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ABSTRACT
The hemopoietic system Is organized as a hierarchy of hemopoietic cell populations
distinguished by differences i n their proliferation and differentiation potential. Studies using
short-term i n vitro and i n vivo assays based on colony formation i n semi-solid medium, or i n
the spleens of lethally irradiated mice, respectively, have shown that these procedures detect
primarily lineage-restricted progenitor types and have provided m u c h information about the
characteristics and regulation of such cells. Assessment of lymphoid and myeloid tissue
reconstitution after more prolonged periods following transplantation has established the
existence of a more primitive stem cell type; however, the retrospective nature of these complex
analyses has Impeded characterization and purification of these cells. My first objective was to
develop a procedure for the selective isolation of stem cells with short-term i n vitro and i n vivo
multilineage differentiation potential. For this I devised a single-step, four-parameter
fluorescence activated cell sorting procedure In which cells were selected according to their
forward and orthogonal light-scattering properties, and their surface expression of the Thy-1
and H-2K

antigens. Application of this procedure to marrow cells from mice treated 4 days

previously with 150 mg/kg of 5-fluorouracil showed that it could be used to sort a
subpopulation that was enriched 100-fold i n CFU-GEMM and i n which 1 i n 4 cells was a day
12 CFU-S.
To determine the extent to which stem cells with long-term lympho-myeloid repopulating
potential had been copurified, I undertook to develop a quantitative procedure that might allow
this primitive cell population to be measured and hence characterized on a routine basis. This
required an assay that would detect donor-derived hemopoiesis exclusively, and that was
sensitive enough for the detection of limiting numbers of cells with long-term lympho-myeloid
repopulating potential. This was shown to be possible using a competitive repopulation assay
i n which lethally irradiated female recipients were transplanted with male "test" cells together
with a second suspension of female cells with adequate short-term repopulating activity but
greatly diminished long-term repopulating potential. These sex differences were then used to

- Ill specifically identify the 5 week progeny of stem cells i n the test suspension. Assessment of the
sorted day 4 5-FU marrow population revealed that it was capable of repopulatlng all
hemopoietic organs after transplantation and that an enrichment of 30-fold over unseparated,
5-FU-treated marrow had been achieved.
My second objective was to determine whether the competitive long-term lymphoid and
myeloid repopulation obtained with these sorted cells was due to the activity of Individual stem
cells with a dual potential for lymphopoiesis and myelopoiesis. For this I used retroviralinfection to uniquely m a r k sorted cells In vitro, and then transplanted them i n sufficiently low
numbers to allow individual regenerated clones to be detected and analyzed. In some mice,
distribution of cells with the same unique integration marker i n different lymphoid and myeloid
cell populations established the presence of lympho-myeloid stem cells i n the original sorted
population. In addition, clones with restricted tissue distributions were also documented.
My final objective was to investigate whether the competitive repopulation assay was i n
fact able to serve as a procedure for the exclusive quantitation of long-term lympho-myeloid
repopulating stem cells. A limiting dilution approach was used to compare the frequency of
hemopoietic stem cells (competitive repopulatlng units, CRU) i n marrow obtained from a variety
of sources, using >20%

repopulation by male cells at 5 or 10 weeks post-transplantation as the

end point. The results obtained were largely independent of the time of analysis, and whether
repopulation of recipient marrow or thymus was evaluated, suggesting that either can be used
i n this assay to quantitate a hemopoietic stem cell with the potential to regenerate both
lymphoid and myeloid systems.

These studies have provided procedures for the detection, quantitation and selective
enrichment of the most primitive stem cells i n the murine hemopoietic system which have
competitive long-term lympho-myeloid repopulatlng ability. The availability of these
procedures should facilitate the development of additional purification steps leading to the
isolation of these cells as homogeneous suspensions, and their further use as targets for

-ivretrovlrus-medlated gene transfer to determine the genetic basis of their activation,
determination and neoplastic transformation.
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C H A P T E R

I

INTRODUCTION

1)

T H E S T R U C T U R E O F T H E HEMOPOIETIC SYSTEM.

A)

AN

OVERVIEW.

Hemopoiesis is the formation of blood; a system composed of a large number of mature
cell types, each exhibiting highly specialized functions such as oxygen and carbon dioxide
transport (erythrocytes), response to foreign organisms and their products (granulocytes and
macrophages), blood clotting (thrombocytes), antibody production (B-lymphocytes and plasma
cells) and cell-mediated immunity (T-lymphocytes). In the normal adult, the bone marrow is
the major site of hemopoiesis, having recruited ancestral hemopoietic stem cells from the
embryonic yolk-sac and fetal liver (1), and contains cells from many hemopoietic cell lineages at
all stages of differentiation.
Due to the early developmental separation of the different lineages of blood cells, the
hemopoietic system can be functionally divided into two distinct arms, termed myeloid and
lymphoid. The cells of the myeloid arm are produced in the bone marrow (2) and can be
further divided into the erythroid, granulocytic and megakaryocytic lineages which tenninate i n
the production of erythrocytes, granulocytes/monocytes/macrophages and platelets,
respectively. The cells of the lymphoid arm are produced to varying degrees in the bone
marrow, spleen, thymus and lymph nodes and can be divided into the B and T-lymphoid
lineages. Of particular relevence to the present thesis is the fact that all of the mature myeloid
blood cell types represent "end" cells. Once fully differentiated and released from the marrow,
these cells remain functionally active for only a few days or weeks before being destroyed and

- 2broken down (3,4). Maintenance of stable numbers of these cells i n the blood and tissues
throughout adult life therefore depends upon the continued production of new cells from a pool
of undifferentiated, self-maintaining, proliferating precursors.
Several lines of evidence i n both mouse and m a n indicate that the myeloid arm of the
hemopoietic system can be subdivided developmentally into four major cell compartments
which define a hierarchy of cells with decreasing differentlative and/or proliferative potential
(Figure 1, and reviewed i n (5)). The most primitive of these is comprised of totipotent
hemopoietic stem cells, defined by their capacity to regenerate and maintain both the
lymphoid and myeloid arms of the hemopoietic system following transplantation, as well as
having an extensive capacity to regenerate themselves (a process referred to as self-renewal).
Stem cells give rise to cohorts of progenitors whose differentiation potentialities are restricted
to a more limited range of lymphoid or myeloid lineages. In addition to limits i n their
differentlative potential, progenitors have a lower capacity for proliferation and self-renewal.
Both stem cells and progenitors lack any unique morphological features that would enable
their separate identification. They must therefore be detected retrospectively on the basis of
their developmental properties, expressed either through colony formation i n vitro or tissue
repopulation i n vivo. As progenitors divide and differentiate they eventually begin to acquire
distinct morphologic characteristics that enable their recognition as the immediate precursors
of specific mature blood cell types. Their terminal differentiation is defined by the repopulation
of the final compartment of end cells.
Hemopoietic cell development is likely to be a process of continuous change. Therefore,
although this model of the hemopoietic system focusses on the differences between cells i n
each of the compartments visualized above, the borders between each compartment are
probably not distinct and the cells i n this spectrum likely represent a continuum, with the
most primitive cells having the highest self-renewal and differentiation potential, and later
stages showing a progressive loss of both these properties. In vivo studies with cycle-active
cytotoxic drugs have suggested that In the normal adult most of the more primitive cells are i n
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a non-proliferating or quiescent state (G -phase of the cell cycle) but can be triggered into
0

S-phase by hematologic or immunologic stress (6). In contrast, most mature progenitors are
actively cycling even i n the absence of apparent stimulation (7,8). Thus, the key function of the
stem cell compartment is to maintain a n appropriate production of mature cells by responding
to extrinsic factors that shift the balance between quiescence and proliferation. In this manner
they modulate the number of cells feeding into the system for subsequent amplification a n d
lineage-specific regulation.

B)

HEMOPOIETIC C E L L S D E F I N E D B Y SHORT-TERM ASSAYS.

a)

Cells with the Characteristics of Hemopoietic Progenitor Cells.

Information about the more mature compartments of the hemopoietic system has been
derived primarily from the use of i n vitro culture systems that support the proliferation and
differentiation of hemopoietic cells i n isolated colonies (Reviewed i n (9)). These involve
suspending the cells to be evaluated i n a semi-solid culture medium (eg. soft-agar,
methylcellulose or plasma clot) supplemented with appropriate nutrients, serum (or the
essential components thereof) and specific hemopoietic growth factors (although originally
provided as poorly defined 'conditioned* media, many of the active molecules have now been
purified, cloned a n d are available i n recombinant form). Since the colonies which grow i n these
culture systems are derived from isolated single cells (5), the morphological properties of the
colony (or clone) itself can be used to characterize the biological properties of its progenitor.
Lineage-restricted colony-forming cells are distinguished by the number (colony size; indicative
of proliferative potential) and ultimate type (lineage; indicative of differentiation potential) of
progeny they c a n produce. The time at which mature progeny first appear allows further
assignment of the position of the progenitor cell within a specific lineage; the longer the time
after plating before mature cells appear, the more primitive the progenitor (10,11). The

-5 -

addition of different hemopoietic growth factors enables the simultaneous growth and
differentiation of cells from all three myeloid lineages, and hence colonies containing cells from
one or more of these can be obtained (12-14). Culture conditions that allow the growth of
many of the various classes of lineage-restricted progenitors have been described for several
mammalian species including rat, cat, dog, sheep, and cow as well as mouse and h u m a n
(reviewed In (15)).
Uni- or bipotent progenitors are the most frequent type of clonogenic cell encountered In
hemopoietic tissue. These progenitors appear to have lost the capacity for self-renewal as they
are unable to generate secondary colonies in replate assays (16). In the mouse, virtually all
lineage-restricted clonogenic cells appear to be actively cycling under steady-state conditions
since most are killed by In vivo exposure to drugs such as 5-fluorouracil (5-FU) that are
selectively cytotoxic for cycling cells (17,18). T h u s clonogenic progenitors are considered to
serve primarily as an amplification compartment to allow the production of a large number of
end cells from a small number of active stem cells. Nevertheless, they still lack any unique
morphological features and therefore are routinely detected by functional assays as described
above.
Progenitor cells giving rise to colonies consisting exclusively of granulocytes

and

monocytes/macrophages are called granulocyte-macrophage colony-forming units (CFU-GM).
CFU-GM become further restricted to differentiate into either C F U - G or C F U - M , which give rise
to colonies consisting solely of granulocytes or monocytes/macrophages respectively (19-21).
Three distinct classes of erythroid progenitor cells have been identified (12). The primitive
burst-forming unit-erythroid (primitive BFU-E) forms multi-focal colonies (bursts) containing
many clusters of hemoglobinized red cells. Mature B F U - E also generate more than two (but
usually less than ten) clusters of erythroblasts and these are detected several days earlier In
culture. In the mouse, most primitive BFU-E and even some mature BFU-E are not erythroidrestricted as the colonies they produce often contain megakaryocytes, macrophages and mast
cells (22). The third class of erythroid-restricted progenitors with the least proliferative

