and growth factors.

Introduction of foreign genes into primitive hemopoietic cells using retroviruses

requires optimal gene transfer efficiencies that depend on both retroviral titre, and the state of



46

the target cells. Low efficiencies are a particular concern for clonal analysis, in studies where

only a limited number of target cells are available, or in investigations of gene function where

perturbation may be masked by uniiifected cells. Attempts to maximize gene transfer to

primitive murine hemopoietic cells has empirically identified several important factors. These

include high viral titre, presumably based on increasing viral to target ratios, and pre-treatment

of donors with 5-FU and the use of suitable growth factors prior to and during retroviral

infection.

A common source of cells for retroviral infection is 5-FIJ treated bone marrow, which

has been shown to be much more accessible to retroviral integration than normal bone marrow

(311). This effect is presumably due to the fact that 5-FU treated stem cells are cycling (312),

and retroviruses infect or integrate more efficiently into cycling (as opposed to non-cycling)

cells. Comparison of marrow for retroviral gene transfer efficiency 2-8 days after 5-FU

treatment indicated that day 4 was the best source of infectable stem cells for long-term

reconstitution in irradiated hosts (313). Not only the source of stem cells, but also the

conditions under which they are infected appear to be important. Inappropriate infection

conditions may lead to loss of reconstitutive capacity of stem cells (314). Initially conditioned

medias were used as a source of growth factors (39), but more recently the use of recombinant

growth factors including murine leukemia inhibitory factor (LIF) (315), and a combination of

IL-3 and IL-6 (249) have been shown to increase gene transfer efficiencies to CFU-S and long-

term repopulating cells respectively. Optimal growth factor conditions for the maintenance of

stem cells in vitro during the infection period, and for enhanced gene transfer efficiencies to

these cells have not yet been well defined. Alternative approaches to improving efficiencies are

available. The infection procedure may vary over a period of 1 to 4 days in which bone

marrow cells are either cultured in the presence of viral supernatants, or co-cultivated with viral

producer cells. The latter technique results in improved gene transfer efficiencies to long-term
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repopulating cells, but appears to result in an overall loss of repopulating ability, perhaps

through loss due to adherence of bone marrow to the viral producer cell lines (311). The

proportion of cells expressing from the integrated provirus can be enhanced by including a

drug resistance gene within the virus allowing subsequent 24-48 hour positive selection of

infected stem cells; this technique however results in a significant reduction in the number of

viable cells (>90%) (307). When the infection protocol is complete, bone marrow cells are

then collected and introduced into lethally irradiated hosts for long-term donor reconstitution.

These protocols will reproducibly give 80 to 100 % gene transfer to CFU-S.

Retroviral gene transfer has now been used to introduce a large number of genes into

hemopoietic repopulating cells. Of major interest in context of hemopoietic regulation are

studies of the effect of over or ectopic expression of several hemopoietic growth factor genes.

Reconstitution of mice with marrow infected with a reirovirus carrying the GM-CSF gene

resulted in a lethal myeloproliferative syndrome primarily due to expansion of neutrophils and

macrophages which was not paralleled by an expansion in progenitors (316). Similar

observations were made in mice overexpressing the IL-3 gene (317,318), except for a more

dramatic increase in hemopoietic cellularity, and an increase in progenitor content in the spleen.

Cells from primary recipients in both cases were unable to develop tumors in non-irradiated

secondary recipients, suggesting that secondary genetic events were required to develop a full

leukemic phenotype. The most recent growth factor to be tested in this way is IL-6 which has

been implicated in the development of multiple myeloma (319,320), myeloid leukemia (321),

and lymphoma (322). Dysregulated IL-6 expression in retrovirally transduced bone marrow

recipients resulted in a non neoplastic disorder with the most pronounced hematologic

phenotype being extensive expansion of B-cell derived plasma cells, and a transient increase in

granulocyte numbers (323). The progenitor content in these mice was not reported.
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These results have in common the amplification of end cell stages of hemopoiesis as

their major observed phenotype. With the large numbers of growth factor genes that have

recently been cloned, it will be interesting to determine using retroviral gene transfer which

ones will induce preferential proliferation and expansion of cells in the early stages of

hemopoiesis. Recently the CPU-S content has been measured in retrovirally infected mice

expressing constitutively high levels of G-CSF, GM-CSF and IL-3 (324). An increase in the

total CPU-S content in the spleen was observed in all cases. Individual spleen colonies

however, did not contain an elevated number of secondary CPU-S suggesting the increase was

due to recruitment from more primitive stem cells rather than CPU-S self-renewal. These

studies did not look at the effects on cells earlier in hemopoiesis than CPU-S. However, this

approach coupled with improved analytical techniques, should prove extremely powerful for

resolving factors involved in the regulation of totipotent stem cells.

6) THESIS OBJECTIVES AND GENERAL STRATEGY.

As reviewed above, a large body of data now supports the existence of a class of very

primitive hemopoietic cells with the capacity to differentiate down both myeloid and lymphoid

pathways and to contribute to blood cell production for a lifetime. The mechanisms that

regulate the proliferation, maintenance and clifferentiative decisions of these key cells in the

hemopoietic system however, remain poorly understood. Some of the key questions that have

yet to be answered include: what factors initiate proliferation of these cells from a quiescent

state; is there a mandatory loss of potential with each cellular division as suggested by the

generation-age hypothesis; what factors influence developmental decisions?

The research in this thesis was initiated in an effort to develop new approaches for

studying stem cell behavior and to begin to use these to obtain insight into these fundamental
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questions. The experimental design incorporated three key elements. First an in vitro system

was chosen that had the potential to support the maintenance and expansion of hemopoietic

stem cells with long-term repopulating ability. Second a retroviral marking technique was

employed to enable Iracking the in vivo proliferative and developmental potential of individual

stem cells. Third, the recently developed CRU assay based on limiting dilution of stem cells

was used to allow quantitation and specific assessment of stem cells with long-term

repopulating ability.

As a starting point for these studies, the Dexter long-term culture was chosen as a

candidate in vitro model (133) to support the earliest hemopoietic cells. Previous studies had

shown that long-term marrow cultures could support cells capable of reconstituting erythroid

(260) and lymphoid lineages (263) in lethally irradiated recipients. The loss of CFU-S self

renewal ability (254) and loss of competitive repopulating ability however, led investigators to

predict that totipotent stem cells were not proliferating in these cultures, and probably were not

being well maintained.

My first objective was to determine if totipotent stem cells could be detected in

established (4 week old) Dexter long-term cultures and second to determine if evidence of their

self-renewal in the cultures could be obtained. In order to do this, hemopoietic stem cells from

5-FU treated bone marrow were genetically marked by infection with a recombinant retrovirus,

then placed in long-term cultures. The ability of long-term cultures to maintain stem cells was

then tested by repopulation of lethally irradiated mice with culture derived cells. Recipient

mice were analysed for clonal reconsitution from culture derived retrovirally marked stem cells.

It was projected that if amplification were occurring under similar conditions in vitro, then

repopulation of multiple mice from the progeny of a single stem cell could be detected.

The next step was to delineate the extent of stem cell maintenance and amplification and

to determine whether a capacity for long-lasting hemopoiesis had been sustained. By
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combining retroviral marking of stem cells with long-term culture and the CRU assay, it was

hoped these objectives could be reached. The results of this approach are outlined in Chapter

Iv.

The ability to quantitate and qualitate stem cell development in vitro provides a means to

assess growth factor effects on proliferation and differentiation decisions of those cells. As a

first step towards such an investigation, the work presented in Chapter V was initiated to

assess the possible role of one such candidate regulator, Interleukin-7 (IL-7) on early

hemopoietic cell behavior. These studies began by analyzing the effects of reconstituting mice

with marrow infected with an IL-7 recombinant retrovirus, which yielded a number of

unexpected findings. Subsequent in vivo and in vitro studies would clearly be useful to

determine the possible role of IL-7 as a stem cell regulatory factor.

The ability to determine the developmental potential of individual stem cells derived

from an in vitro clonal expansion provides an important starting point for delineation of the

molecular mechanisms that control the processes of self-renewal and/or developmental

restriction of totipotent stem cells.
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CHAPTER II

MATERIALS AND METHODS

1) RETROVIRUS CONSTRUCTION. PRODUCTION.AND ASSAYS.

A) Recombinant Retroviruses.

a) Tkneol9.

Tkneol9 is a replication defective murine-leukemia virus based vector containing the

bacterial gene for neomycin phosphotransferase (neoT)linked to the herpes simplex virus

thymidine kinase (Tk) promoter in the reverse orientation relative to the hybrid Moloney and

Harvey murine leukemia virus long terminal repeat (LTR) region (Figure 6). This vector was

derived by Dr. Donna Hogge of the Terry Fox Lab (TFL) from MMCV-neo (1,2) by removal

of the myc and Tkneo sequences and re-insertion of the latter in the 3’-S orientation relative to

retroviral transcription (3). A helper-free viral producer cell line was generated in the ‘P-2

packaging cell line by Dr. Phil Hughes of the TFL as described below.

b) JZen-neo

JZen-neo and JZenmiL7tkneo viruses (Figure 6) were constructed and produced in a

collaboration with J.D. Thacker, a graduate student in the Terry Fox Laboratory. Both were

constructed from the JZen. 1 viral backbone provided by Gregory R. Johnson (Walter Elisa
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Figure 6. Schematic representation of (A.) tkneol9, as well as construction of (B.) JZenneo
and (C.) JZenmlL7tkneo. Plasmid pMClneo and pTZl8Rtkneo were used in the
production of JZenneo and JZenmlL7tkneo. The derivation of each is described in
detail in Materials and Methods.
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Hall, Melbourne Australia) (4). JZen. 1 construction has been previously described, and was

derived by replacing the 3’ LTR enhancer from a Moloney virus based vector ZipNeoSV(X)

(5) with an enhancer from the LTR of the myeloproliferative sarcoma virus. To construct

JZen-neo (Figure 6), an 854 base pair MluJJHincII fragment encompassing only the coding

region of the neor gene was isolated from pMClneo (6) blunted and inserted into the HpaI site

of JZen.1 using standard procedures (7). High-titre viral producing cell lines used were then

generated using the packaging cell lines GP+envAM- 12 and GP+E-86 as described in this text.

c) JZenmlL7tkneo.

To construct JZenmlL7tkneo (Figure 6), a XhoJ/SalI 1092 bp fragment from pMClneo

(6) containing the neo1 gene linked to the promoter region of the HSV virus and polyoma

enhancer was inserted into the SalT site of pTZ18R (Pharmacia, Bale d’Urfe Quebec) to

produce pTZl8RTkneo. A 524 base pair BamHl/XmnT fragment encompassing the complete

IL-7 coding sequence was isolated from plasmid 1046B (8) (a gift from A. Namen,

Immunex.Corp.). This plasmid contains an IL-7 cDNA engineered to remove all upstream

start codons (ATG’s) found in the mature TL-7 cDNA. This fragment was inserted after

blunting (7) into the blunted Xba I site of PTZl8Rtkneo. The mIL7-tkneo cassette was then

removed by digestion with Small HindIll and subcloned into the HpaTlHindIll site of the

JZen. 1 polylinker. Generation of high-titre GP+E-86 JZenmlL-7tkneo clones were carried out

as described for JZen-neo.
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B) Viral Packain Cell Lines.

The viral producer cell lines used for production of recombinant retroviruses were the

amphotropic packaging line PA3 17 (from D. Miller, Fred Hutchinson Research Center,

Seattle, WA )(9,1O), the ecotropic packaging line psi-2 (from R.C. Mulligan, Whitehead Inst.,

Boston MA)(11); and amphotropic and ecotropic packaging lines GP+env-AM12 and GP+E

86 respectively (from Arthur Bank, Columbia University, New York, NY) (12). All cells

were maintained at 37°C in a 5% C02 incubator in Dulbecco’s modified Eagle’s medium

(DMEM) with high glucose (4.5 g/L) with the following additives. For PA317 cell lines

DMEM contained 10% fetal calf serum (FCS), for the psi-2 cell line DMEM contained 10%

heat inactivated (60°C, 2 hours) newborn calf-serum (CS) (Johns Scientific). GP+env-AM12

and GP+E-86 were maintained in HXM media (DMEM containing 10% calf serum, 15tgfmL

hypoxanthine, 0.25 mg/mL xanthine, and 2.5 j.tg/mL mycophenolic acid (Sigma Chemical

Co., St. Louis, MO).

C) Generation of Viral Producer Cell Lines.

The following protocol was used for production of infectious recombinant TKneol9

retroviruses from ‘P-2 viral producer cell lines. The proviral plasmid DNA was introduced into

the packaging PA3 17 cells by the calcium phosphate (CaPO4) transfection technique. DNA

precipitate was formed by combining 10-20 jig of plasmid DNA in 0.05 mL of 2.5 M CaC12

with 0.5 mL of 2 X HBS (50mM Hepes, 3M NaC1, 1.5 mM Na2HPO4, pH 7.12) while

gently bubbling N2 through the solution to mix. The solution was allowed to stand at room

temperature for 30 minutes, gently mixed, then 0.5 mL added to 4.5 mL of media on the

PA3 17 cells plated 24 hours previously at a density of 2 x cells per 60mm tissue culture



79

dish. After 18 hours the media was changed and 24 hours later media was removed to harvest

transiently expressed virus. This supernatant was filtered (O.22p.m filter, Millipore, Bedford,

MA) and overlayed on ‘P-2 cells ( 1x105 cells/6Omm dish), in the presence of 4 .ig/mL

polybrene (Sigma Chemical CO, St Louis, MO). After 48 hours the media was changed, and

G418 was added to a final concentration of 1 mg/mL active substance (Geneticin, 540.tg/mg

active wt., Gibco, N.Y.). Media was changed every 3 days, and large macroscopic colonies

isolated 2-3 weeks later. Macroscopic G418 resistant colonies were isolated using cloning

cylinders, expanded and individually titred (see below) for viral production on NIH3T3 cells

(ATCC, Rockville, MD). Titres of selected producer clones ranged from 1 x 106 to 1 x

viruses! mL of supematant.

Production of recombinant ecotropic retroviruses JZen-neo and JZenmIL-7tkneo using

the GP+E-86 cell line was performed as described above with the following modifications.

GP+AM-12 was used as the amphotropic cell line for CaPO4 transfection, and individual

G418 resistant clones isolated and titred. A GP÷AM-12 clone producing a high viral titre (>

lx i06 cfu/mL)was selected. Supematant from this cell line was then used to infect GP+E-86

cells. Multiple infections of GP+E-86 were performed using 24 hour conditioned media from

subconfluent GP+AM-12, which was filtered (0.22p.m filter, Millipore, Bedford MA) and

overlayed on GP+E-86 cells ( 1x105 cells!6Omm dish), in the presence of 4 p.g/mL polybrene

(Sigma Chemical Co, St Louis, MO ), once every 24 hours for 7-10 days. G418 resistant

GP+E-86 colonies were selected and titred. A high dire clone was selected (>lx i06 cfu/mL),

and the multiple infection and selection process repeated using GP-i-AM- 12 supematants.

Clones of> lx 106 cfu! mL producing GP+E-86 cells were routinely isolated.
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D) Viral Titering and Helper Virus Assay.

Viral titres were determined by assays of medium conditioned by viral producer cell

lines for transfer of the neo’ gene to 3T3 cells. The day before assaying media was changed on

sub-confluent viral producer cell lines, and 3T3 cells were plated (2 x i05 cells /60 mm tissue

culture dish). Supematants were harvested from producer cells 20 hours later, filtered

(0.22.t,Millipore) and various dilutions placed in final 2 mL volumes and added to the

previously established dishes of 3T3 cells in the presence of polybrene (4 pg/mL). Fresh

media was placed on the 3T3 cells 24 hours later, then G418 (1 mg/mL) added after another 24

hours. G4 1 8r colonies were scored after staining with methylene blue to derive the number of

infectious particles carrying neor generated by the viral producers (colony forming-units / mL).

Helper virus assays were performed by attempts to serially passage neor carrying

retroviruses on 3T3 cells as described by R. Mann (11). Confluent dishes of G418 resistant

3T3 cells were obtained after retroviral infection with 4 mLs of filtered (0.22i.t, Millipore)

supernatants from viral producer cell lines followed by selection in G418 as described above.

Media was changed on subconfluent 60 mm dishes of G418 resistant 3T3 cells and replaced

with 4 mLs of fresh media and then 20 hours later supernatant (4 mLs) was collected, filtered

and then placed on pre-established dishes of normal 3T3 cells in the presence of polybrene.

After 24 hours the media on the normal 3T3 cells was then changed and cells were selected in

G418 and colonies scored 2-3 weeks later as described above. As a positive control

subconfluent G418 resistant 3T3 cells were inoculated with of 1-10 .tL of supematant from

MoC12 (from A. Bernstein, Toronto), a cell line producing high levels of infectious competent

Mo-MuLV (13), and passaged for 1 week in the presence of polybrene prior to testing for

helper activity. Supematant from G418 resistant 3T3 cells treated with MoC12 supematants

routinely produced> i06 cfu/ml.
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2) HEMOPOIETIC CELL CULTURE AND ASSAYS.

A) Mice.

Mice were 6 to 12 week old C3H/HeJ or B6C3F1 (C57BL/6J X C3H/HeJ Fl), either

obtained directly from the Jackson Laboratories (Bar Harbor, ME) or bred and maintained in

the animal facility of the British Columbia Cancer Research Centre (BCCRC) from parental

breeders obtained from Jackson Laboratories. Mice were maintained as prescribed by the

Canadian Council for Animal Care and care monitored by the BCCRC and the University of

British Columbia.

B) Retroviral Infection of Bone Marrow Cells

Supematant infection protocol: Bone marrow cells were collected from adult male

B6C3F1 mice treated 4 days earlier by i.v. injection of 5-fluorouracil (5-FU, 150mg/kg body

weight (Hoffman-LaRoche Ltd, Mississauga, Ont). Viral containing supernatants were

obtained by incubation of near confluent viral producer cells for 20 hours in CL media

containing 10% FCS and 5% CS. The media was harvested, filtered (O.2211m filter, Millipore,

Bedford, MA) and then supplemented with an additional 10% (v/v) FCS, 4p.g/ml of polybrene

(Sigma), 10% (v/v) agar stimulated human leukocyte conditioned medium (14) and 5% (v/v)

pokeweed mitogen stimulated spleen cell conditioned media (15). Day 4 5-PU bone marrow

cells were then resuspended in the viral conditioned media using 3-5 x i06 bone marrow cells

per 100mm petri dish containing 10 mL of filtered viral conditioned media. After 6 to 8 hours

at 37°C in 5% C02 and a humidified atmosphere, the media was replaced with an equal volume



82

of freshly prepared virus-containing medium, and the cultures incubated for a further 12 to 14

hours. Dishes were scraped with a rubber policeman to remove adherent cells which were

then combined with non-adherent cells and washed in 2% FCS in PBS and subsequently used

for initiation of long-term bone marrow cultures or in vivo reconstitution as described below.

Co-cultivation infection protocol: Infections of bone marrow cells by co-cultivation

were carried out by addition of 3-5 x 106 day-4 5FU bone marrow cells from either C3H or

B6C3F1 mice onto sub-confluent irradiated viral producer cells (15 Gy X-ray) in a 100mm

tissue culture dish in 10 mL of a media containing 5% (v/v) Cs, 10% (v/v) FCS, 4p.g/nil of

polybrene (Sigma), 10% (vlv) agar stimulated human leukocyte conditioned medium and 5%

(v/v) pokeweed mitogen stimulated spleen cell conditioned media. After 6 to 8 hours the media

was changed by pipetting off the non adherent cells, pelleting and resuspending in media

conditioned as described above. After a further 12 to 14 hours of co-cultivation non-adherent

bone marrow cells were removed by gentle pipetting and washed in 2% FCS in PBS for

transplantation or initiation of long-term cultures as described. In all cases viral producer cells

were maintained in selective media which was replaced with DMEM plus appropriate serum up

to 2 to 7 days prior to use in cocultivation. Producer cells were irradiated (15 Gy X-ray)

immediately prior to use.

C) Long-Term Bone Marrow Culture.

Male bone marrow cells were retrovirally infected with the TKneol9virus generated

from a i-2 producer cell line by the supematant infection protocol described above. After the

infection period harvested cells were washed in 2% FCS in PBS, and 3 x 106 cells resupended

in 4 mL of LTC media (Alpha media supplemented with 10% horse serum, 10% fetal calf

serum, 10 M hydrocortisone succinate and i04 M f3-mercaptoethanol) , and added to
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previously established 3 week old irradiated (l5Gy X-ray) female long-term culture adherent

layers. These adherent layers were obtained from Dexter long-term marrow cultures (16) set

up in 25cm2flasks with an initial inoculum of 3 x i07 normal female marrow cells in LTC

media. Cultures were incubated at 33°C, 5% C02 in a humidified atmosphere and given half

media changes weekly.

D) Clonal Analysis of Repopulating Cells Recovered From Long-Term Cultures.

Long-term marrow cultures were analysed 4 weeks after initiation with retrovirally

infected Day-4 5-FU bone marrow. Adherent layers were removed with a rubber policeman,

washed, and passaged through a 21g needle. Lethally irradiated recipients (8gy, 250 kVp X

ray ) were given either 1-2 x 106 cells directly by i.v. injection or received the proportions

described for the competitive repopulation assay (see below), plus 2 x i0 syngeneic

“compromised” female marrow cells that had been previously subjected to two cycles of serial

marrow transplantation and regeneration (17,18).

For cultures which were used to assess recovery of repopulating cells in the

nonadherent fraction over time, all of the medium and nonadherent cells were removed weekly

and replaced either with fresh medium alone, or with LTC medium containing 25u/mL of

recombinant mouse Interleukin-3 (IL-3) (Biogen). The nonadherent cells removed after 3, 5, 6

and 7 weeks of culture were then injected into irradiated recipients. Recipient mice transplanted

with cells from long-term cultures were sacrificed 5 weeks to 7 months post transplant and

bone marrow, spleen and thymus tissues were used for DNA extraction and Southern blot

analysis. For some animals a more detailed analysis of fractionated tissues and subpopulations

was performed. For those animals, thymus and lymph nodes were processed directly for

DNA. Bone marrow was divided into three portions. One portion was used directly for DNA
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extraction, the other two fractions were used to obtain pure myeloid cell populations as

described in detail previously (19). The second portion of marrow was cultured in Alpha

media, 15% FCS, 20% WEHI-3 conditioned media (CM) as a source of IL-3 for 3 weeks.

This portion had >90% mast cell morphology when stained with May-Grunwald-Geimsa. The

third bone marrow portion was cultured for 48 hours in Alpha medium, 15% FCS, 10%

WEHT-3 CM, and 35% L-cell CM as a source of M-CSF (20). The non-adherent cells were

then removed and replated in 35% LCM for 7-10 days to give a highly purified source of

macrophages as determined by morphology and indirect immunoperoxidase staining with an

antibody specific to macrophages (Mac-i).

To obtain pure B and T lymphocytes for DNA, spleen cells were fractionated by adding

1/2 of the spleen in 1 mL DMEM, 10% FCS to a 3-mL nylon wool column, which was

incubated for 1 hr at 37°C prior to elution by extensive washing to obtain the non-adherent

fraction. This nylon wool non-adherent fraction was determined to be > 90% T-cells as

described previously (21), when screened by FACS after staining with anti-Thy 1 antibody.

Nylon-wool adherent cells were removed by gentle agitation for 2-3 mm in PBS containing

10mM EDTA. B lymphocytes were isolated from this fraction by panning these cells for 1 hr

at 37C in 100-mm-diameter plastic dishes (<108 cells per dish) precoated with unpurified

rabbit anti-mouse immunoglobulin (22). After washing away non-specifically bound cells, the

adherent B lymphocytes were removed and frozen for DNA extraction or used for FACS

screening. Staining with an antibody specific for B lymphocytes (B220 ) indicated this

population was >90% pure. The remaining 1/2 of the spleen was divided into 3 portions. One

was used directly for DNA extraction, and the other two were used to provide pure mast cell

and macrophage populations as described for the bone marrow.
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E) Limiting Dilution Analysis of Competitively Repopulating Cells.

Total non-adherent and adherent cells were recovered from individual 4 week old

marrow cultures established with Day-4 5-FU retrovirally infected male marrow cells. Groups

of lethally irradiated (800-850 cGy of total body X-irradiation; 124 cGy/min) female mice (4-8

mice per group) were then injected i.v. with various proportions of a single culture cells (1/45,

1/150, 1/450, 1/1500) together with 2 x compromised marrow cells from female mice.

Compromised cells had been subjected to two previous rounds of transplantation and

regeneration in female mice (23). This was performed by transplanting 106 female bone

marrow cells into a group of primary lethally irradiated (800 to 850 cGy) female recipients.

This group of mice were used to donate 106 cells to lethally irradiated secondary female

recipients 5-8 weeks later. Bone marrow from these secondary mice was used as the

compromised female marrow source within 3 months post transplant. Compromised cells

alone (10) were able to allow irradiated recipients to survive long-term, but doses of up to i06

could not outcompete the repopulating ability of day-4 5-FU marrow (23). Recipients of

mixed donor long-term culture derived cells and female compromised cells were analysed at 5

weeks and 7 months post transplant for male reconstitution (see below). DNA was prepared

from bone marrow, spleen and thymus, and the presence of male contribution detected by

Southern blot analysis with a fragment from plasmid pY2 as described below in the Materials

and Methods. Male contribution to total DNA content was detectable as low as 1%, and was

reproducibly detectable at greater than 5%. Tissue was scored as positive in the assay if a

contribution of male cells was found to be greater than 5%. Competitive repopulating units

(CRU) frequencies were calculated from the proportion of negative recipients by limiting

dilution analysis procedures (based on Poisson statistics) (24).
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F) CFU-S Assays.

Spleen colonies were generated immediately after retroviral infection of bone marrow

cells, or after 1-2 weeks in LTC (collected during half weekly media change) as a method to

assess gene transfer efficiencies to early hemopoietic precursors. For the generation of

distinguishable spleen colonies, female mice received 800 to 850 cGy total body irradiation,

followed by injection i.v. with 1-5 x i0 retrovirally infected ( supematant or co-cultivation,

see above) or cultured bone marrow cells per mouse. This dose of irradiation was sufficient to

completely eliminate endogenous spleen colony formation (to< 0.1/spleen). Recipient mice

were sacrificed 12 days later and individual macroscopic spleen colonies dissected and

homogenised for DNA extaction and Southern blot analysis as described below.

G) Methylcellulose Assays.