-6 potential is the colony-forming unit-erythroid (CFU-E) which forms small, single (or double)
clusters of 8-64 hemoglobinized red cells after a relatively short period i n culture (23,24).
CFU-E are the direct progeny of mature BFU-E which i n t u r n are derived from primitive
BFU-E. Megakaryocyte progenitors have been classified into megakaryocyte burst (BFU-Mk)
and megakaryocyte colony (CFU-Mk)-forming units i n a manner similar to the progenitors of
the erythroid series (25,26). Progenitors of lymphoid cells have been more difficult to grow i n
vitro and colony assays for pre-B or pre-T cells are not available. Modifications i n the culture
conditions used for myeloid colony assays have, however, allowed the identification of both
murine C F U - B (27) and C F U - T (28) which simply represent the activation and proliferation of
mature B-cells and T-cells i n semi-solid media.

b)

Cells with the Characteristics of both Hemopoietic Stem and Progenitor Cells.

In vitro clonogenic assays also allow the identification of pluripotent hemopoietic cells.
Various terms for such cells exist and reflect the historically coincident recognition of suitable
culture conditions i n different centres (14,29,30). C F U - G E M M (colony-forming unit
granulocyte/erythrocyte/macrophage/megakaryocyte) is a term first used to describe h u m a n
pluripotent clonogenic cells before it was widely appreciated that many of the larger erythroid
"bursts" produced by primitive murine BFU-E also contained cells of other lineages which
could be elicited with appropriate stimulation. This i n t u r n led to the definition of the
macroscopic burst-forming cell (B-macro or CFU-GEMM-macro) defined by its ability to
generate very large erythroid colonies (of > 1 0

4

cells) which were then shown to consistently

contain differentiated progeny of at least two and often three different myeloid lineages 12-14
days after plating (22). Pluripotent hemopoietic cells thus demonstrate a high (but variable)
proliferative and differentiative capacity i n vitro. In addition, i n the mouse, some are capable of
extensive, albeit limited, self-renewal as demonstrated by the ability of some of their clonal
progeny to form secondary and even tertiary (but not quaternary) multi-lineage colonies of

-7 equivalent size i n replate assays (22). This suggests that at least some multipotent hemopoietic
cells do not display (at least under conditions of colony formation) the high self-renewal
potential characteristic of very primitive hemopoietic cells i n vivo. Whether these latter
differences are due to differences i n the conditions to which the cells are exposed, or represent
intrinsic biologic changes related to their differentiated state is not yet known. The lymphoid
differentiation potential of CFU-GEMM also remains controversial. Although some researchers
have reported the presence of T-lymphocytes i n large mixed colonies of h u m a n origin (31),
these results have not been confirmed and the possibility of contamination not ruled out.
Colony assays have been used to identify a variety of clonogenic cell "types" with
extensive proliferative capacity. Bradley and Hodgson (32) have described a murine high
proliferative potential colony-forming cell (HPP-CFC) which is able to generate large colonies
(containing 10^ cells) of macrophages i n cultures stimulated by a source of macrophage
colony-stimulating factor (M-CSF or CSF-1) and synergistic factor(s), of which one may be
Interleukin-3 (IL-3) (33). Like CFU-GEMM, a significant proportion of these cells are relatively
resistant to the effects of 5-FU i n vivo (32,34). Although the extremely large colonies generated
by HPP-CFC demonstrate their extensive proliferative capacity, their limited ability to form
secondary colonies In replate assays and their apparent restriction to the
monocyte/macrophage lineage appears to separate HPP-CFC from the most primitive stem
cells. Recently a n assay for h u m a n HPP-CFC has also been reported (35). It must be noted,
however, that the assay conditions used to identify HPP-CFC are not conducive to the terminal
differentiation of the progenitors of either the erythroid or megakaryocytic lineages and may
thus prevent determination of their true potential and/or their degree of overlap with the high
proliferative potential progenitors defined by the colonies they generate under different culture
conditions.
Following cytotoxic ablation of a n animal's hemopoietic system by radiation or chemicals,
normal hemopoiesis can be re-established if the animal is infused with normal hemopoietic
cells from bone marrow, for example (36). Thus, transplantable hemopoietic stem cells
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obviously exist: the problem is how this procedure can be used to recognize, quantltate and
characterize them. The spleen colony assay first described by Till and McCulloch l n 1961 (37)
was the first i n vivo assay developed for the quantitation of a primitive hemopoietic cell. This
assay Involves the injection of limiting numbers of hemopoietic cells into lethally irradiated or
genetically compromised histocompatlble recipient mice. Some of the injected cells "seed" to
the spleen where they give rise to isolated, macroscopic colonies visible between 8 and 14 days
post-transplantation. These cells were thus termed colony-forming units-spleen or CFU-S.
The number of spleen colonies produced is linearly related to the number of bone marrow cells
transplanted (37) and cytological analysis of individual spleen colonies generated from marrow
cells chromosomally marked by irradiation has directly demonstrated that they originate from a
single cell (ie. are clonal) (38,39). These observations have recently been confirmed and
extended through the use of other marking systems such as retroviral integration (40,41). The
majority of spleen colonies isolated 12 to 14 days post-transplantation are large (containing
10^ to 1 0 cells) and include erythroid cells, granulocytes, and megakaryocytes (16,42,43)
7

mdicating the extensive proliferative and differentiative capacity of the cell of origin. Although
lymphoid cells are not found i n such-spleen colonies (4), it is not known whether this Is the
result of a n inherent restriction of spleen colony-forming cells to myelopoiesis, or the lack of a n
appropriate microenvironment for lymphopoiesis provided by the region of the spleen which
supports myeloid cell differentiation.
The self-renewal potential of some spleen colony-forming cells has been demonstrated by
the ability of individually excised primary colonies to produce new spleen colonies containing
multiple myeloid cell types upon injection Into irradiated secondary recipients (44). The spleen
colony assay thus includes the detection of some cells which meet the operational criteria of
extensive proliferative capacity, multilineage myeloid differentiation potential and some selfrenewal potential.
Recent studies have shown that spleen colonies are derived from different
subpopulations of CFU-S present in normal adult bone marrow. Careful comparisons of spleen
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colonies enummerated early (day 8-9) or late (day 12-14) following transplantation have
revealed differences in both their differentiative and proliferative capacities (42), in their selfrenewal potential (44) and in their immunological characteristics (discussed in more detail in a
later section). Spleen colonies apparent after 8-9 days are thus now specified as day 8-9
CFU-S and considered to be restricted in their differentiative and proliferative potential because
they generate smaller, transient colonies that usually contain only erythroid cells (45). The
majority of day 8-9 CFU-S show no evidence of self-renewal when their progeny are
transplanted into secondary recipients (44). In normal adult marrow, day 8-9 CFU-S show
considerable turnover as evidenced by the inactivation of the majority of these cells following
exposure to 5-FU (17,46). The mixed colonies derived from some CFU-GEMM (macro) contain
day 8-9 CFU-S (47,48) suggesting overlap between the former and the precursors of day 8-9
CFU-S (see below).
Spleen colonies apparent 12-14 days after transplantation are derived from cells referred
to as day 12-14 CFU-S and, in normal adult marrow, these show greater proliferative and
differentiative potential than do day 8-9 CFU-S. Because of these properties, the diminished
sensitivity of day 12-14 CFU-S to ablation by cycle active drugs relative to day 8-9 CFU-S (17),
and the ability of day 12-14 CFU-S to generate day 8-9 CFU-S (10). the former are viewed to be
the more primitive precursor of the latter. Although it has been reported that pure populations
of day 12-14 spleen colony-forming cells can rescue mice from lethal doses of irradiation (49),
whether the spleen-colony assay provides a direct measure of the most primitive stem cells
with long-term myeloid and lymphoid repopulatlng potential is not known. Indeed, recent
studies indicate that these two functions are associated with largely separable cell types
(50,51). Thus, while day 12-14 CFU-S are probably developmentally more closely related to the
most primitive transplantable stem cells than are day 8-9 CFU-S, neither are now presumed to
overlap completely with such cells (52,53). A more detailed discussion of this issue Is given in
a later section. Nevertheless, CFU-S assays have been very useful for obtaining information
about primitive hemopoietic cells and for many years this was the only method for quantitating

- 10 such cells i n heterogeneous suspensions. It is, however, pertinent to note that the CFU-S
assay is limited by the fact that only a small proportion (the seeding fraction, f (44)) of the
injected CFU-S reach the spleen and ultimately proliferate there to generate a macroscopically
visible colony. The majority of CFU-S become entrapped i n other organs such as the lung and
liver where they are thought to die or at least be lost from contributing to short-term
hemopoiesis. The seeriing fraction has been determined by secondary transplantation of the
spleen 2-48 hours after injection of the primary cell suspension (44) but estimates of its value
vary considerably (from 3-25%) depending on the time interval between transplants, and the
source of stem cells (eg. lower f factor for marrow cells from mice treated with cycle active
drugs (reviewed i n 16,54, and 55)). Extrapolation from spleen colony numbers to total cells
with spleen colony-forming potential is therefore always accompanied by some uncertainty.
Nakahata a n d Ogawa (56,57) and others (58,59) have described a clonal i n vitro assay for
the growth of a cell with stem cell-like properties similar to CFU-S. This so-called "stem"
(S-cell) or blast colony-forming cell is identified on the basis of its ability to generate small
colonies containing 20 to a few hundred undifferentiated blast cells detected up to 21 days
after plating i n semi-solid medium. Blast cell colonies remain small and undifferentiated (the
cells within them being characterized by pseudopodia a n d a motile phenotype) by the time
most other colonies i n the culture have reached maturity and are beginning to lyse. Studies i n
which cells are exposed to 5-FU i n vivo or ^H-thymidine In vitro suggest that this is due to the
delayed transition of blast colony progenitors from G