Bone marrow cells (3 x 104)were plated in 35 mm petri dishes (Greiner, Germany) in

1.1 mL culture mixtures consisting of 0.8% methylcellulose in alpha medium supplemented

with 30% FCS, 1% bovine serum albumin (BSA), i0 M j3-mercaptoethanol, 3 U/mL

partially purified human urinary erythropoietin (Terry Fox Laboratories), 2% pokeweed

mitogen-stimulated mouse spleen cell conditioned medium (PWM-SCCM) and 10% agar

stimulated human leukocyte conditioned medium (LCM). PWM-SCCM and LCM were

obtained from media preparation service of the Terry Fox Laboratory, Vancouver. Cultures

were incubated at 37°C in a humidified atmosphere of 5% C02, and colonies scored after 12-

14 days. Colonies were scored based on morphological appearance as described previously

(25).
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3) MOLECULAR ANALYSIS.

A) Southern Blot Analysis.

High molecular weight DNA was isolated from various tissues by sodium dodecyl

sulfate (SDS)/proteinase K digestion followed by phenol/chloroform extractions (26). After

dialysis against 1X Tris-EDTA buffer (3mM Tris, 0.2 mM EDTA, pH 7.5, TE), 10 pg

samples of DNA were digested with Flindifi or EcoRI at 15U/p.g for 4-12 hours at 37°C in the

buffer recommended by the manufacturer (Bethesda Research Laboratories (BRL),

Gaithersburg, MD). Samples of male and female DNA from normal B6C3F1 mice, and viral

producer cell lines were used as positive and negative controls. After ethanol precipitation,

DNA was dissolved in 15 .tL of TE buffer, and electrophoresed through a 0.8% agarose gel.

Gels were then treated with 01 N HC1 for 15 minutes followed by two 35 minute treatments of

Solution 1 (0.5M NaOH, 1.5M NaC1) and Solution 2 (1M Tris pH 7.0, 2M NaCl)

respectively. DNA was then transferred to nylon membranes (Zeta-Probe, Bio-Rad

Laboratories, Richmond, CA) in 20 X SSC by standard blotting methods. Membranes were

prehybridized for 4 hours at 60°C in 40 mL of a solution containing 0.9M NaC1, 10%

formamide, 1% SDS, 2mM EDTA, 1% nonfat dried milk (Carnation Milk) and 0.5 mg/mL

denatured salmon sperm DNA. Hybridization conditions were the same except for the addition

of 10% dextran sulfate (Sigma Chemical Co., St. Louis). Membranes were hybridized with a

denatured EcoRT/BaniHI fragment from pMClneo containing only neo specific sequences that

was 32P labelled oligonucleotide labelled using the multiprime labelling method (27). Using

this procedure, the specific activity of labelled products was routinely between 108 and i09

dpni/jig of DNA. After hybridization for 18 to 20 hours, membranes were washed at a final

stringency of 0.1% SDS, O.3XSSC (20 X SSC is NaC1 3M, Na Citrate 0.3M, pH 7), and
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0.1% sodium pyrophosphate at 60°C twice for 30 minutes. Autoradiography was performed

with Kodak XAR-5 film and an intensifying screen at -70°C for either 1,3, or 14 days.

Membranes were stripped for re-probing by boiling in 1% SDS, and washing for 40 minutes,

then reprobed with either a 833 base pair SacJJSspI GM-CSF cDNA fragment from plasmid

pGM3.2 for an internal control for DNA loading (28), T-cell receptor 1 constant region probe

from plasmid 86T5 (29) ) in order to determine T-cell receptor rearrangement in some tissues,

or a 720 base pair MboI Y-specific probe from plasmid pY2 (30).

B) Northern Blot Analysis.

Total cellular RNA was isolated by lysing tissues in a guanidine isothiocyanate (GIT)

solution (4 M GIT, 25mM sodium acetate, pH 6), and cenirifugation through a CsCl gradient.

5.7 M CsC1, 25 mM sodium acetate, pH 6) (7). RNA pellets were resuspended in 0.3 M Na

acetate pH 6, ethanol precipitated, dried and resuspended in 1 X TE (10mM Tris, 1 mM

EDTA, pH 7.0), and stored at -70°C. RNA (5-10 p.g) was then separated by electrophoresis

through a 1.2% agarose gel containing 5% formaldehyde and 1X MOPS buffer ( 0.36 M

NaMOPS, 10 mM EDTA, pH 7.0), and transferred directly to Zetaprobe in lox SSC.

Membranes were hybridized to a 524 base pair BamHJ/XmnI JL-7 cDNA (8) fragment as a

probe in a hybridization solution containing 40% foñnarnide, 1% SDS, 0.1M sodium

phosphate, 0.2 M EDTA pH 7.2 and 1 mg/mL BSA at 42°C for 16 hours. Blots were washed

in a final stringency of 0.3 x SSPE (20X SSPE is NaC1 3M, Na Phosphate 0.2M, EDTA

20mM, pH 7.4), 1% SDS at 55°C for 40 minutes.
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4) IMMUNOLOGICAL ANALYSES.

A) Antibodies.

Lyt-2, the antibody against CD8 (31) was purchased from Becton Dickinson

(Moutainview, Ca), as a fluorescein (FITC) conjugate. L3T4, the antibody against CD4 (32)

was purchased from Becton Dickinson as a phycoerythrin (PE) conjugate.

A hybridoma producing MAb to heat stable antigen M1/69 (33) , and hybridoma clone

145-2C1 1 that produces MAb to CD3(34) from J. Levy (University of British Columbia,

Vancouver) were grown and antibody rich supernatant collected, purified on a protein A

column and F1TC (Sigma) conjugated as described elsewhere (35). HO-13-14 hybridoma cell

line (Ledbetter 1979), producing the antibody to Thyl.2 was purchased from ATCC, and the

antibody purified and biotynlylated from supematants (35).

R3A-3A1/6C (36) producing MAb to B220 was obtained from the American Type

Culture Collection (Rockville, MD) and coupled (as described below) to RG7/9. 1 producing

MAb to rat Ig-kappa chain (37), which had been purified and FITC conjugated. Polyclonal

antisera against mouse immunoglobulin (Ig), was made by immunizing rabbits with mouse 1g.

Blood was collected and serum passed over a protein A column to purify rabbit anti-mouse Ig,

which was then FITC conjugated (35).

B) FACS Analysis and Cell Sorting.

The binding of antibodies to the surface of various cell populations was determined by

indirect fluorescence staining and analysis on a FACScan (Becton-Dickinson, Oxnard, CA).

Tissues (spleen, thymus or lymph node) were teased apart and cells passaged through an 18G
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needle in order to obtain a single cell suspension (5 X cells). Aliquots were resuspended

in 0.2 mL of supematants containing specific antibodies for 30 mm. at 0°C. If required,

second antibodies were conjugated under the same conditions after repeated washes in Hanks

balanced salt solution, plus 5% FCS. Cells were washed and resuspended in Hanks with 2%

FCS and 1 .tg/mL propidium iodide. Isolation of populations was performed by indirect

fluorescence staining by binding of monoclonal antibodies to the cell surface then sorting on a

FACStar equipped with dual laser (Becton-Dickinson, Oxnard, CA). Propidium iodide was

used in all cases to stain dead cells, which were gated out during FACS analysis and sorting.

C) IL-7 Activity Assay

IL-7 production by viral producer cell line JZenmlL7tkneo was determined by testing

the ability of filtered supernatant conditioned for 24 hours to stimulate proliferation of CD4

/CD8 (DN) thymocytes to proliferate in culture. DN thymocytes were isolated by mixing

thymocytes, after lysing red blood cells (0.83% NH4C1 and 0.1% NaFICO3, pH7; 3 mm.

4°C), with a 1:1 mixture of anti-CD4 and anti-CD8 MAb for 45 mm on ice, followed by

washes (3X) in PBS, 5% FCS. Cells were then incubated at 4°C for 40 mm on dishes pre

coated with RG7/9. 1 MAb. After recovering non-adherent cells the procedure was repeated.

Some cells were tested for purity by incubating again with anti CD4 and CD8, followed by

FITC conjugated goat (Fab)2 anti-rat Ig (heavy and light chains), and analysed on a FACScan

after staining with propidium iodide (10ig/mL). The remainder of DN thymocytes were tested

for response to viral supematants from JZenmlL7tkneo, JZen-neo or media alone as negative

controls or various concentrations of recombinant murine IL-7 for positive controls in the

thymidline incorporation assay.
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Cell suspensions (5 x i0/ well) were plated in triplicate cultures in round bottom

microtitre wells (Flow Laboratories, McLean, VA) in 0.1 mL of RPMI 1640 medium, 5%

FCS, 50.tM 2-mercaptoethanol and antibiotics. Cultures were treated either by using microtitre

wells pre-incubated with anti-CD3 antibody, including IL-7 (10 .tg/mL) in the media, or with

media alone as a control. All cultures were incubated for 68 hours at 37°C, then pulsed with

lp.Ci3H-methyl-TdR(3H-TdR) for an additional 6 hours. Radioactive counts were

determined using a 1205 BetaPlate liquid scintillation c9unter (LKB, Wallac Finland).

D) White Blood Cell Counts

Peripheral blood was sampled from mice 4-16 weeks post bone marrow transplant by

collecting tail blood into heparinized capillary tubes. Blood was used either to generate smears

on glass slides for morphological analysis or used to determine peripheral white blood cell

counts. Peripheral blood smears were air dried then stained in Geimsa stain for 15-20

seconds, followed by washes in distilled water for 0.5- 1.0 mm. White blood cell counts were

determined on a hemocytometer after lysing peripheral blood by mixing 1 volume of blood

with 9 volumes of 3% acetic acid.



92

REFERENCES

1. Vennstrom B, Kahn P, Adkins B, Enrietto P. Hayman MJ, Graf T, Luciw P.
Transformation of mammalian fibroblasts and macrophages in vitro by a murine
retrovirus encoding an avian v-myc oncogene. EMBO J 3:3223 (1984)

2. Wagner EF, Vanek M, Vennstrom B. Transfer of genes into embryonal carcinoma cells
by retrovirus infection: efficient expression from an internal promoter. EMBO J 4:663
(1985).

3. Hughes PFD, Eaves CJ, Hogge DE, Humphries RK. High efficiency gene transfer to
human hemopoietic cells maintained in long term marrow culture. Blood 74:1915
(1989).

4. Johnson GR, Gonda TJ, Metcalf D, Hariharan 1K, Cory S. A lethal myeloproliferative
syndrome in mice transplanted with bone marrow cells infected with a retrovirus
expressing granulocyte-macrophage colony stimulating factor. EMBO J 8:441 (1989).

5. Cepko CL, Roberts BE, Mulligan RC.Construction and applicatons of. a highly
transmissible murine retrovirus shuttle vector. Cell 37:1053 (1984).

6. Thomas KR, Capecchi MR. Site-directed mutagenesis by gene targeting in mouse
embryo-derived stem cells. Cell 51:503 (1987)

7. Davis LG, Dibner MD, Battey iF. Basic Methods in Molecular Biology. New York:
Elsevier (1986).

8. Namen AE, Lupton S, Hjerrild K, Wignall J, Mochizuki DY, Schmierer A, Mosley B,
March CJ, Urdal D, Gillis 5, Cosman D, Goodwin RG. Stimulation of B-cell
progenitors by cloned murine interleukin-7. Nature 333:57 1 (1988).

9. Miller AD, Trauber DR, Buttimore C. Factors involved in the production of helper
virus-free retrovirus vectors. Somatic Cell Mol Genet 12:175 (1986).

10. Miller AD, Buttimore C. Redesign of retrovirus packaging cell lines to avoid
recombination leading to helper virus production. Mol Cell Biol 6:2895 (1986).

11. Mann R, Mulligan RC, Baltimore D. Construction of a retrovirus packaging mutant and
its use to produce helper-free defective retrovirus. Cell 33:153 (1983).

12. Markowitz D, Goff 5, Bank A. A safe packagin line for gene transfer: separating viral
genes on two different plasmids. J Virol 62:1120 (1988).

13. Gross L. Oncogenic viruses. 2nd ëd. New York: Permagon Press (1970).

14. Gregory CJ, Eaves AC. Human marrow cells capable of erythropoietic differentiation
in vitro. Definition of three erythroid colony responses. Blood 49:855 (1977).



93

15. Murthy SC, Eaves CJ, Krystal G. A simple 3-step purification procedure for
interleukin-3 involving absorption to fixed cells. Exp. Hematol. 17:997 (1989).

16. Dexter TM, Allen TD, Lajtha LG. Conditions controlling the proliferation of
hemopoietic stem cells in vitro. J Cell Physiol 9 1:335 (1977).

17. Szilvassy SJ, Lansdorp PM, Humphries RK, Eaves AC, Eaves CJ. Isolation in a
single step of a highly enriched murine hematopoietic stem cell population with
competitive long-term repopulating ability. Blood 74:930 (1989).

18. Harrison DE, Astle CM, Delaittre JA. Loss of proliferative capacity in
immunohemopoietic stem cells caused by serial transplantation rather than aging. 3 Exp
Med 147:1526 (1978).

19. Keller G, Snodgrass R. Life span of multipotential hematopoietic stem cells in vivo. J
Exp Med 171:1407 (1990).

20. Stanley ER, Heard PM. Factors regulating macrophage production and growth.
Purification of some properties of the colony stimulating factor from medium
conditioned by mouse L cells. J Biol Chem 252:4305 (1977).

21. Dougherty GJ, Allen CA, Hogg NM. Applications of immunological techniques to the
study of the tumor-host relationship. In: Weir DM. Handbook of Experimental
Immunology. Applications of Immunulogical Methods in Biomedical Sciences. Oxford:
Blackwell (1986).

22. Chan P-Y, Takei F. Molecular cloning and characterization of a novel murine T-cell
surface antigen, YE1/48. 3 Immunol 1727:142(1989).