0

into S-phase (60). This is supported by

antibody neutralization experiments which indicate that survival i n G

Q

does not require early

acting hemopoietic regulators (61). Once blast colony-forming cells enter S-phase they rapidly
proliferate i n the presence of certain hemopoietic growth factors (62). Replating studies have
demonstrated that both whole blast colonies and individual cells micromanipulated from blast
colonies are capable of generating occasional secondary colonies of blast cells when transferred
to fresh culture medium (56,57), suggesting some S-cell self-renewal within the primary colony.
However, even at early stages, both primary and secondary colonies consist primarily of

-11 clonogenic progenitors of limited, albeit diverse, differentiation potentialities (63). Blast cell
colonies also contain day 8-9 CFU-S but not day 12-14 CFU-S (57,64) suggesting that they
may represent a subset of CFU-GEMM (macro). The extent to which blast colony-forming cells
can differentiate down the lymphoid pathway remains to be determined, hence the relationship
between cells i n this compartment and the stem cells capable of both lymphoid a n d myeloid
repopulation i n vivo remains unresolved. Recently, the growth of h u m a n marrow-derived blast
cell progenitors with self-renewal and differentiation potentialities similar to their murine
counterparts has been reported (58). These thus appear to represent the earliest h u m a n
pluripotent hemopoietic cell yet grown i n semi-solid culture.
The use of In vitro clonogenic assays has been invaluable i n elucidating the changes that
accompany hemopoietic cell differentiation, and i n the characterization of the hemopoietic
growth factors whose presence is required for this to occur. Validation of the hierarchical
model of the organization of the hemopoietic system has been approached by attempts to
characterize the different progenitor cell types with respect to multiple parameters, and most
definitively by cell separation experiments, to allow assignment of different properties to
different cell populations regardless of assay conditions, and to allow direct precursor-progeny
relationships to be demonstrated. Measurements of progenitor cell size, buoyant density, i n
vitro nutrient requirements, reactivity with various antibodies and lectins, sensitivity to specific
growth factors, normal cycling status and replating experiments have all provided evidence of
differences between populations of cells that generate different types of colonies i n vitro (23).
This is particularly well illustrated i n the erythroid lineage where progressive increases i n
sedimentation velocity, cycling status, and sensitivity to erythropoietin (Ep) can all be seen as
primitive BFU-E differentiate into mature BFU-E and ultimately CFU-E (18,23).
In summary, although i n vitro clonogenic assays have been invaluable i n elucidating the
relationships between the progenitors of the various myeloid lineages, the relationships of these
cells to those with stem cell functions i n vivo remain less clear. This arises no doubt from the
problems inherent i n the dependence on rather crude operational criteria to compartmentalize
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cells that i n fact represent regions of a continuum of overlapping changes in self-renewal,
proliferative and differentiative potentialities (Figure 2), and the focus of colony assays on the
rapid generation of recognlzeable (mature) cells.

C)

HEMOPOIETIC C E L L S D E F I N E D BY LONG-TERM ASSAYS.

Evidence for a population of cells in adult marrow with lymphopoietic as well as
myelopoietic repopulating potential was provided as early as 1968 using radiation-Induced
chromosomal changes (65), and more recently retroviral Integration (40.41,66) to uniquely
mark individual primitive cells and allow tracking of their clonal progeny. Such studies
showed that cells repopulating lymphoid organs such as the thymus, lymph nodes and spleen
of lethally irradiated mice carried the same unique marker as cells present i n Individual spleen
colonies indicating that all were commonly derived from a more primitive stem cell. In spite of
their multipotentiality and demonstrable self-renewal potential most day 12-14 CFU-S, like
most pluripotent in vitro clonogenic cells, are no longer thought to have long-term repopulating
ability. Reports of the purification of day 12-14 CFU-S to near homogeneity using a variety of
physical and immunological procedures (discussed in a later section) has enabled an analysis
of the extent of likely overlap between these compartments. For example, Visser et al. have
described the isolation of a population of cells enriched > 100-fold in day 12 CFU-S which are
also able to protect lethally irradiated mice for at least 30 days (49). Similar experiments by
Spangrude et al. also demonstrate an in vivo repopulating ability of a population of
alternatively purified cells determined to form late spleen colonies with unit efficiency (67).
These results suggest a repopulating potential of one month for at least some day 12 CFU-S,
although the presence of another minor hemopoietic cell type responsible for this would not
have been excluded by the way these experiments were performed and the inherent difficulties
in quantitating cells detected by different in vivo endpoints.
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Schematic representation of hemopoietic cell maturity vs. self-renewal capacity,
proliferative potential and cycling status. (Modified from Reference (52)).
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Evidence against such a relationship was already suggested by experiments performed in
the 1960's and 1970's. Siminovitch et al. (68) and others (69,70) had shown that compared to
normal marrow, a single transplantation causes a 3-7 fold decline i n the (initial) repopulatlng
ability of a marrow graft and after four to six successive serial transplantations the ability of
marrow cells to repopulate another recipient is reduced to essentially undetectable levels.
Similar losses of repopulatlng ability c a n be seen i n mice subjected to several cycles of
sublethal Irradiation (71), or In genetically compromised W/W^

mice that have been cured of

their anemia by transplantation of +/+ marrow (71). Despite the decline in long-term
repopulatlng ability, an essentially normal short-term repopulatlng cell population may be
present as measured by maintenance of normal numbers of day 9 and day 12 CFU-S In these
mice (69,72). Conversely, W/W

v

mice clearly have stem cells but no assayable day 12 CFU-S

(73). Such examples illustrate how the definition of cells by performance in an assay may be
too narrow or even misleading. Recent reports of the differential purification of day 12 CFU-S
and more primitive cells (termed pre-CFU-S) whose frequency more accurately predicts marrow
repopulatlng ability (50,51) further support the idea that most day 12 CFU-S should not be
placed i n the most primitive stem cell compartment.

a)

Repopulation of Lethally Irradiated Mice.

Regeneration and maintenance of hemopoiesis following transplantation of cells Into
mice Is the definitive assay for repopulatlng potential. Exposure to high doses of whole-body
Ionizing radiation results In a time-dependant, logarithmic reduction in the number of
surviving stem cells i n all hemopoietic organs (74). Cell death occurs as a result of
unacceptable levels of unrepaired DNA breaks in some cases after one or two initial, faulty cell
divisions. The proportion of stem cells killed in this way is further influenced by whether
radiation Is administered i n a single or fractionated dose (75); the latter schedule enabling
elimination of more stem cells while minimizing damage to other proliferating compartments
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such as the gut due to corresponding differences In the abilities of these cells to repair
sublethal damage (76). Irradiated recipients die rapidly (within 2 weeks) due to infection and
hemorrhaging in the absence of a protective graft containing histocompatible. repopulatlng
stem cells. By transplanting graded numbers of marrow cells, the frequency of stem cells able
to rescue a proportion of the irradiated recipients can be determined. End-points such as the
number of marrow cells required to promote the 30 day survival of 5 0 % of transplanted
recipients are commonly used (74), although more sophisticated measures of repopulatlng
ability such as the number of reconstituted marrow CFU-GM or CFU-S (13 days
post-transplant) per cell injected have also been reported (77). Historically, these studies have
generally yielded estimates of the frequency of repopulatlng stem cells In normal adult marrow
of between 1 In 1 0

4

and 10^ total nucleated cells.

A significant difficulty in Interpreting most reported 30 day survival data is that the
contribution of the transplanted cells has not usually been unambiguously and concurrently
established. For example, even after "lethal" doses of irradiation regenerated hemopoiesis may
be of host as well as donor origin. Hence survival is not necessarily indicative of long-term
engraftment by donor cells. The presence of donor cells is best determined using appropriate
genetic markers. In mice, such markers have included random radiation-induced
chromosomal changes (that do not affect viability or differentiation) detected by cytogenetic
analysis of metaphases generated in vitro from repopulated tissues (78), sex differences
detected by cytogenetics or Southern analysis using a Y-chromosome specific probe (79),
congenlc allotype markers (80) or naturally occurring isoenzyme or hemoglobin variants (81,82)
distinguishable by biochemical analysis of repopulated tissue extracts. The restricted
expression of some markers, such as hemoglobin, to specific lineages or stages of
differentiation, and the limited numerical spectrum of other markers has (at least until
recently) restricted the utility of most of these techniques. In general they have thus been used
only to examine the dynamics of clonal expansion by transplanted populations which
contain many cells with the potential to differentiate into the cell type that can be

may
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distinguished. The recent development of methods for irifecting pluripotent hemopoietic stem
cells i n vitro with retroviruses overcomes many of the above problems (83). By
analysis of DNA

molecular

from the progeny of transplanted, infected cells, the capacity of single cells to

repopulate multiple lymphoid and myeloid lineages in vivo has been established (40). The
random, multiple integration pattern of the provirus provides the added advantage of allowing
the proliferation of many different, uniquely marked stem cells to be followed simultaneously.
The main limitation is the inability of single cells to be tracked by this type of marking, at least
with currently available vectors. Thus lineage analysis requires the use of additional methods
to obtain purified populations of a given hemopoietic cell type.
Studies i n which fixed numbers of bone marrow cells are serially transplanted at 8-10
week intervals into lethally irradiated recipients have suggested that even one transplant

may

be a m u c h more severe stress on the hemopoietic stem cell population than that which occurs
normally during the lifetime (84). Much larger reductions in repopulating ability are seen with
increasing numbers of serial transplantations than with increasing age (69). Since studies
using serial transplantation of spleen or marrow cells into irradiated hosts also result i n a
dramatic loss of CFU-S (44), others have looked for assay systems that do not require heavy
irradiation. One such system is the W/W

b)

Repopulation of W/W

v

v

mouse mutant.

Mice.

Mice carrying mutations at the White Spotting (W) locus (located on chromosome 5) are
characterized by severe macrocytic anemia, lack of hair pigmentation and sterility (85). Effects
of mutations at this locus are thus pleiotropic, and i n part may be attributed to interruptions
in the proliferation and/or migration of cells early i n embryogenesis (86). The effect in the
hemopoietic system is not only an anemia, but also an intrinsic defect i n the earliest stem cell
types such that W/W

v

mice do not contain cells that will give rise to macroscopic spleen

colonies in a CFU-S assay, but will support the growth of wild-type spleen colonies even in the
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absence of any treatment, and will eventually have all of their blood cells replaced by wild-type
cells following Injection of the latter (87,88). The anemia of W/W

v

mice can thus be

permanently cured by grafting histocompatible normal (+/+) marrow stem cells. The W locus Is
now thought to be the same as that encoding the c-kit proto-oncogene which encodes a
receptor-like surface component (89,90), although the significance of this recent finding is not
yet clear.
A significant advantage of the W/W

v

mouse is that its use as a recipient avoids the

unpredictable effects of irradiation on survival and host stem cell recovery. A s mentioned
above, studies In W/W

v

mice also support the Idea that day 12-14 CFU-S are not true stem

cells. Boggs et al. (91) used a limiting dilution method to show that the number of stem cells
with the proliferative capacity required to cure W/W

v

mice was fewer than that which would be

predicted from CFU-S numbers. Differences In the frequency of the cells i n these
compartments was also found to be more pronounced when 5-FU treated marrow was used as
the source of +/+ stem cells (92).

c)

Long-Term Bone Marrow Cultures as an Assay for Stem Cells.

The availability of in vivo assays for the study of murine hemopoiesis has added
physiological relevance to the concepts described but these assays remain poorly suited to the
sort of manipulation required for controlled studies of hemopoietic stem cell regulation.
Analysis of the specific cellular and molecular events underlying the control of hemopoiesis
may be better served by the use of well-defined in vitro systems. In 1977, Dexter et al. (93)
described for the first time the development of a liquid culture system which if maintained at
33°C allowed murine pluripotent stem cells to be maintained for several months In the absence
of any exogenously supplied hemopoietic growth factors. By seeding bone marrow cells at high
density ( 1 0 cells/mL) In a medium containing horse serum (and now also hydrocortisone) i n
6

addition to the fetal calf serum normally present i n semi-solid cultures, a confluent adherent
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layer of flbroblastoid cells formed within several weeks. Cultures were then "recharged" by the
addition of fresh marrow and subsequently "fed" by weekly replacement of half of the medium
with fresh, similarly supplemented medium. The concomitant removal of half of the nonadherent cells provided an opportunity for their ennumeration, histochemical analysis or
assessment i n in vitro or in vivo clonogenic assays.
Since its Initial description, this long-term bone marrow culture (LTBMC) system has
been studied extensively. The adherent "stromal" layer is now known to contain a variety of
mesenchymal elements including fibroblasts (94), endothelial cells (95), adipocytes (96) and
their extracellular components (collagens I, III and IV (94,97). laminin (98) and fibronectin (99)).
Together these provide a complex matrix in which more primitive hemopoietic cells as well as
macrophages are enmeshed (100) i n a fashion thought to simulate the interactions of these
components with the marrow stroma in vivo. Such interactions appear to be important i n this
system both for the maintenance of the primitive cells and their sustained output of mature
myeloid cells (predominantly granulocytes and macrophages) (101). By comparing the initial
number of hemopoietic cells seeded into the cultures with the number present i n both
adherent and non-adherent fractions at intervals thereafter, both differentiation and
amplification of various progenitors has been demonstrated (100). In addition to supporting
the proliferation of CFU-GM. these cultures have also been demonstrated to amplify or
maintain more primitive cells such as CFU-GEMM (macro) (102) and day 12 CFU-S (103). the
cells responsible for competitive erythropoietic repopulation (104), and the cells capable of
repopulating both B and T-lymphoid systems i n vivo (105). Although differentiation of mature
granulocytes and macrophages occurs continuously, differentiation along all other lineages,
including the erythroid, megakaryocyte, and either of the lymphoid pathways is not normally
supported i n the L T B M C system as originally described. In 1980, similar conditions were
found to allow the long-term maintenance of clonogenic progenitors and granulopoiesis i n
cultures established from h u m a n bone marrow samples which behave like and appear to
resemble murine L T B M C as far as can be determined (106-108).
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Hemopoiesis In L T B M C is associated with the mesenchymal cells of the adherent layer i n
which "foci" of differentiating hemopoietic cells (referred to as "cobblestone areas" (106)) may be
seen. Quantitation of the most primitive clonogenic cells requires the physical or enzymatic
dissociation of this network to obtain a single cell suspension suitable for assay. Studies of the
turnover of hemopoietic cells i n the adherent layer of both murine and h u m a n L T B M C (108)
have revealed a behaviour and regulation that may reflect the control of hemopoiesis i n vivo.
Assessment of the cell cycle status of progenitors In the non-adherent and adherent fractions
using the ^H-thymidine suicide assay to measure the proportion of cells in S-phase (109) has
revealed that day 8-10 CFU-S oscillate between a cycling and non-cycling state dictated by the
perturbation of the cultures associated with each weekly medium change (110). All CFU-S
were found to enter S-phase within 1-2 days of feeding and. if the cultures remained
undisturbed, returned to a non-cycling state by the time of the next feeding 5-6 days later.
More mature progenitors such as CFU-GM remained continuously i n cycle in these cultures
(110). Studies using h u m a n L T B M C s have revealed a similar pattern of alternating
proliferation and quiescence. This was exclusive to the most primitive progenitor classes
(CFU-GM-derived colonies of >500 cells, and primitive BFU-E-derived colonies of >8
erythroblast clusters), although In this case the pattern was confined to these progenitors only
in the adherent layer (111). Moreover a change In the cycling status of these cells could not be
obtained by agitating the culture or simply removing and replacing the pre-existing medium
(so-called "mock feeding"). Rather, it was found that in human L T B M C activation of the
primitive progenitors in the adherent layer requires the addition of a factor present In fresh
horse serum (112). The addition of horse serum can, however, be duplicated by the addition of
other factors such as Interleukin-1 (IL-1) and platelet-derived growth factor (PDGF) to mock-fed
cultures (112). This suggests their Indirect role as mesenchymal cell activators which could
reflect how perturbation of the marrow microenvironment might regulate hemopoiesis i n vivo.
Since the maintenance and regulation of the various populations of progenitors detected
in h u m a n L T B M C s closely mimics that seen i n murine L T B M C where stem cell maintenance
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for quantitatlng hemopoietic stem cells by virtue of their expressed proliferative activity i n vitro
(114,115). The recent adaptation of h u m a n L T B M C for the purging of Philadelphia (Ph *)
chromosome-positive leukemic cells from the marrow of patients with chronic myelogenous
leukemia (CML) prior to the clinical use of such marrow for autologous bone marrow
transplantation has suggested that h u m a n stem cells with at least short-term regenerative
potential c a n be maintained i n vitro for at least 10 days (116). It seems likely that the
hemopoiesis obtained i n h u m a n L T B M C reflects the maintenance a n d differentiative activity of
a very primitive hemopoietic cell. Recent purification of h u m a n hemopoietic cells capable of
generating clonogenic cells measured after 5 weeks i n L T B M C (the so-called "long-term cultureinitiating cells") (117) should enable more direct assessment of the various types of very
primitive h u m a n hemopoietic cells.

d)

Evidence for H u m a n Repopulating Stem Cells.

The lack of comparable i n vivo assays for the long-term repopulating stem cell i n humans
has made the study of hemopoiesis i n m a n difficult. Nevertheless, several lines of evidence
support the existance of lympho-myeloid repopulating stem cell populations analogous to those
identified i n the murine system. Studies of a number of females heterozygous for the Xchromosome linked gene encoding the enzyme glucose-6-phosphate dehydrogenase (G6PD),
who also h a d a hematologic malignancy such as sideroblastic anemia (118) or C M L (119) have
demonstrated the pluripotent stem cell origin of the neoplastic clone, including the involvement
of lymphoid as well as myeloid cells. More recently, analysis of differentially methylated
restriction fragment length polymorphisms i n X-linked genes such as those encoding the
enzymes hypoxanthine phosphoribosyltransferase (HPRT) and phosphoglycerate kinase (PGK)
have indicated a monoclonal origin of the normal (donor-derived) hemopoiesis (including
lymphoid as well as myeloid cells) obtained i n two bone marrow transplant patients who h a d

been Injected with allogeneic marrow (120). It therefore appears that hemopoietic stem cells
with repopulatlng ability comparible to those identified in the murine system are present i n
adult h u m a n marrow as well.

2)

REGULATION O F T H E HEMOPOIETIC SYSTEM.

Clearly a system which possesses such a large capacity for proliferation and
differentiation must be subject to a multiplicity of regulatory signals which mediate a n
appropriate numerical output of each of the mature cell types. This regulation must enable the
system not only to respond to hematologic and Immunologic stresses by the activation of
primitive stem cells, but also by balancing the production of mature cells In a lineage-specific
manner. Four general classes of potentially regulatable stem cell transitions are recognized: a)
quiescence versus proliferation, b) self-renewal versus differentiation, c) restriction of
differentiation potential, and d) viability versus death. For each of these transitions, the
possibility of control mediated by mechanisms intrinsic to the stem cell (eg. genetic), and/or
extrinsic factors present i n it's microenvironment, exist. With respect to the latter, the
mechanism of control may be directive, itself specifying the decision made by the stem cell, or
permissive, merely allowing the expression of a decision determined by some alternate
mechanism. At later stages of differentiation, control of proliferative state, choice of
differentiation potential and self-renewal may no longer be options for the cells and regulation
would then depend exclusively on the control of cell viability.
A variety of hemopoietic growth factors are known to exist and interact, at times i n a
synergistic fashion, to modulate the output of differentiated cells from cells detected i n
clonogenic assays (reviewed i n (4)). The growth regulatory properties of such factors requires
that they, i n turn, be regulated so as to prevent situations of unrestricted growth. Indeed,
examples of imbalances i n regulatory processes have been associated with leukemic
transformation, as well as a number of other hematologic and immunodeficiency disorders. In
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addition to regulation by soluble growth factors, hemopoietic cells may be regulated through
direct interactions with bone marrow cells. This is indicated i n vitro through the use of longterm cultures. In the next section some of the evidence for these mechanisms will be reviewed.