23. Szilvassy SJ, Humphries RK, Lansdorp PM, Eaves AC, Eaves CJ. Quantitative assay
for totipotent reconstituting hematopoietic stem cells by a competitive repopulation
strategy. Proc Natl Acad Sci U S A 87:8736 (1990).

24. Taswell C. Limiting dilution assays for the determination of immunoincompetent cell
frequencies. I. Data analysis. J Immunol 126:1614 (1981).

25. Humphries RK, Eaves AC, Eaves CJ. Self-renewal of hemopoietic stem cells during
mixed colony formation in vitro. Proc Nat! Acad Sci USA 78:3629 (1981).

26. Maniatis T, Fritsch P, Sambrook 3. Molecular Cloning: A Laboratory Manual. New
York: Cold Spring Harbor (1982).

27. Feinburg AP, Vogelstein B. A technique for radiolabelling DNA restriction
endonuclease fragments to high specific activity. Anal Biochem 132: 6-13, (1983)

28. Gough NM, GoughJ, Metcalf J, Kelso D, Grail D, Nicola NA, Burgess AW, Dunn
AR. Molecular cloning of a cDNA encoding a murine hemopoietic growth regulator,
granulocyte-macrophage colony stimulating factor. Nature 309:763 (1984).



94

29. Hedrick SM, Nielsen EA, Kavaler J, Cohen DI, Davis MM. Sequence relationships
between putative T-cell receptor polypeptides and immunoglobulins. Nature 308:153
(1984).

30. Lamar EE, Palmer E. Evidence that the Y chromosome exists in two polymorphic
forms in inbred strains. Cell 37:17 1 (1984).

31. Ledbetter JA, Herzenberg LA. Xenogeneic monoclonal anytibodis to mouse lymphoid
differentiation antigens. Immunol. Rev. 47:63. (1979).

32. Dialynas DP, Wilde DB, Marrack P, Pierres A, Wall P, Havran G, Otten G, Pierres M,
Fitch FW. Characterization of the AlPine antigenic determinant, designated L3Ta,
recognized by monoclonal antibody GK 1.5. Immunol. Rev. 74:29 (1984).

33. Springer T, Galfre G, Secher D, Milstein C. Monoclonal xenogeneic antibodies to
mouse Ig allotypes H-2 and Ia antigens. Eur. 3. Immunol. 8:539 (1978).

34. Leo 0, Foo M, Sachs DH, Samelson LE, Bluestone JA. Identification of a monoclonal
antibody specific for a murine T3 polypeptide. Proc. Natl. Acad. Sci. U.S.A. 84:1374
(1987).

35. Hardy R. Purification and coupling of fluorescent proteins for use in flow cytometry.
In: Weinn DM, Herzenberg LA, Blackwell C. Handbook of Experimental
Immunology. Oxford: Blackwell Scientific Publications (1984).

36. Coffman RL, Weissman IL. B220, a B cell specific member of the T-200 glycoprotein
family. nature 289:681 (1981).

37. Springer TG, Bhattacharva A, Cardoza if, Sanchez-Madrid F. Monoclonal antibodies
specific for rat IgG1, IG2a and IG2b subclasses, and kappa chain monotypic and
allotypic determinants. Hybridoma 1:257 (1982).



95

CHAPTER III

EXPANSION IN VITRO OF RETROVIRALLY MARKED TOTIPOTENT

HEMOPOIETIC STEM CELLS

1) INTRODUCTION.

Mature blood cell production depends on the continual activation of hemopoietic cells

with extensive self-renewal, proliferation and differentiation potential. The most primitive of

these appear to be individually capable of maintaining normal numbers of a variety of lymphoid

and myeloid cell types for many months as shown by clonal analysis techniques including X

linked isoenzyme measurements (1-2), or genetic marking (3-11) in combination with

embryonic or adult reconstitution strategies (12). The ability to expand primitive totipotent

hemopoietic cells in vitro would provide a significant step towards the further analysis and

manipulation of stem cell behaviour and would also have important implications for gene

therapy.

In the presence of appropriate combinations of sera, media and other supplements,

bone marrow cultures can be established that maintain hemopoiesis in vitro for many months

(13). This is evidenced by the sustained production ofature myeloid elements and various

hemopoietic progenitors. In addition, such cultures have been shown to contain cells capable

of reconstituting the lymphoid and myeloid elements of supralethally irradiated mice (14-16).

The extent to which such repopulation arises from persistent totipotent hemopoietic stem cells

as opposed to cells with more restricted developmental potentialities is not known. In the

present study retroviral marking was used to track the fate of individual repopulating
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hemopoietic stem cells during and after 4 weeks maintenance in long-term marrow cultures.

The results provided here are the first evidence that lympho-myeloid stem cells with long-term

repopulating potential can persist in vitro under these conditions. Moreover, in this report, it is

now shown that totipotent stem cells are stimulated to undergo self-renewal divisions in these

marrow cultures thereby giving rise to daughter stem cells that can reconstitute both lymphoid

and myeloid systems of multiple recipient animals.

2) EXPERIMENTAL STRATEGY.

A schematic representation for the protocol to detect maintenance of lympho-myeloid

stem cells is outlined in Figure 7A and is described in detail in Materials and Methods. Bone

marrow cells were isolated from male B6C3F1 mice that had been injected with 5-FU 4 days

previously and the cells then exposed in vitro to supernatant from a cell line producing helper-

free recombinant reirovirus carrying the neomycin resistance (ne&) gene under conditions

previously shown to achieve efficient levels of gene transfer to lympho-myeloid repopulating

cells (17). Cells were washed and then some aliquots injected directly into irradiated syngeneic

female recipients to generate spleen colonies. The remaining cells were cultured on irradiated

adherent cell layers of pre-established long-term marrow cultures of female origin. After two

or four weeks, cultured cells were harvested and then transplanted into lethally irradiated,

syngeneic, female recipients. At 7 weeks post transplant bone marrow, spleen and thymus

were harvested for DNA and subsequent clonal analysis by Southern blotting. To determine

whether cells with in vivo lympho-myeloid repopulathig potential can also proliferate in long-

term marrow cultures, cells from individual culture flasks were transplanted into several female

recipients as outlined in Figure 7 B, and clonal analysis performed on the tissues of these

recipients 7 weeks post transplant.
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infect with retro
virus for 24 hrs

4wee



98

3) RESULTS.

A) Maintenance of Lvmpho-Mveloid Stem Cells.

After 2 or 4 weeks cultured cells were harvested and transplanted into lethally irradiated

recipients to detect maintenance of retrovirally marked CFU-S. 82% of initial marrow CFU-S

in these experiments showed integration of the neor gene (18 of 22 12-day-old spleen colonies

were neor positive). A high frequency of neo’ - positive CFU-S (44%, 14 of 32) was also

detected in the cultures after two to four weeks. Analysis of total DNA from the cells in 4

week old cultures using a restriction enzyme that cuts once in the proviral genome (to allow

detection in Southern blots of unique integration fragments) revealed a complex pattern of

integration events in individual cultures consistent with the presence of multiple active clones in

each flask (Figure 8). Southern analysis of DNA from the regenerated marrow, spleen and

thymus of recipients of these same cultured cells (one recipient per culture) assessed 6 to 7

weeks after injection of the cells typically showed more than 50% transplant-derived (male)

cells in all three tissues. The presence of a single, uniquely marked clone in all three tissues

was also documented (14 of 23 recipients showed 5% and up to 40% of marked tissue DNA

assuming the presence of one copy of the neor gene, established by comparison to the intensity

of the signal obtained when the same blots were rehybridized with a murine GM-CSF probe

(18)). Figure 8 shows the results of a representative experiment in which three of five mice

showed this pattern. Marrow from one of these mice (mouse 3) was further transplanted into

secondary irradiated female recipients and day 12 spleen colonies generated. All secondary

spleen colonies were found to be both male and marked by the same integration fragment seen

in the marrow of the primary recipient (Figure 8), thus confirming that the marked cells had
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Clonal analysis by Southern blot of hematopoietic tissues from three mice (Ml,
M2, M3) 45 days after reconstitution with cells from the adherent or non-
adherent fractions of separate 4 week old long-term marrow cultures. Lanes Na
and Ad, DNA from non-adherent or adherent fractions of the long-term culture
used for donor cells to Ml; lanes b, s and t, DNA from bone marrow, spleen or
thymus of mice Ml, M2 or M3; secondary spleen colonies 1-4 derived from
CFU-S assay of marrow of mouse 3; male and female control lanes from
normal mouse spleens. Top panel, Hindill digested DNA hybridized to a neo
specific probe; bottom panel, the same blot rehybridized to a Y-specific probe
showing a 3.1 kb male specific band.
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been derived from a single male cell in the original population used to initiate the cultures. The

remaining two mice in this experiment did not contain detectable levels of marked cells amongst

the male population in either the marrow or thymus, although in one, marked spleen cells were

found.

B) Proliferation of totipotent stem cells.

In order to determine if repopulating stem cells had undergone proliferation in long term

cultures, individual cultures were transplanted into multiple lethally irradiated recipients.

Multiple recipients of cells from a single flask showed repopulation of both the marrow and

thymus by the same retrovirally marked clone in three of four such experiments (Figure 9).

The results illustrated by Flask A are particularly striking. In all five primary

recipients, most of the regenerated hemopoietic cells were male and all showed a prominent

retrovirally marked clone in both lymphoid and myeloid lineages. In three of these mice

(mouse 1, mouse 4 and mouse 5) the same unique 6.4 kb Hind III proviral fragment was

detected. Reanalysis of the same DNA after digestion with a different restriction enzyme

(EcoR 1) that, like Hind ifi, cuts once in the retroviral genome but at a different site, yielded a

unique 15.5 kb integration fragment, again common to all 9 tissue samples (data not shown).

Reiroviral proviruses were found to be intact in these cells and in all subsequent recipients.

This was determined by Southern blot analysis using restriction enzymes that release the entire

provirus (Kpn I) or the neoR insert (Bam Hi) (data not shown). A second fragment of 8.7 kb

was seen in both mouse 1 (in marrow) and mouse 4 (in spleen). This second shared fragment

must also have been due to the proliferation first in vitro and then in vivo of another marked

stem cell as shown by analysis of three secondary spleen colonies generated from the marrow

of mouse 1. Two of these spleen colonies (“a” and “c”, Figure 9) were found to be retrovirally
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Figure 9.. Clonal analysis of multiple mice transplanted 45 days previously with either the
adherent layer or non-adherent fraction of single long-term cultures A,B and C.
Recipients received either 2 x 106 cells from the adherent fraction or 5 x 106
cells from the non-adherent fraction. Bone marrow (b), spleen (s), and thymus
(t) DNA were assessed for proviral integration sites by digestion with Hindifi
(or EcoR 1 where indicated) and hybridization to a neo specific probe; Blots
were re-probed with a Y-specific fragment for assessment of donor origin.
Individual secondary spleen colonies (a-c) derived from CFU-S assays of
marrow from mice Ml, M2, or M3 reconstituted by Flask A were similarly
analyzed. Mk is a control lane derived from Hindifi digested DNA of the viral
producer cell line tkneol9psi-2 showing multiple proviral integration sites.
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marked although the fragments characteristic of each were different. Spleen colony “a”

contained the 8.7 kb fragment, whereas spleen colony “c” contained the 6.4 kb fragment. All

three spleen colonies were male. Similarly, for the other two primary recipients of Flask A

cells (i.e. mouse 2 and mouse 3), the clones marked by 5.4 kb and 5.8 kb fragments,

respectively, were able to generate secondary spleen colonies (Figure 9, top right panel).

Three of five long- term recipients of marrow cells frorn mice 1 through 5, (Flask A), were

kept for 50 days after transplantation prior to sacrifice for tissue analysis (Figure 10, mouse

2*, 3* and 4*). Two of these showed regeneration of the original donor-derived clones in the

tissues of secondary recipients. These results demonstrate the ability of retrovirally marked

lympho-myeloid stem cells to maintain their very extensive proliferative and differentiation

potentialities even after maintenance in culture for up to four weeks. Furthermore, in the case

of Flask A, the presence of a common clone in multiple lineages of several recipients indicates

that lympho-myeloid stem cells can undergo self-renewal in culture prior to transplantation.

Similar findings were obtained from analyses of recipients reconstituted with cells from

Flask B. In this case three of four recipients (mouse 2, mouse 3 and mouse 4) showed a

common 6.2 kb Hind III fragment in one or more tissues (Figure 9, Flask B). Digestion with

EcoR 1 confirmed the presence of a common 6.0 kb band (data not shown). Interestingly, in

these recipients substantial variation in the distribution of the neor positive clones in different

tissues was seen. In mouse 2, bone marrow and spleen were marginally repopulated with this

clone, whereas the thymus was strongly marked. In mouse 4, the neor signal in the spleen

was intense, but in the marrow and thymus it was very weak. In mouse 3 a faint neor signal

was observed only in the spleen. In contrast, the proportion of male cells in all tissues

analyzed from each of these recipients was similar, indicating a significant contribution of

other, unmarked clones to at least some lineages in many instances (e.g. in the marrow and

thymus of mouse 4).