A)

R E G U L A T I O N BY C E L L U L A R INTERACTIONS.

Since early observations that the cellular composition of individual spleen colonies varies
with their specific location i n the spleen, and the subsequent proposal of the HemopoieticInductive Microenvironment (HIM) model by Curry and Trentin i n 1967 (42) the stroma has
been implicated i n the regulation of pluripotent stem cells. Hemopoietic cells have been
observed to be physically associated with stromal cells i n several i n vivo and i n vitro settings.
Ultrastructural analysis of the organization of bone marrow has revealed a number of
consistent and specific localizations for both mature cells such as megakaryocytes (typically
associated with parasinal endothelial cells) (121), and primitive progenitors such as

CFU-

G E M M and CFU-S (the most primitive of which are found associated with mesenchymal cells
lining the endosteum) (122,123). A preferential binding and subsequent differentiation of a
proportion of primitive BFU-E, but not CFU-GM, on cloned fibroblastoid stromal cell lines has
been demonstrated and this interaction appears to be mediated through fibronectin (FN) and i s
inhibitable by anti-FN antibodies (124). The IL-3 dependent multipotential stem cell line
FDCP-mlx has been shown to proliferate and differentiate along several myeloid lineages i n the
absence of IL-3 when allowed to infiltrate irradiated long-term culture adherent layers (125).
This suggests a supportive role of the stroma i n this system perhaps i n part by directing a
localized supply of extracellular matrix (ECM) or cell surface bound growth factors. The finding
that some growth factors can be membrane components (eg. M-CSF) (126), or can be bound to
ECM

(eg. GM-CSF) (127) provides further support for this idea. In mice, the transplantation of

small fragments of bone marrow to heterotopic sites such as the kidney or s k i n of
histocompatible recipients results i n the subsequent colonization of the implant with
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progenitors (CFU-GEMM) differentiate i n semi-solid cultures i n the absence of a structurally
intact rnicroenviroriment suggests that direct interactions with stromal cells are not obligatory
for either stem cell self-renewal or commitment, such interactions do appear to play a major
role i n the regulation of early hemopoietic cells i n vivo.
The long-term culture system is particularly amenable to the study of the role of the
microenvironment i n hemopoiesis. Studies which demonstrate both a differential localization
(108) and activation (110,111) of primitive progenitors i n the adherent layer of both murine and
h u m a n L T B M C s suggest a potentially important role for the stroma. Similar associations are
found to take place i n long-term cultures which have been modified to support the growth of
B-lymphoid progenitors (129). However, the ability to 'switch' the culture conditions of
established myeloid (so-called "Dexter") long-term cultures so that they support
B-lymphopoiesis (so-called "Whitlock-Witte" cultures) and not myelopoiesis (130,131) indicates
that the cells i n the bone marrow that are responsible for maintaining these various lineages
are not themselves restricted for this role developmentally, but rather may respond to external
conditions that alter their phenotype and function leading to an apparent change i n the
microenvironment.
Studies of the supportive capacity of the marrow stroma have been well served by the
availability of mouse mutants with a hemopoietic microenvironmental defect. Mice carrying
certain mutations at the Steel (SI) locus are characterized by severe macrocytic anemia, lack of
hair pigmentation, increased sensitivity to radiation and sterility (16). Steel-Dickie (Sl/Sl^)
mice contain hemopoietic stem cells which are essentially indistinguishable from normal

+/+

cells with respect to their radiosensitivity, spleen colony-forming capacity and their ability to
restore normal hemopoietic function i n lethally irradiated normal or unirradiated W/W

v

mice.

However, when S l / S l ^ mice are used as recipients of +/+ stem cells, the transplanted cells do
not form spleen colonies and normal hemopoiesis is not restored (132). This can only be
accomplished by the subcutaneous transplantation of whole +/+

(or even W/W )
v

bone marrow
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or splenic tissue (133). Such findings indicate the defect In the S l / S l mouse to be associated
a

with the hemopoietic microenvironment. Transplanted S l / S l tissue Is maintained In +/+
d

recipients but the graft fails to support erythropolesis (134). These findings indicate a defective
Interaction between S1/S1°- matrix and normal erythroid precursors.

B)

REGULATION BY SOLUBLE GROWTH FACTORS.

The differentiation of stem cells into committed progenitors that subsequently proliferate
and mature into the blood cells that are released into the circulation are all processes that may
be regulated by a group of growth factors known collectively as colony-stimulating factors
(CSFs and/or Interleuklns). Hemopoietic growth factors (except for erythropoietin) were
initially described in the early 1960's with the first successful reports of techniques for the
clonal growth of murine bone marrow cells in vitro. Since that time, our limited understanding
of "biological activities' (or so-called colony-stimulating activities (CSA)) present in crude
conditioned media has given way to the discovery of a large spectrum of factors. Many of these
have now been purified to homogeneity, characterized, cloned and expressed as recombinant
proteins. A number of general observations can be made about the nature of the hemopoietic
growth factors (HGFs) and their biological specificities (Reviewed in (4), and summarized in
Table 1).
All the HGFs are relatively small (subunit Mr 14-40 kD) monomeric acidic glycoproteins
(except macrophage-CSF (M-CSF) which Is a homodimer). Although carbohydrate is not
necessary for the biological activity of most of the HGFs, it may enhance their solubility and
stability. Most HGFs contain one or more disulfide bonds which are essential for bioactivity
(135). The HGFs can have multiple levels of biological activities, being necessary for cell
survival, proliferation, differentiation and maturation. Some of their activities appear to reflect
the hierarchical organization of the target cells they stimulate, and all show a surprising degree
of overlap In the range of cells they can act upon. Some are essentially lineage-restricted In

Table I. Hemopoietic Growth Factors (CSFs and Interleuklns)

Name

Abbreviations

Other Common Names

Major Hemopoietic Lineage
Stimulated

Erythropoietin

Epo

Erythroid

Macrophage colony-stimulating factor

M-CSF, CSF-1

Monocyte/macrophage

Granulocyte colony-stimulating factor

G-CSF, CSF-a

Neutrophil

Granulocyte-macrophage colonystimulating factor

GM-CSF, CSF-P

Pluripoletin

Neutrophil/macrophage

Interleukin-1 alpha

IL-1 a

Hemopoietln-1 (H-l)

Co-stimulator of early cells, T cells

Interleukin-1 beta

IL-1 P

Lymphocyte activating factor

Co-stimulator of early cells, T cells

Interleukin-2

IL-2

T cell growth factor

T cells

Interleukin-3

IL-3

Multi-lineage colony stimulating factor
(multl-CSF), persisting cell factor,
hemopoietln-2 (H-2), hemopoietic cell growth
factor (HCGF), mast cell growth factor
(MCGF)

Most myeloid lineages

Interleukin-4

IL-4

B cell stimulating factor-1
(BCSF-1), B cell differentiation factor

B cells, T cells

Interleukin-5

IL-5

T cell replacing factor, B cell growth
factor-2 (BCGF-2), B cell differentiation factor

eosinophil differentiation, B cells

Interleukln-6

IL-6

B cell stimulating factor-2 (BCSF-2), hybridoma
growth factor, plasmacytoma
growth factor

B cells, T cells, co-stimulator of early cells

Interleukln-7

IL-7

Interleukin-8

1L-8

Interleukin-9

IL-9

Pre-B cells, T cells
Monocyte-derived neutrophil
chemotactic factor (MDNCF),
monocyte-derived neutrophil-activating
peptide (MONAP), NAP-1