103

A2* A3* A4*

Clonal analysis of long-term secondary reconstituted mice. Irradiated
secondary mice received 5 x i05 to 1 x 106 bone marrow cells from primary
reconstituted recipients (at day 45), and were sacrificed 50 days post-transplant
for tissue analysis. A2*, A3* and A4* are secondary recipients of bone
marrow from mouse 2, 3, and 4 respectively from long-term culture A (Fig 2).
Southern analysis was carried out as in Fig 8 and Fig 9 legends. Thymic cells
from all secondary recipients were determined to be >90% T-cells when
screened by FACS after staining with an anti-CD3 antibody, whereas an anti
body specific to macrophages (Mac-i) failed to detect positive cells.
Abbreviations: b, bone marrow; s, spleen; t, thymus; In, lymphnode; C,
Hindlil digested DNA from tkneo 1 9psi-2 producer cell line.
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Figure 10.
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Recipients of cells from a third culture (Flask C, Figure 9) revealed a more complex

pattern of hemopoietic reconstitution by retrovirally marked cells. In two recipients, the same

two clones appeared to be present. Consistent intensities and co-segregation of restriction

fragments suggested that this was due to the presence of two clones marked by multiple

integration events rather than several independent clones (Figure 9). One of these clones

marked by multiple Hind Ill fragments and, likewise, multiple EcoR I fragments, (Flask C,

bands indicated by asterisks) appeared to have been derived originally from a totipotential cell

since it gave rise to both marrow and thymus cells in mouse 1, although it appeared to have

contributed only to the marrow of mouse 2 at the time of sacrifice. The other clone originating

from a cell in Flask C that was also multiply marked (Flask C, bands indicated by dots), was

found in both the marrow and the thymus of mouse 1 but appeared restricted to the thymus of

mouse 2. These findings illustrate the lineage or tissue restriction of clones that is frequently

observed when recipients are analyzed at a single time point (7-1 1). This apparent restriction

may simply reflect the detection limit of small subpopulations using Southern analysis or the

different turnover kinetics of mature lymphoid and myeloid cell types in vivo. Alternatively, it

may reflect the generation in culture of stem cells that have retained extensive repopulating

ability but that have become developmentally restricted (19).

4) DISCUSSION.

This study demonstrates that conventional retroviral marking techniques can readily

detect the persistence of totipotent lympho-myeloid stem cells in 4 week old long-term marrow

cultures. Furthermore, the strategy of transplanting multiple recipients with the contents of a

single flask has made it possible to obtain evidence of lympho-myeloid stem cell proliferation

in this culture system. In most instances, clonal regeneration of both lymphoid and myeloid
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tissues was seen in mice sacrificed 6-7 weeks after transplantation of cultured cells. Moreover

in several instances, both short-term (spleen colony formation) and long-term (up to 7 weeks)

regeneration of hemopoiesis by retrovirally marked cells in secondary recipients was

demonstrable. At least some lympho-myeloid cells harvested from long-term marrow cultures

must, therefore, have retained a very extensive potential for self-maintenance, sufficient to

allow them to sustain hemopoiesis at a significant level for more than three months following

transplantation in vivo. The only alternative interpretation, i.e. of infection of initially

totipotent stem cells with subsequent in vitro expansion of both myeloid and restricted stem cell

progeny seems unlikely given the high frequency with which individual animals contained

clonal populations in both lymphoid and myeloid tissues. Additional experiments including

use of competitive repopulation assays (17) are addressed in Chaper IV, demonstrating that the

amplified totipotent cells indentified here represent the most primitive of lympho-myeloid

reconstituting stem cells.

The ability to detect lympho-myeloid stem cell proliferation in culture makes possible

the further investigation of the factors to which these primitive cells respond, as well as the

nature of this response. Experiments designed to assess the potential involvement of one such

growth factor (Interleukin-7) in the early stages of hemopoietic commitment are outlined in

Chapter V. Previous analyses of pluripotent hemopoietic cell commitment during colony

formation either in vitro or in vivo have provided data consistent with a stochastic model of

stem cell renewal and differentiation (20,21). Analogous studies of the progeny of individual

pluripotent cells generated under conditions of long-term marrow culture have not been

described, although it has been suggested that such conditions may favour the accumulation of

lymphoid- restricted stem cells (22). The present studies thus serve as a starting point for

delineating the earliest stages of hemopoietic cell development. They also provide impetus for

the utilization of long-term marrow cultures for expansion of transplantable human hemopoietic
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stem cells in vitro, in particular for therapeutic applications requiring the biologic or genetic

manipulation of hemopoietic stem cells in vitro.
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CHAPTER IV

PROLIFERATION OF TOTIPOTENT HEMOPOIETIC STEM CELLS IN

VITRO WITH RETENTION OF LONG-TERM COMPETITIVE IN VIVO

RECONSTITUTING ABILITY.

1) INTRODUCTION.

The regenerative capacity and life-long maintenance of the hematopoietic system is

dependent on a primitive subpopulation of stem cells with extensive self-renewal, proliferative

and differentiation potential. Totipotent hematopoietic stem cells with the capacity to clonally

repopulate both lymphoid and myeloid tissues in myeloablated recipients have been

documented in both mouse and man by a number of experimental strategies.. These include the

use of radiation-induced chromosomal markers (1), naturally occurring electrophoretic variants

(2) and markers introduced by retroviral insertion (3-9). While such cells may represent the

most primitive type in adult marrow, considerable evidence points to a hierarchy of

transplantable hematopoietic cells with differing potential for subsequently sustaining

hematopoiesis in vivo (10-15). Cells with long-term hematopoietic reconstituting ability can be

distinguished from cells that generate mature progeny in short-term in vivo or in vitro

clonogenic assays by a number of physical and biological properties (16-21). Time course

studies of the pattern of hemopoietic reconstitution in recipients of retrovirally- marked cells

have revealed examples of long-term reconstitution by small numbers of totipotent stem cells

(22,23) under conditions where multiple, fluctuating short-lived clones are seen for up to 4

months after transplantation. These results are consistent with a hierarchical structure in the

stem cell populations transplanted but also do not exclude the possibility that environmental or
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stochastic mechanisms may account in part or even wholly for the observed heterogeneity in

behaviour of potentially distinct hematopoietic cell types.

Methods for maintaining, expanding and following the fate of primitive hemopoietic

cells in vitro represent key requirements for the investigation of these questions. In Chapter

III, it was demonstrated that the system for the long-term culture (LTC) of mouse bone marrow

introduced by Dexter et al (24) maintains cells capable of lymphoid and myeloid reconstitution

in irradiated recipients (see Chapter 3). In contrast to this, a diminution in CFU-S self-

renewal capacity (25) and competitive erythroid repopulating ability (26) of LTC-derived cells

compared to fresh marrow cells has also been reported. The present study combines the use of

a rigorous limiting dilution assay for competitive repopulating units (CRU) with retroviral

marking of the initial cell population and a long term post-transplant assessment to determine if

true long-term repopulating cells survive and proliferate for extended times in vitro.

2) EXPERIMENTAL STRATEGY.

Initial experiments were aimed at analysing developmental and long-term repopulating

potential of retrovirally marked stem cells maintained in long-term cultures. To do this lethally

irradiated mice were reconstituted with cells from 4 week old long-term cultures that had been

established with retrovirally infected bone marrow as described in detail in the Materials and

Methods. Multiple tissues and enriched populations ofeells from different hemopoietic

lineages were then obtained 5 months post transplant for DNA and subsequent clonal analysis

by Southern blotting.

Next, quantitation of competitive repopulating units (CRU) as well as the

developmental potential of retrovirally marked CRU in individual cultures were determined by

transplanting retrovirally marked male long-term culturederived cells at limiting dilution into



111

inadiated female recipients together with 2 x i05 female cells that had been compromised by

two previous cycles of transplantation as described in detail in Materials and Methods. The

frequency of CRU was then determined using Poisson statistics by scoring assay recipients

negative for reconstitution with long-term culture derived male cells. Tissues from assay

recipients were also analysed for clonal contributions b’ retroviral integration markers

observed by Southern blotting.

Finally, serial analysis was performed on long-term cultures for maintenance of

repopulating stem cell clones by injecting portions of the whole non-adherent fraction into

multiple recipients from weeks 3-7 after culture initiation. DNA from tissues of recipients were

then analysed by Southern blot analysis 5 months post transplant for contributions of stem cell

clones to hemopoiesis.

3) RESULTS.

A) In Vitro Recovery of Long Term Repopulating Cells.

To determine whether totipotent cells capable of long-term repopulation could be

demonstrated in 4 week-old long-term cultures initiated with retroviraily infected 5-FIJ cells,

aliquots were injected into irradiated recipients. These were then sacrificed 5 months later and

assessed for the presence of common clones of culture-derived cells in various myeloid and

lymphoid cell populations. Results for two representative recipients are shown in Figures 1 1A

and B. Figure 1 1A shows the presence of a dominant clone in both myeloid (unseparated

marrow, marrow-derived mast cells and marrow-or spleen-derived macrophages), and
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Figure 11. Presence of unique reiroviral insertion fragments in bone marrow (BM), spleen

(Spi), separately isolated macrophage () and mast cell populations (mast),
separated splenic T and B lymphocyte populations (Spi B, Spi T), thymus
(Thy), and lymph node (LN) tissues of 2 mice (A and B) detected by Southern
blot analysis of HindIll digested DNA. Membranes were hybridized to a neor
specific probe. Lethally irradiated mice received 1-2 x 106 cells from
retrovirally infected 4 week-old long-term cultures (i.e. approximately 1/10 of a
culture initiated from 3 x 106 Day 45-PU marrow cells), and were analysed 5
months post-transplant. Lane M is DNA from the viral producer cell line

Tkneol9NJ-2. All lanes contain 5-10 .tg DNA.
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lymphoid cell populations (isolated splenic T and B cells, as well as thymus and lymph node

cells). Comparison of the intensity of the provirus band with that seen in a clonally derived3T3

cell line generated after infection with the same virus indicates that the retrovirally marked stem

cell clone in this mouse was contributing to at least 80% of total hematopoiesis at the time of

sacrifice. In the second mouse illustrated (Figure 1 1B) at least two marked clones were found

to be present in all hematopoietic cell populations exaitñned. Again, the intensities of the

bands of the major clone (asterisks) indicates a dominaht contribution to reconstitution in each.

B) Ouantitation of Competitive Repopulating Units (CRU’ in LTC.

To quantitate changes in the total number of repopulating cells resulting from

maintenance of the initial cells under LTC conditions a recently described limiting dilution

assay for competitive repopulating cells (27) was employed as detailed in the Methods and

diagramed in Figure 12. Data for three experiments are plotted in Figure 13 and derived CRU

values are summarized in Table II where they have also been compared with published values

for CRU frequencies in freshly isolated Day 4 5-FLJ cells also derived from analysis of

recipients sacrificed 5 weeks post transplantation. It can be seen that the frequency of CRU in

4 week-old LTC is the same whether the calculations are based on marrow or thymus

repopulation as shown previously for fresh or partially purified marrow cells (27). When

combitied, an overall decrease in CRU frequency after 4 weeks in LTC of approximately 7-fold

is apparent. In two of these experiments, CRU frequencies in the 4 week- old LTC were also

determined in additional recipients given aliquots of the same cells but sacrificed 7 months post

transplant. Because fewer recipients were available forevaluation at this later time, the derived

CRU frequencies are less precise. Nevertheless, the CRU values derived from 7 month tissue

repopulation data were again not significantly different whether marrow or thymus was
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Figure 12. Outline for the quantitation of CRU in single long-term marrow cultures.
Retrovirally marked male LTC cells were injected at limiting dilutions into
irradiated recipients together with female compromised cells. The proportion of
animals positive for male repopulation was determined 5 weeks and 7 months
post transplant, and the clonal contributions from the LTC derived stem cells
determined by retroviral integration events.
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Proportion of mice (4-8 animals per group) negative for reconstitution (<5%) of
marrow or thymus with male cells 5 weeks after transplantation with varying
proportions of a 4-week old long-term culture initiated with Day 4 5-FU cells,
together with 2X105 compromised female marrow cells. The proportion of
reconstitution by male cells was detennined by Southern blot analysis of
marrow and thymus cell DNA from each recipient using the Y-specific probe,
pY2. Circles, squares and triangles represent results from analyses of three
separate long term cultures. A straight line fit to the combined data based on
maximum likelihood analysis is shown by the solid line. The broken line
represents previously published data for similar analyses of fresh Day 4 5-FU
marrow cells.
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Table II. The Frequency of CRU in 4 Week Old Long-Term Bone Marrow Cultures.

Hemopoletic Tissue Analyzed

for LTC Derived Hemopoiesis

Time of Analysis Bone Marrow Thymus Data Pooled for Bone

Marrow and Thymus

5 weeks 12,000 14.500 13,000
post-transplantation (8,800-18.000) (8,900-23,600) (9,600- 17,800)

7 months 25.000 2 1.000 23,400
post-transplantation (14.000-45,400) (10,200-43.100) (14,800-37.000)

Values shown are the reciprocal of the CRU frequency expressed relative to the number
of cells used to initiate the long-term culture 4 weeks previously. 95% confidence limits
defined by 2SE are shown in parentheses. Cells from 3 long term cultures were analysed in
recipients sacrificed 5 weeks post transplant (20 to 28 mice per experiment); and for two of
these cultures CRU measurements were also derived from assessment of recipients sacrificed 7
months post transplant (16 to 22 mice per experiment).

Reciprocal CRU frequencies in fresh Day 4 5-FU marrow have been previously
determined to be 2700 (1300-5700) and 1300 (540-3100) from bone marrow or thymus
repopulation analyzed separately, or 2,000 (1200-3500) when both read-outs are combined.
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analyzed and were also not noticeably different from the values obtained from mice analyzed

only 5 weeks post transplant (Table II).

C) Evidence of Totipotent Stem Cell Amplification In Vitro.