Neutrophils, T cells

Early erythroid

to
Ol
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their actions as single factors and support the terminal differentiation of particular unl-potent
progenitor cells (eg. M-CSF (136), granulocyte-CSF (G-CSF) (137) and erythropoietin (Epo)
(138)), whereas many can also stimulate multipotential hemopoietic cells and mediate
amplification of more primitive compartments either alone or in combination with other factors
(eg. G-CSF (139). granulocyte-macrophage-CSF (GM-CSF) (140) and Multi-CSF (or IL-3) (141)).
The types of progenitor cells that are stimulated to proliferate and differentiate by each H G F
are also dependent on its concentration (135).
Many of the various actions of the crude preparations of H G F s have been confirmed for
the purified native or recombinant, and i n some cases nongrycosylated, forms of the molecules
allowing definitive assignment of specific actions to particular molecules. For example,
analysis of single developing cells micromanipulated from highly self-renewing murine blast
cell colonies (57), and highly purified progenitor cells plated in semi-solid cultures at very low
density have shown that IL-3 (142), GM-CSF (143), and G-CSF (144) all act directly on a variety
of target cells, including pluripotent as well as lineage-restricted progenitor cells. Recent
investigations of the in vivo biological activities of the H G F s in both primates and m a n have
revealed effects consistent with those determined in vitro; intravenous administration of
GM-CSF leads to elevations of granulocytic and neutrophilic leukocytes (145), and intravenous
administration of Epo leads to a n increase i n hematocrit (146). There are clear h u m a n
counterparts of all of the murine H G F s investigated to date and some, like G-CSF (147) and
Epo (148). retain two-way biological cross-reactivity between the two species, although many,
like GM-CSF and IL-3. do not (149).
H G F s are extremely potent molecules, active at picomolar to nanomolar concentrations
(150). They are either not detectable or normally present at very low concentrations in the
serum, and are also not readily detected in the medium of established L T B M C s (151).
However, the recent demonstration of the association of GM-CSF with glycosaminoglycans in
the E C M of L T B M C adherent layers (127) illustrates how compartmentalization of H G F s may
occur both in vitro and in vivo. For each H G F there appears to have evolved a single specific
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class of high affinity cell surface receptor. Receptor densities are relatively low for G-CSF and
GM-CSF (152), IL-3 (153) and Epo (154) on all normal hemopoietic cells thus far exarnined,
although higher M-CSF receptor levels are found on macrophages (155). Somewhat
anomalously, elevated receptor levels for certain growth factors have been found on various cell
lines, and this has proven useful for attempts at receptor isolation and characterization (eg. for
IL-3 receptor on B6SUtA cells (156)). The distribution of receptors on normal hemopoietic cells
is consistent with the known spectrum of biological specificities of the H G F s (147,157,158).
Binding of the H G F s to their receptors is essentially irreversible at physiological conditions,
and the HGF-receptor complex is rapidly internalized and, i n most cases, degraded (135).
Signal transduction appears to involve several complex mechanisms and may be associated
with the ATP-dependent phosphorylation of a variety of membrane associated macromolecules,
and their subsequent conversion between active and inactive forms, in a growth stimulatory
cascade which culminates in the replication of DNA (Reviewed in (159)).
Several of the growth factors or their specific cellular receptors that are implicated in the
regulation of hemopoiesis appear to be related to known retroviral oncogene products. The
receptor for M-CSF is identical to the product of the proto-oncogene c-fms (160); the B-chain of
platelet-derived growth factor (PDGF) is identical to the proto-oncogene c-sis (161); and the
product of the v-erb-B oncogene represents a constitutively active, truncated form of the
epidermal growth factor (EGF) receptor (162). Moreover, in a number of experimental settings,
it has recently been demonstrated that the incorporation of a growth factor (eg. GM-CSF) or
receptor gene (eg. for EGF) into a retrovirus (where transcription is deregulated by placing it
under the control of a promoter i n the retroviral long terminal repeat (LTR)) can confer
oncogenic properties onto the gene (162,163). Spontaneous or induced activation of autocrine
growth factor production has recently been documented i n a variety of malignant hemopoietic
cells of both mouse and human origin (163,164). Interestingly, the genes encoding IL-3. IL-4.
IL-5, GM-CSF, CSF-1, and the receptors for CSF-1 (c-fms) and P D G F are all clustered on the
distal portion of the long-arm of human chromosome 5 (165,166). This region is often partially
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de novo acute myelogenous leukemia (AML) (165,167), Illustrating the possible existence of
complex cytokine linkage groups and potentially deleterious effects of their aberrant regulation.
Many HGFs, i n addition to their effects o n hemopoietic cells as single agents, also display
a varied array of synergistic activities when present together with one or several other cytokines
(168). For example, it has been reported that some H G F s which act alone on one population of
target cells to induce their proliferation can act i n combinations on another population of target
cells to induce the expression of receptors for H G F s to which these cells are normally
unresponsive.

Specific examples of this are as follows. IL-1 synergizes with IL-3 a n d IL-5 to

induce the proliferation of CFU-GEMM and eosinophil progenitors (169). IL-3 can maintain the
proliferation of pluripotent hemopoietic cells once they have entered S-phase (61), and
synergizes with CSF-1, G-CSF and Epo to increase their effects on the proliferation of more
mature progenitors (168). IL-4 (B-cell stimulatory factor-1 (BCSF-1) can induce the
proliferation of B and T-cells, but can also synergize with G-CSF, Epo and IL-1 to Induce the
proliferation and differentiation of CFU-GEMM, CFU-GM, BFU-E, CFU-E and CFU-Mk
respectively (170,171). D>6 (BCSF-2) enhances the proliferation of activated B-cells and
CFU-GM (172), but can also synergize with IL-3 to stimulate the proliferation of pluripotent
blast cell progenitors (62,173).
In addition to the H G F s which act directly on clonogenic cells, there are several factors
which are produced i n association with the generation of a n inflammatory response and which
do not i n themselves have colony-stimulating activity but can induce the production of H G F s
by other cells (eg. fibroblasts, endothelial cells and macrophages). Several examples are IL-1
(174,175), P D G F (176), a n d tumor necrosis factor-a (TNF-a) (177). Even these may be induced;
the treatment of endothelial cells and macrophages w i t h endotoxin or phorbol esters results In
the production of P D G F which then i n t u r n acts o n various connective tissue cells to activate
the production of E C M components, and the secretion of H G F s including GM-CSF (178). This
illustrates how complex cascades of regulatory events can be Initiated. TNF-a is produced by
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activated monocytes and acts on monocytes and endothelial cells to stimulate the production
and release of G-CSF and GM-CSF (179). These studies lend support to the hypothesis that
some factors (such as IL-1) whose activities have been described as synergistic may i n fact not
reflect true synergy at the target cell level, but rather the activation of other H G F s by accessory
cell populations leading to the enhanced proliferation of the target cells studied. S u c h indirect
effects are readily produced i n unfractionated target cell populations since these contain
significant numbers of accessory cells. T h u s investigations of the biological activities of any
factor is likely to be influenced by the degree of purity of the target cell population obtained.
The use of defined, highly purified stem and progenitor cell populations i n such studies is thus
strongly indicated.
In summary, it is clear from the above discussion that the bone marrow is a very
heterogeneous hemopoietic organ composed of a variety of clonogenic and stromal cell
populations which interact both through physical associations a n d the extracellular release of
specific cytokines to regulate the production of blood.

3)

T H E ISOLATION OF HEMOPOIETIC CELLS.

Hemopoietic repopulating stem cells and i n vitro clonogenic progenitors are present i n
normal adult mouse marrow at a frequency of approximately 1 i n 1 0 to 10^ cells. Unlike the
4

more mature end cell precursors and all the terminally differentiated cells i n the blood, neither
possess any unique morphological characteristics which enable them to be directly
distinguished from each other or from the many other cell types present i n bone marrow (eg.
medium-sized lymphocytes). Indeed, the identification of hemopoietic cells since their
discovery has been retrospective; dependent on the morphology of the progeny they generate i n
vitro and i n vivo. The very nature of these assays, however, dictates that once a stem cell is
identified it is no longer a stem cell, often having through the generation of it's clone exhausted
the very properties which originally made it unique and interesting. Experiments to examine
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the critical events i n the decision between self-renewal and committment, and during the initial
stages of differentiation are therefore difficult, and at best cumbersome, to design. Direct
analysis of the molecular nature of these early events, and further definition of the properties of
cells in the earliest hemopoietic compartments would be greatly facilitated by methods that
would allow isolation of highly purified suspensions of biologically homogeneous, primitive
hemopoietic cells. The availability of such populations would also greatly facilitate studies of
the mode of action of the various hemopoietic growth factors, and the role of cells of the
marrow microenvironment in stem cell regulation.

A)

S T E M C E L L PURIFICATION.

Many procedures now exist for the enrichment of both h u m a n and murine hemopoietic
stem cells. Historically, attempts at purification were based on exploiting differences i n the
physical properties of cells in various stages of differentiation. Common approaches included
separation by differences in buoyant density (180), sedimentation velocity (181), and adherence
to glass beads or plastic surfaces (182,183). The problem with all of these parameters is that
their differences between different early hemopoietic cell populations are insufficient to form
the basis of a useful preparitive enrichment strategy when used alone. Additional strategies
involving pretreatment of donor animals with cytotoxic drugs (184) or endotoxin (53) prior to
marrow collection have helped to provide starting populations that are already more enriched
i n the cells of interest. These studies have allowed the general characterization of the more
primitive hemopoietic cells (including CFU-S) in normal marrow as relatively small with an
undifferentiated "blast" cell morphology. Although none of these techniques used alone has
resulted i n a purity or enrichment sufficient for useful preparative applications, some, such as
equilibrium density centrifugation, are commonly used today in conjunction with other
separation procedures (49). Indeed, the current use of counterflow centrifugal elutriation
(CCE) to separate cells on the basis of size (185) reflects the potential of high resolution
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methods for separating primitive hemopoietic cells based on their physical properties. Murine
CFU-E (186), CFU-GM (184) and CFU-S (187) have all been purified to near homogeneity from
various sources using CCE.
The development of monoclonal antibodies (188) offered a variety of alternative and
complementary methods for cell separation that exploited the features of antibody molecules.
These include complement-mediated cytotoxity (34). inimune-rosetting (189),
irrmunoadherence (panning) (190), affinity chromatography (191), and more recently
immunomagnetic depletion (192) and fluorescence activated cell sorting (49,67,193). Using
such procedures most approaches to the purification of cells can be categorized into one of two
strategies (Figure 3). In one case, the cells of interest are labelled and hence isolated from the
remainder of the mixture. This is referred to as

positive selection and its use requires a

knowledge of the properties (antigenic determinants) unique to the cells of interest. For
recovery to be high all the cells of interest need to be phenotypically identical, at least with
respect to the expression of the antigen to be labelled. In practice, this is rarely the case since
the continuous morphological and functional changes associated with differentiation results in
phenotypic heterogeneity among cells with similar biological properties. As yet, no antigens
have been identified which are uniquely expressed on all cells of any single primitive
hemopoietic cell compartment.
A n alternative approach is to label and hence remove all of the cells other than those of
interest. This is referred to as

negative selection. For hemopoietic stem cell purification, this

requires a panel of antibodies directed against antigens expressed on hemopoietic precursors
and functionally mature end cells but not on stem cells. The advantages of this strategy are
that stem cell-specific monoclonal antibodies (or even antigens) need not be identified, and that
the purified hemopoietic cells are not coated with any molecules which may influence their
behaviour in vivo. For example, labelling of bone marrow cells with conventional indirect
antibody complexes is known to reduce the seeding efficiency of CFU-S by approximately
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HETEROGENEOUS STARTING POPULATION

Figure 3.