Because all LTC in these studies were established with retrovirally infected Day-4 5-

PU marrow cells, and the contents of individual cultures were then assayed in multiple

recipients, it was possible to analyze their tissues for the number and distribution of marked

clones in different animals and in some cases, to relate the patterns observed to the number of

CRU injected. Table III summarizes the characteristics of all marked clones regenerated in

recipients of cells from 8 individual 4-week LTC that were individually assayed in multiple

recipients. Of a total of 46 uniquely identifiable clones, 9 were observed to contribute to

repopulation of 2 or more mice and 8 of these included clones that repopulated both myeloid

and lymphoid tissues (amplified clones I-DC, Table ifi). A further 37 clones were identified in

only one recipient but 14 of these showed contributions to both myeloid and lymphoid tissues

(single clones, Table ill).

Figure 14 shows four examples of a common clone contributing to the hematopoietic

reconstitution of multiple recipients of cells from a single flask, indicating amplification of

totipotent stem cells in the original retrovirus infected input population. For simplicity it is

suggested that such clones be termed as sibling stem cell clones because they are derived from

a single parental precursor.

Figure 14A shows an experiment in which reconstitution of lymphoid and/or myeloid

tissues by sibling clones (clone VII in Table ifi) was detected in 2 CRU assay mice sacrificed 5

weeks post transplant (mouse 1/150 A and mouse 1/150 B) as well as in 2 of 6 recipients of

the same LTC (i.e. 1/20 of the culture) but without additional compromised cells and sacrificed
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Table III. Tissue Distribution of Marked Clones in Recipients of LTC Cells.

marrow spleen spleenb marrowC

spleen thymus thymus

single 11 8 4 14

clones

amplified

clones

A 1 1

B 1 1

C 2

D 1 1

E 1 3

F 1 1

G 2 3

H 3

I 1

Totals 17 13 6 27

a. Apparently myelold-restricted repopulatlon.

b. Apparently lymphoid-restricted repopulation.

c. Myelold and lymphoid repopulation.

d. Of 63 recipients identified with clonal markers, 20 were analysed 5 weeks post
transplant, and 43 were analysed 5-7 months post transplant.
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Figure 14. Demonstration of unique retroviral insertion fragments in various hematopoietic
tissues of multiple mice sacrificed either 5 weeks or 7 months after
transplantation of cells from single 4-week old long-term cultures initiated with
retrovirally infected Day 4 5-FIJ marrow cells. Panels A,B,C and D show
selected results from analysis of recipients of cells from 4 different long-term
cultures. Irradiated recipients received cells either under standard
transplantation conditions (A, 7 months and D), or under CRU assay conditions
(A, B and C). In the latter case 1/45, 1/150, or 1/450 of the original long-term
culture was injected and this corresponded to the transplantation of
approximately 6, 2 or 0.7 CRU per recipient. Bone marrow (B), spleen (S),
and thymus (T) DNA were assessed for proviral integration sites by digestion
with Hindu and hybridization to a neo-specific probe. Blots were re-probed
with the Y-specific pY2 probe for assessment of donor origin. M is a control
lane as described in Fig. 11.
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7 months post transplant (mouse 1/20 A and mouse 1/20 B). Mouse 1/150B which was

competitively repopulated following injection of limiting numbers of CRU (2 per recipient)

demonstrates repopulation of marrow, spleen and thymus by a common stem cell. In mouse

1/150A and in mouse 1/20A cells with the same clonal marker were detectable only in the

marrow and spleen. In mouse 1/20B, the sibling clone detected appeared restricted to the

spleen and thymus.

Further evidence of expansion of totipotent stem cells in LTC is shown by the

recipients analyzed in Figure 14B. Here, analysis of tissues of 2 mice which had been injected

under competitive conditions with approximately 2 CRU from the same flask revealed the

presence of sibling clones (clone V in Table Ill) in the marrow, spleen and thymus tissues at

both 5 weeks and 7 months post transplant. These results also extend the CRU quantitation

studies that suggest detection of the same type of totipotent cell at either 5 weeks or 7 months

post transplant when CRU assay conditions are used.

In recipients of cells from some LTC, analysis of retrovirãl insertion fragments

revealed marked sibling clones that showed a predominant or restricted distribution to either

lymphoid or myeloid tissues. An example of 2 apparently lymphoid-predominating sibling

clones is presented in Figure 14C (clone IV in Table ifi). Even though mouse A received 10

times as much LTC cells as mouse B, in both mice the presence of marked and male cells is

readily apparent only in the spleen and the thymus. In a longer x-ray exposure this clone was

detected at low levels in the marrow of mouse 1/45A. This suggests a greatly diminished

myeloid repopulating potential in the cells harvested from this particular LTC, reconstitution of

the recipients’ marrow thus being dependent on the activity of residual host cells. Figure 14D

suggests the presence of apparently myeloid-reslricted sibling clones (clone Vifi in Table III) in

2 mice (A and B) injected with LTC cells (under noncompetitive conditions) and sacrificed 7

months post transplant. Both of these mice show a significant reconstitution of the marrow
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and spleen with sibling stem cells characterized by multiple integration fragments. Mouse B

was completely devoid of these markers in the thymus in spite of evidence of equal

contributions of male cells to all tissues indicating repopulation by other unmarked LTC

derived cells. Similar analyses of the thymus of mouse A was not possible due to insufficient

DNA.

D) Serial Studies of Repopulating Stem Cell Clones During LTC.

To determine whether the proliferation of repopulating stem cells occurs in the LTC

system over extended periods of time, the nonadherent cells from some LTC were sampled

serially and each time injected into multiple recipients. (In some cases, the medium in these

cultures was supplemented with 25 u/mi of recombinant IL-3, although this proved to have no

significant effect on either total cell or progenitor numbers by comparison to parallel cultures to

which no IL-3 was added). Figure 15 shows the results from 2 such experiments in which

each lethally inadiated female mouse received one tenth of the nonadherent cells from a single

LTC removed between 3 and 5 or 7 weeks after initiatii. All recipients were sacrificed 5

months post transplant for tissue analysis. The same clonal pattern in at least one of the

hematopoietic tissues examined was observed in 7 of the 11 mice reconstituted by cells from

one LTC (shown in Figure iSA), and by 3 of the 9 mice reconstituted by cells from the other

LTC (shown in Figure 15B). At early time points (weeks 3 and 5, Fig. 15A, and week 3,

Fig. 15B), the sibling stem cells detected exhibited significant totipotent and long-term

reconstituting capacity. At later time points, additionaPsibling stem cells defined by their long-

term reconstituting capacity could still be detected but the tissue distribution of the progeny

detected after 5 months was limited predominantly to the spleen, as indicated by assessment of

the proportion of either male or retrovirally marked cells in marrow, spleen, and thymus.
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Figure 15. Serial analysis of repopulating cells in the nonadherent fl-action of single long-
term cultures (A and B) assessed after 3,5,6 and 7 weeks by injection into
multiple recipients. Each recipient was injected with 1 x 106 non-adherent cells

(i.e. approximately 1/10 of a culture initiated with 3 x 106 Day 4 5-FU cells)
and was sacrificed 5 months post transplant for analysis of unique retrovIra!
insertion fragments and male DNA as described in Fig. 14.
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4) DISCUSSION.

In this study both retroviral marking and quantitative assays for competitive

repopulating cells (CRU) were used to delineate the behaviour of totipotent hemopoietic stem

cells under conditions of LTC. Analysis of mice injected with cells from 4-week old cultures

revealed the presence of marked progeny in reconstituted tissues for periods of at least 7

months. A high proportion of all clones detected (50%, Table II), were represented in both

lymphoid and myeloid populations at the time of analysis. In some instances this occurred

even when limiting numbers of CRU were injected (<2 per recipient), thus providing direct

evidence of totipotent stem cell maintenance in LTC.

The repeated demonstration of the same retroviral insertion fragments in hemopoietic

tissues of different mice injected with cells from the same LTC further showed that at least

some of the totipotent cells in Day 4 5-FU marrow undtrgo clonal expansion in vitro with

preservation of both their long-term and competitive lymphoid and myeloid repopulating

ability. The fact that such marked sibling clones could be detected in CRU assay recipients of

<2 CRU assessed either 5 weeks or 7 months post transplant is consistent with previous

evidence that CRU in Day 4 5-FU marrow can be readily infected with the supematant

procedure used and that most if not all CRU are totipotent cells capable of sustaining

hemopoiesis for 7 months or more. This is further supported by the finding of the same CRU

frequency regardless of the time of recipient assessment from 5 weeks to 7 months post

transplant and regardless of whether the marrow or thymus was used to assess repopulating

potential. These results are also a strong indication of the capacity of the 5 week CRU assay to

detect stem cells with long-term repopulating potential. Unlike previous studies quantitating

stem cells in irradiated scid mice (28), enrichment in LTC of repopulating stem cells with

lymphoid restricted differentiation potential was not found. Neither, however, was a
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consistent decline in the number of repopulating stem cells active at 5 weeks and 7 months post

transplant observed as described previously (23). One explanation for both of these

differences is that the number and genotype of cells present during the initial period of

hematologic recovery may influence both the type of progeny produced and the rapidity with

which they appear. Evidence in support of this possibility comes from the different rates of

appearance of +1+ cells in deficient lineages following their transplantation into W/W” mice

(29). In addition, allophenic mice created from 2 differing genotypes can show a consistently

unequal contribution of each genotype to hemopoiesis (‘9).

Quantitation of CRU numbers after 4 weeks in LTC revealed a slow decline to

approximately 15% of the input value. Since a high proportion of those present after 4 weeks

could be shown to represent clonal derivatives of initially marked CRU, the behaviour of

individual CRU in LTC may be very heterogeneous, with some achieving extensive

amplification even in the face of concurrent mechanisms leading to a net loss of CRU,

presumably due to their differentiation and/or death.

Finally, evidence for the continuous turnover and self-renewal of totipotent stem cells

in LTC over a period of several weeks was demonstrated by analysis of mice injected with

serially sampled nonadherent cells from two separate LTC. In both, daughter stem cells that

still possessed totipotent long-term repopulating potential continued to be produced for up to 4

weeks although thereafter, repopulation was only seen in the spleen.

Together these results provide an important starting point for further delineation of the

molecular mechanisms required to support the proliferation of totipotent hemopoietic stem cells

in vitro and of the effects of clonal expansion on the proliferative and developmental capacity of

individual stem cells. They also provide the opportunity to explore potential growth factor

candidates that may influence developmental decisions in repopulating cells. The results in

Chapter V suggest that Interleukin-7 is one such candidate. These experiments will also be
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aided by the recent development of methods for attaining even higher levels of gene transfer

efficiency to repopulating cells (30).

The present studies also have implications for clinical bone marrow transplantation.

Persistence of very primitive cells with long-term in vitro repopulating ability in LTC of

human marrow has been shown to be analogous to the kinetics of CRU maintenance described

here (31). It is therefore not unreasonable to assume the operation in human LTC of simiiarly

competing mechanisms of stem cell proliferation and decline. It should therefore also be

possible by appropriate manipulation to optimize conditions that favour expansion of

transplantable human hemopoietic stem cells in vitro, particularly where selection of clones

over prolonged periods may be therapeutically advantageous; for example, for certain gene

therapy protocols.
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CHAPTER V

ALTERATIONS IN LYMPHOPOIESIS FOLLOWING HEMOPOTETIC

RECONSTITUTION WITH INTERLEUKIN-7 VIRUS INFECTED BONE

MARROW

1) INTRODUCTION.

The common origin of lymphoid and myeloid cells from totipotent stem cells has been

well documented through the use of genetic markers. Totipotent cells give rise to cells that are

conmiitted to either myelopoiesis or lymphopoiesis. Whether stem cells with long term self-

maintaining capacity but restricted differentiation capacity exist remains controversial. As

summarized in Chapter I some evidence points to the existence of such cells. Whether these

observations reflect developmental resthction, or differential recruitment and amplification of

committed cells remains unclear. In addition, it is not known if factors exist that may influence

the decision of totipotent stem cells to commit to a particular lineage. The present studies were

initiated to explore these questions. Work presented in previous chapters and by others

demonstrated the feasibility of using recombinant retroviruses to introduce genes into totipotent

hemopoietic cells with retention of their reconstituting potential. As a starting point for testing

the possibility of influencing lymphoid versus myeloid commitment decisions by totipotent

stem cells a retroviral vector was constructed carrying the interleukin-7 (IL-7) gene.

IL-7 can modulate early stages of both B-lymphopoiesis and T-lymphopoiesis

(reviewed in (1)). IL-7 was originally purified (2) and cloned (3) from an SV4O transformed

murine bone marrow stromal cell line as a potent inducer of proliferation but not differentiation

of bone-marrow derived pre-B cells in Whitlock-Witte cultures (4). In addition to its effects on

B-cell proliferation, increasing evidence favors the notion that IL-7 may play an important role
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in pre-T cell development. IL-7 has been shown to be co-mitogenic for murine T cells in the

presence of PMA or Concanavalin A (5,6), moreover effects on earlier stages of T-cells have

become evident with studies showing direct stimulation of the proliferation of CD4CD8 (DN)

thymocytes (7), and maintenance of triple negative (CD3CD4CD8jthymic progenitors in

culture (8). The potential of IL-7 to influence either the proliferation or differentiation of

totipotent stem cells is not known.

Lethally irradiated mice were therefore injected with bone marrow infected with a

recombinant retrovirus capable of expressing high levels of murine IL-7 message. The original

goal was to then monitor CRU and their differentiation capacity upon transplantation to

secondary recipients, i.e. to determine whether autocrine expression of IL-7 would allow the

selective amplification of lymphoid restricted stem cells during the regeneration of

hemopoiesis. This overall goal however, was precluded by the observation of gross

perturbations and morbidity due to appearance of a lymphoproliferative disorder in a large

proportion of the mice. This chapter describes these experiments and an analysis of the results

obtained.