Schematic representation of positive and negative selection approaches to stem
(S) cell purification.
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two-fold (194). This effect on the In vivo behaviour of positively selected stem cells can also
pose practical problems to studies involving the transplantation of limiting numbers of these
cells.
Although immunological separation procedures have proven to be a significant advance
over those based exclusively on physical separation, again the likelihood that primitive
hemopoietic cells probably represent a continuum of phenotypic changes not necessarily
always co-ordinated i n the same way, makes it unlikely that the presence or absence of a single
antigen could allow adequate enrichment of primitive hemopoietic cells from in vivo sources.
However, the ability to quantitatively separate cells according to the relative level of cell surface
expression of a given antigen, such as was made possible by the development of the
fluorescence activated cell sorter (FACS), has offered a significant advance. Figures 4A and B
illustrates the principle of flow cytometry and electronic cell sorting using the FACS. Flow
cytometers allow one to make rapid and simultaneous, quantitative measurements of multiple
parameters of individual cells. In addition these measurements can be combined to select
subpopulations of cells with particular combinations of features for sorting. Typically used
parameters include size (forward light scatter (FLS)), shape and internal structure (90° or
perpendicular (PLS) or orthogonal (OLS) light scatter) (195), cytoplasmic granularity, viability,
pigment content (eg. hemoglobin), DNA

and RNA

content, DNA

synthesis, chromatin structure,

redox state, membrane integrity, enzyme activity, endocytosis, surface charge, mitochondrial
content, intracellular pH and/or expression of various cell surface molecules labelled with
specific fluorochrome-conjugated probes (196). Since the F A C S inspects cells individually prior
to sorting, it is possible to isolate defined, highly purified populations of rare cells from very
heterogeneous tissues such as bone marrow for analysis of colony-forming or long-term
repopulatlng ability. The major disadvantage of the F A C S is, however, also based on this same
principle of consecutive analysis and sorting of individual cells. T h u s i n spite of the rapidity
with which these processes can be performed, handling of very large numbers of cells (>10^)

Figure 4A.

The major components of the Fluorescence Activated Cell Sorter (FACS).
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Figure 4B.

General principles of operation of the FACS.
1)

Sample containing cells (A) is injected by air pressure into sheath fluid (saline)
(B) to form a coaxial stream.

2)

Flow toward nozzle outlet (C) compresses stream into an exiting 50 uM fluid jet
with cells i n "single-flle".

3)

Viewing through a microscope, laser beam (D) is focussed with lenses (E)
mm below nozzle tip.

4)

Ultrasonic nozzle vibrator (F) (40 kHz) forms droplets (40,000/sec) 3 mm
tip.

5)

Reflected laser light is focussed, split and filtered as it enters up to five signal
detectors (G) connected to a computer. These measure fluorescence at several
emmission wavelengths (FL1, FL2, etc.), as well as forward (FLS) (related to cell
volume) and orthogonal (OLS) (related to cell shape and internal structure) light
scatter. Fluorescent light thus generates an electrical signal that is proportional
to the number of fluorescent molecules (antibodies) on each cell.

6)

Multiparameter analysis of each cell as it passes through the laser beam is
performed by the computer.

7)

Cells satisfying preselected sort criteria are appropriately charged by a
computer-generated signal (H) after travelling from the laser intercept to the end
of the stream.

8)

Charged cells are appropriately deflected left or right as they pass through a
static electric field of approximately 2000 V (I).

9)

One

or two sorted cell subpopulations are collected (J).

0.25

from
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may become prohibitively time consuming or be associated with reduced yields of the cells of
interest.
The current use of multicolor, multiparameter F A C S either alone or in combination with
some of the initial "bulk" separation procedures discussed above has enabled the separation of
highly enriched (several 100-fold) populations of primitive murine and rat hemopoietic cells
including day 12 CFU-S (49,193) and those responsible for 30 day radioprotection (49), as well
as h u m a n marrow cells capable of initiating and maintaining hemopoiesis for at least 5 weeks
in L T B M C (117).

B)

DIFFERENTIATION ANTIGENS E X P R E S S E D ON PRIMITIVE HEMOPOIETIC CELLS.

The Increasing, decreasing or transient expression of some antigens with maturation has
allowed the isolation of cells In various stages of differentiation by selection of cells in specific
regions of the spectrum of antigen expression. Much information has now accumulated

about

particular determinants which have proven useful for both murine and h u m a n stem cell
purification.

a)

Theta Antigen (Thy-1).

The murine theta-antigen (Thy-1) was initially identified as a marker specific for
T-lymphocytes but has subsequently been shown also to be expressed on neurons, fibroblasts,
mammary epithelial cells, and skeletal muscle cells (197). It Is expressed co-dorninantfy in two
allelic forms i n the mouse, Thy-1.1 and Thy-1.2 (from the T h y - l and T h y - l alleles,
a

b

respectively). These can be distinguished serologically by monoclonal antibodies specifically
reactive against one or the other allotype. The Thy-1 glycoprotein is structurally similar to the
lmmunoglobins (Ig). It is the size of a n Ig domain (the structural subunit of all Ig peptides) and
has strong amino acid homology with the variable regions of Ig molecules (197). Thy-1 is thus
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the mitogenic effects of many anti-Thy-1 monoclonal antibodies on murine T-cells (198), and on
h u m a n T (199) and B-cell (200) lines rendered Thy-1 positive by transfection with the murine
Thy-1.2 gene, suggests a role i n cellular activation which is independent of T-cell receptor (TcR)
and other T-cell specific molecules. From its homology with the variable region of Ig, Thy-1 i s
thought to play a role i n cell-cell interactions, as do many other Ig-related molecules.
Recently, it has been shown that a number of hemopoietic cells with high i n vitro
proliferative capacity, such as the HPP-CFC (34), CFU-GEMM (201), and the blast colonyforming cell described b y Nakahata and Ogawa (57), express low levels of the Thy-1 antigen.
Cells identified as BFU-E (202), CFU-GM (202) a n d day 9 CFU-S (203), which are believed to
represent later stages of hemopoietic cell differentiation, are also weakly Thy-1 positive.
Precursor cells from the rat have also been fractionated into different differentiation stages on
the basis of varying densities of Thy-1 antigen expression (193). Studies with bone marrow
from 5-FU treated mice have further shown that hemopoietic cells vary i n their expression of
Thy-1 antigen, according to their i n vitro proliferative capabilities (34). These data suggest a
potentially interesting relationship between Thy-1 antigen expression and the differentiation
state of primitive hemopoietic stem cells.

b)

Major Histocompatability Complex Class I Antigens (H-2K).

,

The murine major histocompatability complex (MHC), termed H-2, is located on
chromosome 17 and is comprised of four major regions, K, I, S, and D. The Class-I molecules
are encoded b y the H-2K and H-2D loci. In association with specific foreign antigens, these
molecules are recognized i n immunological reactions by the T3-TcR multimolecular complex on
cytotoxic T-cells and constitute the m a i n molecular targets i n the rejection of histoincompatible
hemopoietic cells i n allogeneic bone marrow transplantation (204). In addition, Class I
antigens stimulate antibody responses by B-cells, and are involved i n restricting the specificity
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of cytolytic T-cells reactive against virally infected cells or cells bearing tumor-specific
transplantation antigens (205). The H-2K a n d H-2D alloantigens are highly polymorphic
glycoproteins with intrachain disulfide bonds typical of Ig supergene family members. They are
present o n a wide variety of cell types i n association with P2-microglobulin (205).
Since M H C Class-I antigens play a n important role i n reactions mediating the rejection of
transplanted hemopoietic cells, several studies have been conducted to determine whether
stem cells express M H C Class-I antigens o n their surface. The results have shown that murine
pluripotent hemopoietic cells such as the day 13 CFU-S (206) a n d the stem cell responsible for
rescuing lethally irradiated recipients i n 30 day survival assays (49) express very high levels of
the H-2K antigen. Studies of H-2K expression during ontogeny have shown that these antigens
are scarcely detectable o n CFU-S from fetal and newborn tissues but are highly expressed on
CFU-S from the bone marrow of four-week old mice (207). These observations have now been
extended to reveal a pattern of decreasing expression of H-2K antigen on hemopoietic cells by
comparisons of CFU-GEMM a n d more restricted progenitor cell types (208). Expression of
H-2K, like that of Thy-1, therefore appears to be related to the differentiated state of the
hemopoietic cell i n the developmental hierarchy.

c)

Malor Histocompatability Complex Class II Antigens (la).

The I region of the murine H-2 complex can be further subdivided into distinct
"subregions", including I-A, I-B, and I-E (209), which encode the M H C Class II molecules.
These molecules are selectively expressed on B-cells and macrophages (I-region alloantigens
(la) I-A and I-E), a n d some T-cell subsets. Ia antigens are heterodimers. The I-A locus encodes
the A , Ap, and Ep subunits, and the I-E locus encodes the E
a

a

subunit. These subunits then

associate o n the cell membrane to form the functional I-A (A^Ap) and I-E (E Ep) molecules. Ia
a

molecules stimulate mixed lymphocyte reactions (MLR), and i n association with foreign
antigens, constitute the molecular targets of T3-TcR complex-mediated interactions of helper
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reactions following allogeneic bone marrow transplantation are la-restricted (205). This again
has provided a rationale for studies of the expression of l a antigens on hemopoietic cells.
Early studies of the expression of l a antigens on hemopoietic cells suggested that day 9
CFU-S were la-negative (by both cytotoxicity assays and FACS) (210). However, these
experiments relied on the use of a heteroantiserum against l a antigens which was not specific
to the (as yet undiscovered) I- subregion gene products. Subsequent cytotoxicity studies with
subregion-speciflc antibodies have indicated that CFU-S do express I-E, but not I-A antigens
(211). This pattern of antigen expression has, however, also been observed for more mature
hemopoietic cells (212) indicating the limited usefulness of I-E expression as a basis for the
selective isolation of murine stem cells.

d)

Q a Antigens.