2) EXPERIMENTAL STRATEGY.

Construction and production of recombinant retroviruses JZen-neo and JZenmlL7tkneo

are described in detail in Materials and Methods as are protocols for infection of bone marrow

with recombinant viruses, reconstitution of lethally irradiated recipients and subsequent

molecular and immunological analysis.



131

3) RESULTS.

A) Phenotvpic Heterogeneity in Disease Presentation of Mice Reconstituted with

mlL-7 Virus Infected Bone Marrow.

Three experiments were performed in which mice were reconstituted with day-4 5-FU

bone marrow following infection with JZen-neo or JZen-mlL7tkneo viruses (Fig.16) by co

cultivation. Gene transfer efficiencies were initially assessed by Southern analysis of day 12

spleen colonies in recipients of limited numbers of mIL-7 infected bone marrow cells. All

spleen colonies analysed (12 of 12) were positive for the transduced mJL-7 cDNA (data not

shown). Of 31 mice reconstituted with IL-7 virus infected bone marrow in three separate

experiments, 7 (23%) developed various noticeable morbidity within 4-16 weeks post

transplant, 6 of these were sacrificed for molecular and immunological analysis of tissues.

None of 18 control mice in these experiments transplanted with JZenneo-infected bone marrow

developed phenotypic abnormalities in this time frame. The four major abnormalities observed

in the IL-7 mice included skin lesions characterized by loss of hair, open sores and scar tissue,

massive lymph nodes, peritoneal ascites, or hind limb paralysis with mice eventually becoming

moribund. Peripheral blood analysis and autopsy revea’ed that these mice had elevated white

blood cell counts ranging from 2-8 x celIJmL, and enlarged spleens. Findings in 5 of these

mice plus one mouse that appeared initially to have no apparent disease (mouse 4) are

summarized in Table IV. Mouse 2 appeared moribund at 6 weeks post transplant, and prior to

sacrifice had elevated peripheral blood white cell count of 6 x 107/mL. Peripheral blood

smears indicated that the circulating cells were large lymphocytes with a blast morphology (data

not shown). Mouse 1 presented at 4 weeks with hind limb paralysis and severe skin lesions,
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Figure 16. Schematic representation of JZen-neo and JZenmlL7tkneo proviruses. SD and

SA denote splice donor and splice acceptor sites repectively. NEO represents

neomycin phosphotransferase coding sequences. The coding sequences for

murine lnterleukin-7 (mIL-7) are followed by a thymidine kinase promoted

NEO coding sequence (tkneo). Construction of these viruses is described in

detail in Chapter II.

JZenmlL7tkneo
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TABLE IV. White Cell Count and Phenotype Observed in Mice Reconstituted with JZen

mlL7tkneo Infected Marrow.

wks post txn p.b. white cell cnt. findings
mouse

X 106 permL

1 6 20 lrg. spi., paral., SL
2 6 60 kg. spl., LN morib.
3 12 20 kg. LN, infilt.,paral
4 12 ND lrg.LN.
5 8 24 kg. saliv. LN.
6 16 ND IrgLN,edema

cont.mean 8 7±5

Designation of mouse 1 through 6 are maintained as JZen mlL7tlcneo infected marrow

recipients throughout the text. Control mean (cont. mean) refers to 3 mice reconstituted with

JZen-neo infected bone marrow, and peripheral blood samples analysed for white cell count 8

weeks post transplant. Phenotypes were those observed at time of sacrifice(wks post txn) and

are abbreviated as follows: kg. spi. and kg. LN refers to enlarged spleen and lymph node

respectively. Enlarged lymph node sizes ranged from 5-10mm in diameter. In the case of

mouse 3 the lymph node appeared to be infiltrating the surrounding muscle tissue (infilt.).

paral. refers to near total hind limb paralysis, SL refers to skin lesions with accompanying loss

of hair located primarily on the back in mouse 1 plu other mice not shown on this Table.

Morib.refers to a moribund state. wks post txn and p.b. white cell cnt refer to the number of

weeks post transplantation mice were sacrificed, and peripheral blood white cell counts

respectively.
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although the peripheral blood counts were only slightly elevated (2 x 107/mL), bone marrow

smears indicated a massive infiltration of lymphocytes. Both mouse 1 and mouse 2 had a 5-10

fold increase in CFU-GEMM circulating in the peripheral blood compared to control mice

(300/mL and 288/mL respectively, compared to 60/rnL and 33ImL for 2 control mice).

Although in mouse 2 in vitro clonogenic progenitor numbers were normal in the marrow, the

bone marrow of mouse 1 was essentially devoid of CFU-C.

B) Clonal Analysis and IL-7 Expression.

In order to demonstrate the presence of integrated recombinant virus and determine the

nature of clonal reconstitution in IL-7 mice, Southern analysis of DNA from the bone marrow,

spleen, thymus and lymph nodes of 5 mice with gross phenotypic abnormalities following

reconstitution with mJL-7 infected bone marrow was performed using the restriction enzyme

Hindu that cuts once in the proviral genome and the blot probed with a neo1 specific DNA

fragment to allow detection of unique integration fragments. In all cases examined multiple

integrations were observed in regenerated tissues due either to multiple cellular clones, or

multiple integrations within a clone, with at least one major clone predominating (Fig. 17;

mouse 1-5). Intensities of the dominant clones in lymphoid tissues indicates reconstitution was

nearly 100% when compared to the DNA of the viral producer cell lines (Fig 17; N,7) In the

cases where large to massive lymph nodes were observed (Fig.17; mouse 2,3, 5; L), the clonal

patterns were the same as other tissues, even when multiple sites were sampled (Fig. 17;

mouse 3; L1-3). Mouse 5, which had a massive salivary lymph node and spleen was unusual

in that the single dominant clone found in the lymph nodes was also found in the spleen and

bone marrow, but was only faintly conthbuting to thymic repopulation. This may represent

preferential expansion of a clone due to IL-7 expression, or tissue restriction from a totipotent
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Figure 17. Presence of unique retroviral insertion fragments in bone marrow (B), spleen
(S), thymus (T), and pooled or individual lymph node (LN and L1-L3
respectively) tissues of mouse 1,2 3 and 5 detected by Southern blot analysis of
Hindifi digested DNA. Lethally irradiated mice received 1 x 106
JZenmlL7tkneo infected bone marrow cells as described in Materials and

Methods. Membranes were hybridized with a neor specific probe (NEO).

Blots were re-probed with a T-cell receptor 131 constant region probe (TCR) for
assessment of TCR rearrangement in those tissues. N and 7 are control DNA’s
from a JZen-neo viral producer clone and a JZenmlL7tkneo viral producer clone
respectively.
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or lineage-restricted stem cell as observed in previous retroviral marking studies (Lemischka

1986) when recipients were analyzed at early time points.

mIL-7 mRNA was not detected by Northern blot analysis (Fig. 18 ) in the marrow,

thymus, or spleen of a JZen-neo reconstituted mouse ( neo mouse; B,T,S), in the lymph node

of a normal mouse, or in the JZen-neo viral producer cell line (Fig 18;NL and N respectively).

High levels of mIL-7 RNA were however, readily detected in the three lymph node samples

analysed from mouse 3, and in the marrow, spleen, thymus, and lymph node of mouse 5 (Fig.

18).

C) Perturbations in Early T-Lvmphopoiesis in IL-7 mice.

In an effort to better define the nature of cells expanded in affected mice, FACS

analysis was performed on thymus, spleen, and lymph node of mice 1-5 with a panel of

antibodies specific to T-cells (CD4, CD8) and B cells (B220, surface immunoglobulin).

Representative profiles for these and controls are presented in Figure 19. Table V summarizes

FACS data for all 5 mice. In all cases examined there was a significant difference in T

lymphocyte distribution in at least one tissue in IL-7 mice compared to control neo mice. Large

variability in the relative frequency of T-cells expressin CD4 or CD8 was observed in IL-7

mice, however a number of trends are apparent. In no case was an enlarged thymus observed

in mice whose peripheral lymphocyte populations were altered. Thymuses exhibited a general

decrease in the proportion of double positive, CD4+CD8+ (DP) cells and an increase in

proportion of double negative, CD4CD8 (DN) and single CD4 or CD8 cells (Fig 19, m2

and m3; Table V Thymus, 1-3) when compared to control JZen-neo mice (Fig. 19 ; Table V

Thymus, A-B). The most marked example of this was observed in mouse 3 (Fig. 19;Table V,

m3), with a large decrease in DP (37% vs 84% in control mouse A) and an accompanying
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Figure 18. Northern blot analysis of IL-7 mRNA expression in tissues of recipients of
JZenmlL7tkneo infected bone marrow (mouse 3 and mouse 5), and a recipient
of JZen-neo infected bone marrow (neo mouse). Tissue legends are as
described in Figure 16. NL is RNA from pooled lymph nodes from normal
unirradiated mice. N and 7 are RNA samples from a JZen-neo viral producer
clone and a JZenmlL7tkneo viral producer clone respectively. 5-10 jig of RNA
was separated by formaldehyde gel, blotted and probed with an IL-7 cDNA
specific probe. D is 200pg of a denatured mIL-7 cDNA fragment.
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Figure 19. Sample FACS analysis of CD4 (vertical axis) and CD8 (horizontal axis)
expression in thymus (THY) spleen (SPL) and lymph node (LN) of a lethally
irradiated mouse repopulated with JZen-neo infected bone marrow (NEO) or
mice reconstituted with JZenmlL7tkneo infected bone marrow (IL-7). Sample
profiles from mouse 2, 3 and 5 (m2, m3 and m5) are indicated. Cells were
stained with F1TC conjugated anti-CD8 and PE- conjugated anti-CD4. Cells
were then analysed in a FACScan (Becton Dickinson).
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TABLE V. Summary of Distribution of Cell Phenotypes in Tissues of Mice Reconstituted
With JZenmlL7tkneo or JZen-neo Infected Bone Marrow.

CD4

CD8

+1+

-7-

Thymus
11121314151

18 14 39 8 11

6157 1 3

61 56 37 85 84

151617 6 2

Spleen
11121314151

3 10 32 14 22

5 33 27 5 19

8488 11132 026

3 2 8145408153

IAIBI
20 16

8 6

0.4 0.5

71 78

B220 NDNDI6 2 4 4 3 NDND23 ND 37 41 41 NDND13 5 7 22 9

Ig ND ND ND ND ND ND ND 43 16 56 30 40 6467 NDND 721 7 33 31

Thymus, spleen and lymph nodes from mice 1-5 reconstituted with JZenmlL7tkneo

infected bone marrow and mice A and B with JZen-neo infected bone marrow.were analysed

for cell surface antigen expression by anti-body binding and FACScan as described in

Materials and Methods. Mice A and B are age matched controls analysed in parallel with mice

3 and 5 respectively. Values are given for the percentage of cells positive for each antigen

tested. +1+ and -I- refer to CD4+/CD8+ and CD4-ICD8- populations respectively.

99

42

Lymph node
11121314151 IAIBI
NDND2O 4813 49 54

NDND57 13 37 17 17

ND ND 12 3 47 0.7 0.6

NDNDII 36 3 34 28
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increase in DN (17% vs 3%) and CD4 cells (39% vs 9%). Mouse 3 thymus cells expressing

B220 were increased 4-fold when compared to controls, and a large portion of thymocytes

lacked T-cell receptor gene (TCR) rearrangement when analysed by Southern blot (Fig 19,

mouse 3, T). These findings are consistent with an expanded population of B-lineage cells in

the thymus.

The most dramatic effects were observed in T cell subsets of spleen and lymph nodes

of IL-7 mice, where large increases in total cell number and tissue size occurred. In both

spleen and lymph nodes the predominant differences compared to control animals were

increases in DP and CD8+ lymphocytes, with an associated decrease in the proportion of DN

cells in these tissues (Fig.19, Spl, ml, m2, m3 and m5; LN, m3 and m5; Table V, 1-3,5,

spleen and lymph node). A significant proportion of lymph-node cells retained T-cell (3-chain

receptors in germ line configuration when analysed by Southern blot analysis (Fig. 17, mouse

3 and 5, Ll-L3). This may be due at least in part to the presence of B220 cells (B cells)

which represent from 7-13% of the lymph node (Table V). No predominant TCR rearranged

clones were detected in IL-7 mice suggesting TCR rearranged T cells had undergone

oligoclonal or polyclonal expansion. An exception to this was mouse 3 (Fig. 17) whose spleen

cells showed 3 unique TCR (3 chain bands other than the germ-line fragment.

Although some general trends in distributions of amplified T-cell populations were

observed, there were variations with regards to disease presentation,or predominant cellular

phenotype. Mouse 4 did not originally present with an obvious phenotypic abnormality, but

upon sacrifice, enlarged lymph-nodes and a massive mesenteric lymph node were observed.

FACS analysis showed that all CD4-CD8 populations increased within the enlarged lymph

nodes of this mouse when compared to JZen-neo infected controls.(Table V).

Mouse 3 and 5 developed massive lymph-nodes, noticeable within 12 weeks post

transplant. FACS analysis in both mice indicates the enlargement was predominantly due to
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double positive (CD4CD8j lymphocytes (Fig. 19, LN, m3 and m5). Further analysis of

lymph node cells from mouse 5 revealed that a significant proportion were positive for both

heat stable antigen (Mi-69) and Thy-i (Fig 20A), and were CD3+ (Fig.20B) suggesting that

the predominant cell type in this lymph node was similar to immature CD4hiCD8hicD3lOThy

i+HSA thymocytes, and very different than a matched control mouse reconstituted with

JZen-neo virus in which lymph node cells are predominantly double negative or single CD4-

CD8tCD3hiThy 1 +HsAlo.

Proliferation assays were performed in order to determine if the observed expansion

within the lymph node was localized or due to an external input of cells. The proliferative

response of mouse 5 lymph node cells to anti-CD3 was also determined (Fig. 20C), and found

to be low compared to the control mouse which had a significant proliferative response. Media

alone was unable to elicit proliferation from control lymph node, mouse 5 lymph node cells

however, demonstrated significant proliferation in absence of exogenous stimulation.

A sixth mouse presented with marked abdominal swelling at 16 weeks post transplant.

Analysis upon sacrifice revealed peritoneal and pleural ascites (5 x iO cells recovered from the

peritoneal lavage), and an enlarged mesenchymal lymph node. FACS analysis of ascites cells

(Fig. 21A) revealed predominant CD4CD8 or CD4 or CD8 single positive cells. These

ascites cells also showed proliferation in vitro in the presence of media alone (Fig. 2iB).

Interestingly, FACS profiles for CD4 and CD8 in this mouse did not have the shift toward

CD4CD8 cells (see Fig. 19). Proliferation assays for sorted single and double positive T

cells from this lymph node showed that while CD4 and CD4/CD8 cells could proliferate in

absence of added stimulation, single CD8+ cells required anti-CD3 to induce a response (Fig.

21B).
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Figure 20.
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Cell surface phenotypic analysis and proliferative responses of lymph node cells
from a mouse repopulated with JZen-neo infected bone marrow (NEO) or
mouse 5 reconstituted with JZenmiL7tkneo infected bone marrow (IL-7).
Other phenotypic and cellular characteristics of mouse 5 are described in Table
Ill and IV, as well as in Figures 15, 16 and 17. Lymph node cells were stained
with FITC conjugated M169 and biotin avidin-FITC anti-Thyl (A), or with
FITC-anti-CD3 (B). For proliferation assays (C), 5 x lO cells were cultured
for 3 days in triplicate cultures in wells pre-treated with anti-CD3 antibody, IL-7
(lOp.gImL), or media alone. Cultures were pulsed with 1 .LCi 3H-TdR and
harvested 6 hours later. The mean of triplicate cultures with their standard
errors are indicated.
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CD41

LN Ascites
A.

Figure 21. FACS analysis of CD4 and CD8 expression and proliferative responses in
lymph node (LN) and ascites cells of mouse 6, reconstituted with
JZenmlL7tkneo infected bone marrow, and sacrificed 16 weeks post transplant.
(A) Cells were stained with FITC conjugated anti-CD8 and PE- conjugated anti
CD4. Ascites cells were then analysed on a FACScan, and lymph-node cells
sorted for analysis and collection on a FACStar (Becton Dickinson). (B)
Proliferation assays for ascites cells and lymph-node sub-populations were
performed as described in Figure 20.

CD8

counts x
anti-CD3 IL-7 media

B.

ascites 37.0 j 3.5 28.0 3.7 32.4 ±. 5.3

LN CD4+ 51.7 ±. 9.1 21.4 j. 1.9 26.7 j 1.9

LN CD8+ 10.5 j. 1.3 0.5 j 0.3 0

LN +1+ ND ND 48.1 18.0
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4) DISCUSSION.

Interleukin-7, was originally cloned as a potent inducer of proliferation, but not

differentiation of lymphoid cells at the pre-B cell stage of development (9,3). Recent attempts

have been made to determine if IL-7 may play a causative role in the generation of lymphoid

tumors (14,15). Pre- B cell lines that were tested lacked endogenous IL-7 expression and

attempts to induce an autocrine transformation by infection of cell lines with recombinant IL-7

retroviruses were either unsuccessful (10), or required secondary genetic events (11). IL-7 has

been shown to accelerate T and B cell repopulation in mice with lymphopenia (12). Similarly,

IL-7 transgenic mice have been reported to have higher numbers of pre-B cells, mature B cells

as well as all subsets of T-cells (13). We found no evidence for gross disproportionate pre-B

cell amplification in the hemopoietic tissues of the IL-7 mice we analysed, and generally the

number of B220-i- cells did not exceed those expressing 1g. Given the extent of increase

cellularity in the spleen and lymph-nodes of some animals, B220 and Ig expression suggests

the overall numbers of B cells increased proportionately.

While the bone marrow is the primary site of B-lymphocyte differentiation in adult

mammals (14), T-lymphocyte development begins with migration of early hemopoietic stem

cells to the thymus. These cells do not express the T-cell receptor (TCR), CD4 or CD8, but are

Thy1b0 (15) and rapidly acquire high levels of heat stable antigen (HSAhigh), which is

maintained until maturation is complete (16,17). Thymocytes proceed through an intermediate

CD3medCD4+CD8+ stage prior to becoming 3h1gh and single CD4 or CD8 positive

(reviewed in (18)). Although these stages of early lymphocyte development are becoming

better defined, many of the regulatory signals involved are unknown. Nevertheless there is a

substantial amount of evidence that IL-7 can influence the early stages of T-lymphocyte
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development. For example IL-7 is known to stimulate he proliferation of CD4-CD8- (DN)

thymocytes (7) and day 15 fetal thymocytes (19,20) in vitro.

Our results suggest that a major target in vivo of dysregulated IL-7 expression can be

early T-lymphocytes. We found that the predominant feature in mice undergoing hemopoietic

reconstitution with IL-7 infected marrow was the accumulation of CD4CD8 (DP) and CD4

CD8 T- cells in lymph nodes and spleen. Further analysis of lymph node cells demonstrated

that a high proportion of cells also expressed low levels of CD3 and high levels of HSA

(M1/69), suggestive of an immature T-lymphocyte phenotype. The origin of these cells is not

known. Thymocyte precursors to DP CD310cells may be eitherCD31OCD410CD810or

CD310CD410CD8hi (reviewed in (21)). It is possible that these cells or their precursors

underwent extensive proliferation in the thymus of IL-7 mice and were then exported to the

periphery. Fractionation of adult DN thymocytes into various sub-populations has shown that

IL-7 is sufficient to induce proliferation of CD3+ cells without subsequent differentiation

(22,23). Triple negative cells (CD3CD4CD81L-2Rj, do not proliferate, but can be

maintained in vitro in the presence of IL-7 (8). A large proportion of TN IL-2R cells

however, differentiate into CD4+CD8+ cells within 24 hours in vitro with or without IL-7

(15,24). In most cases we observed only minor alterations in the proportion of thymocyte

subsets, usually an increase in DN thymocytes, but in no case was an enlarged thymus

observed. It is also possible that T-cell precursors in the periphery are undergoing extensive

proliferation. IL-7 does not normally maintain the viability of DP thymocytes in vitro (19);we

found however that a high proportion of lymph node cells in IL-7 mice were proliferating

without added stimulation. Sorting of these cells indicated that in at least one recipient DP

cells, CD4+ CD8- , but not CD4 CD8+ cells were proliferating autonomously.

Other studies using retrovirally mediated gene transfer to over express normal growth

factors have similarly demonstrated expansion of particular cellular lineages. Transplantation
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of bone marrow cells infected with either IL-3 or GM-CSF recombinant retroviruses resulted in

non-neoplastic lethal myeloproliferative syndromes (25,26). IL-6 under similar conditions,

resulted in a disease state similar to that of multicentric Castlemans disease with massive

splenomegaly and peripheral lymphadenopathy primarily due to plasma cell infiltration (27).

The recipients of IL-7 virus infected bone marrow described here developed a severe

lymphoproliferative disorder with hyperplastic lymph nodes and splenomegaly, commonly due

to expansion of T-cells with a primitive thymic cell phenotype.

Further studies analyzing and isolating cells from tissues of IL-7 mice using antibodies

that recognize early lymphoid populations and repopulating cells, together with functional

studies of these cells repopulating capacities in secondary recipients may give some insight into

a potential role of IL-7 at these stages. Further resolution of these questions may require in

vitro studies in which bone marrow stem cells are exposed to IL-7 and then assessed in vivo

for repopulating capacity. In addition, it may be important to begin with a more defined target

population for retroviral infections, particularly purified stem cells, in order to better defme the

stage at which perturbations in development are important. Finally it will be important to

determine if the observed expansion of early T-lymphopoiesis is occurring in the thymus or

extrathymically. This may be accomplished by reconstituting genetically deficient athymic mice

with IL-7 infected bone marrow. These studies will be necessary to determine if the IL-7

mouse will serve as a model to study the very earliest stages of hemopoiesis, and define a

functional role for IL-7 in these events.
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CHAPTER VI

SUMMARY AND FUTURE DIRECTIONS

Hemopoiesis is a complex process involving multiple regulators acting singly or in

combination to control each step (reviewed in (1)). The biological properties of totipotent

hemopoietic stem cells, the most primitive cells which are capable of long-term in vivo blood

cell production, are slowly becoming better defined but a large number of questions have yet to

be answered. These questions primarily concern the regulatory mechanisms of stem cells that

govern their maintenance and use. The initial stages of hemopoietic development when stem

cells begin to proliferate and either remain totipotent or commit to myeloid or lymphoid lineages

are poorly understood. Clearly, assays are required that will help define these stages and

identify factors that influence these events.

A key development of the work presented in this thesis is a model system which

combines retroviral marking of hemopoietic stem cells with a prolonged in vitro culture period,

and a rigorous assay for the in vivo repopulating ability of the culture derived cells. Using this

approach the results presented in Chapters ifi and IV have demonstrated for the first time the in

vitro maintenance of stem cells with both lymphoid and myeloid repopulating ability. More

importantly however, is the demonstration that despite an overall net decline in stem cell

numbers in long-term culture, some individual totipotent stem cells undergo a significant clonal

amplification while retaining competitive long-term repopulating ability.

The ability to track in vitro expansion of stem cells in this model system has important

implications to the current theories of early hernopoiesis. A number of questions can be

approached using this model. For example, a question remains as to whether or not a true

lineage restricted self-renewing population of stem cells exists. Although a selectively
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expanded population of lymphoid restricted stem cells was not observed as previously

suggested by others (2), a lymphoid-lineage restricted developmental pattern was observed in a

number of instances (see Table ifi). Equally interesting will be the future detailed definition of

the kinetics of CRU in vitro. Also yet to be resolved is the question of whether the observed in

vitro stem cell decline with a concurrent clonal expansion of some repopulating cells is a

reflection of heterogeneity in the starting CRU population or a result of induced or intrinsic

variations in their behavior in the long-term culture system.

These fundamental questions of stem cell biology establish the basis for future

experiments using this in vitro model system that may test the potential biological response of

totipotent long-term reconstituting cells to defined growth factors. The two responses that may

be detected in such experiments are first proliferative, and second developmental. A proposed

schematic approach to these experiments is outlined in Figure 22. Retrovirally marked bone

marrow could be inoculated into mini LTC at limiting dilution in order to seed a single CRU

(stem cell) into each well. One might then attempt to detect progeny CRU being released

continuously into the non-adherent fraction by injecting these into multiple recipients. During

culture, the cells could then be manipulated by growth factors either by adding them directly to

the media, or by using feeder layers genetically engineered to produce a specific growth factor.

Such experiments would allow information about CRU maintenance and amplification to be

obtained from estimating CRU numbers before and after culture. In addition, changes in

developmental potential could then be explored by analysis of retrovirally marked clonal

contributions to the lymphoid and myeloid tissues of the recipients.

Such a protocol has exciting potential not only for determining effects of growth

factors, but also for experiments where a clonally derived population of proliferating stem cells

may be useful, such as certain gene replacement protocols. This potential may also not be

restricted to murine studies, in which case it could have implications for clinical bone marrow
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Figure 22. Schematic representation for in vitro clonal expansion and manipulation of an
individual stem cell, followed by in vivo assessment of progeny stem cells
repopulating capacity.
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transplantation. Results from human long term cultures suggest that it is not unreasonable to

assume that human LTC have similar mechanisms of stem cell maintenance and decline (3). If

this is the case then it may be possible to manipulate human hemopoietic stem cells in vitro

particularly where selection of clones may be therapeutically advantageous.

In a second study described in Chapter V. experiments were undertaken as an initial

step towards the proposed experiments described above. In this case the IL-7 molecule was

chosen as a candidate regulator of stem cell development. In these initial experiments mice

were reconstituted with bone marrow that had been infected with a recombinant retrovirus

carrying the IL-7 gene. The key finding in these experiments was a marked increase of a cell

type in extrathymic tissue normally primarily restricted to the thymus. Such an affect may

have been due to either extrathymic expansion of these cells, or due to proliferation within the

thymus and subsequent export to the periphery. It will be of great interest to determine if the in

vivo effects observed are due at least in part to stimulatjon of earlier cells in the lymphoid

pathway, and perhaps repopulating cells. Ultimately however, the goal of these studies was to

extend these findings to the in vitro model, where the long-term culture stromal layer could be

genetically engineered using the recombinant 1L-7 virus, and the subsequent affect on CRU

expansion and repopulating potential determined.

In summary these studies have demonstrated for the first time the in vitro maintenance

and proliferation of totipotent hemopoietic stem cells with long term in vivo repopulating

potential. These studies set the stage for future experiments designed to help further

understand the intrinsic properties of these cells as well as the early events that regulate their

development. The procedures described here should facilitate further in vitro and in vivo

studies in the early events in hemopoiesis.
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