The Q a gene cluster is located on mouse chromosome 17 immediately telomeric to the
H-2D

locus of the major histocompatability complex and encodes 9 serologically

distinguishable products, Qa-1 to Qa-9 (213). Although the Q a antigens show considerable
structural homology with H-2D, K and L antigens, their restricted tissue distribution (mainly
peripheral T-lymphocytes) and limited polymorphism suggest different functions for these
antigens. Since Kincade et al. (214) originally demonstrated the presence of Q a antigens o n
multipotential hemopoietic cells, it has become apparent that developmentally early
hemopoietic progenitors are characterized by the expression of certain Q a determinants which
are progressively lost during differentiation (215). Qa-m2 is present at high levels o n
megakaryocyte progenitors (216) and day 14 CFU-S, but disappears with maturation to day 8
CFU-S (217). Qa-m7 is also expressed differently on different types of hemopoietic progenitors.
Qa-m7 is present at high levels on HPP-CFC and allows distinction of a more primitive subset
of these cells dependant on CSF-1 and a synergistic activity (218). Significant increases i n the

- 40 proportion of Qa-m7 positive hemopoietic cells a n d the level of Qa-m7 antigen expression are
observed i n 5-FU treated bone marrow. Bertoncello et al. (215) have exploited this observation
to isolate a primitive subpopulation of HPP-CFC dependant o n three H G F s (IL-1, IL-3 a n d
CSF-1) which appear to co-fractionate with multipotential hemopoietic cells capable of
reconstituting lethally irradiated mice.

e)

Wheat Germ Agglutinin (WGA) Binding Sites.

W G A is a plant lectin which recognizes and binds to sialic acid residues of certain
glycosylated cell membrane components. Murine day 12 CFU-S express high densities of
WGA-binding sites (53,219). Visser et al. have been the major advocates of the use of
fluorescein-conjugated W G A (WGA-FITC) for stem cell purification, and have reported
approximately 9-fold enrichment of day 12 CFU-S from normal marrow over that obtained by
equilibrium density gradient centrifugation using discontinuous B S A (219). They obtained
40-60 fold overall enrichment of CFU-S sorted i n this way and no deleterious effect o n stem cell
homing or radioprotective ability (220). Their subsequent incorporation of WGA-binding into a
3-step purification procedure has enabled a n approximately 130-fold enrichment of day 12
CFU-S (49). In addition, the same population is enriched approximately 180-fold i n the cells
responsible for 30 day radioprotection (170 cells required to rescue 5 0 % of irradiated
recipients) (49).

f)

Rhodamine-123 (Rh-123) Uptake.

Rh-123 is a supravital, cationic red fluorescent dye that has a relatively high affinity for
mitochondrial membranes (221). It is retained to a m u c h greater extent i n cycling cells than i n
quiescent cells (222). A l l day 8 CFU-S incorporate high levels of Rh-123; however, recent
studies have shown that murine day 12 CFU-S are heterogeneous with respect to their uptake

- 41 of the dye (223). Day 12 CFU-S with a lower affinity for Rh-123 have a greater 30 day
radioprotective ability (RPA) and marrow repopulating ability (MRA, measured by reconstitution
of marrow CFU-GM and CFU-S numbers 13 days post-transplantation) t h a n those stained
brightly with Rh-123 (51). Visser and deVries (224) have recently reported significant (100-200
fold) purification of day 12 CFU-S and more primitive pre-CFU-S i n a population of cells
isolated by a 3-step procedure which includes sorting of cells stained with Rh-123. The actual
purity and enrichment of cells responsible for RPA is, however, still unclear, due to difficulties
i n quantitating these cells. Urilike the majority of CFU-S, it appears that there exist some preCFU-S that initially home preferentially to the bone marrow (17) where they may then divide
several times to generate a number of daughter cells, each capable of giving rise to a spleen
colony upon transplantation. Until jjmiting dilution experiments are available to establish the
CFU-S output by a single MRA

cell, unequivocal assessment of the purity of cells monitered

even using this latter assay will not be possible.

g)

Stem Cell Antigen-1 (Sca-1).

In 1986, A i h u r a et al. (225) produced a monoclonal antibody against a murine pre-T
hybridoma which was found to react with several lymphoid cell types, including functional
bone marrow progenitors of thymic lymphocytes. The antigen recognized by this antibody has
recently been determined to be a member of the Ly-6 family (226) and was designated

Sea-1

(Stem cell antigen-1) because it subdivides mouse bone marrow cells, previously enriched i n
CFU-S on the basis of low Thy-1 expression and the absence of a panel of lineage-specific (Lin)
markers ( T h y - l L i n " ) (227), into a minor Sca-1 positive (20-30%) and a major Sca-1 negative
low

(70-80%o) population (67). T h y - l

l o w

L i n " S c a - l cells represent approximately 0.05% of total

bone marrow and are predominantly i n G

+

0

or Gj-phase. They contain thymocyte precursors,

and are estimated to be 1000-fold enriched i n day 12 CFU-S. Limiting dilution experiments i n
lethally irradiated mice demonstrated that approximately 30 such cells are sufficient to allow

- 42 5 0 % of mice to survive for 30 days (67); longer term repopulatlng ability has not yet been
reported. Several groups have provided evidence that at least some day 12 CFU-S are distinct
from the most primitive stem cells with long-term repopulatlng ability (50,51). The apparent
ability of the T h y - l ^ L i n " S c a - l population to form late spleen colonies with unit efficiency
o w

+

therefore suggests that the relationship of these cells to those with long-term lympho-myeloid
repopulatlng potential is t h u s uncertain.

h)

H u m a n Major Histocompatibility Complex Class II Antigens (HLA-DR).

The h u m a n MHC, termed H L A (human lymphocyte antigens), Is located o n chromosome
6. It encodes three distinct Class II antigens; HLA-DR (equivalent to the murine I-E), DQ(DC)
(equivalent to the murine I-A) and DP(SB) (228), which function as restriction elements for
T4-positive helper T-cells i n the immune response (205). Compared with HLA-DR expression,
HLA-DP molecules are only detected on a proportion of progenitor cells (229); HLA-DQ
molecules are expressed at very low levels, if at all on hemopoietic progenitor cells (229). The
progenitors of h u m a n CFU-GM express Increasing levels of HLA-DR as they differentiate
through more mature progenitor stages (ie. progenitors that generate colonies recognizeable at
increasingly earlier times In culture) (230). H u m a n erythroid progenitors display a pattern of
HLA-DR expression opposite to that of CFU-GM. BFU-E express high levels while CFU-E are
found mostly, but not exclusively, i n fractions sorted on the basis of either low density of
HLA-DR or no HLA-DR (231). While h u m a n CFU-GEMM also express HLA-DR (232), studies of
the level expression on more primitive hemopoietic cells able to generate BFU-E, CFU-GM and
C F U - G E M M i n liquid culture have been conflicting. It now appears, however, that the inability
of some researchers (233,234) to detect HLA-DR on these cells was due to the use of
complement-dependant cytotoxicity (CDC) as a method of depletion. Using C D C assays only,
antigenic determinants with weak expression on hemopoietic stem cells may be overlooked
(235). With more sensitive quantitative separation procedures possible with the FACS,

- 43 primitive hemopoietic cells able to generate in vitro clonogenic cells in LTBMC have been clearly
shown to express some, albeit low levels, of HLA-DR (117,236). HLA-DR expression has been
successfully exploited by several groups to enrich for CFU-GEMM (237), and stem cells able to
initiate human LTBMC (117).

i)

Human Cluster of Differentiation 34 Antigen (CD34, My-10).

The monoclonal antibody HPCA-1 (Hemopoietic Progenitor Cell Antigen-1) was raised
against the undifferentiated human myeloid leukemia cell line KG-la (238). It recognizes a 115
kD glycoprotein (the My-10 antigen, now identified as part of the CD34 molecule (239)) which is
expressed not only on KG-la cells but also on a small subset (1-4% of total) of normal bone
marrow cells. Positive marrow cells have mainly a blast morphology and include most of the
clonogenic progenitors (240). The My-10 antigen is expressed at relatively low levels on positive
cells (approximately 50,000 molecules/cell) (238). My-10 appears to be expressed in a manner
similar to the MHC HLA-DR molecule and this has been exploited by several groups in
attempts to use dual-color staining and FACS to isolate human hemopoietic stem cells. Lu et
al. (237) found >98% of CFU-GM, BFU-E and CFU-GEMM (cloning efficiency 47%) in a fraction
of cells sorted on the basis of high My-10 and low HLA-DR Sutherland et al. (117) in the Terry
Fox Laboratory have recently described a similar procedure for the purification of human
marrow cells able to generate clonogenic progenitors in LTBMCs for >5 weeks. Another
monoclonal antibody, 12-8, which appears to recognize a different epitope on the human CD34
molecule, has been used to enrich for primitive hemopoietic cells able to reconstitute
hemopoiesis in lethally irradiated babboons (241). Selection of My-10 positive cells would
therefore appear to be likely to facilitate the purification of the most primitive human
hemopoietic cells.

- 44 4)

THESIS OBJECTIVES AND GENERAL STRATEGY.

As reviewed above, there is now considerable information about the properties of
hemopoietic cells detected by short-term in vitro and in vivo assays and of a number of growth
factors that regulate the output of their terminally differentiated progeny. However, the
properties of the most primitive stem cells which maintain long-term blood cell production in
vivo remain poorly understood. One of the features of primitive hemopoietic cell behaviour that
is likely to continue to make it difficult to characterize these cells is an inherent heterogeneity
in the differentiative and proliferative potential they express. The extent to which such
heterogeneity may be attributed to intrinsic differences between individual stem cells, or to
extrinsic biological processes that regulate stem cell recruitment in vivo is not known, but is of
fundamental importance to our understanding of normal hemopoietic stem cell development.
This research project was initiated to address these questions, specifically by attempting
to develop procedures for the detection, quantitation and purification of cells with long-term
lympho-myeloid repopulatlng potential. It was then anticipated that the functional attributes
of these cells could be evaluated by comparing their performance in a variety of in vitro and in
vivo assays. In this way I hoped to be able to investigate the extent of overlap between cells
detected by current short-term colony assays, and their relationship to the most primitive stem
cells detected by their ability to regenerate whole tissues following transplantation.
The development of a procedure for the isolation of hemopoietic stem cells with a high
capacity for proliferation and differentiation in vivo depends on the availability of an assay
which allows quantitation of the number of repopulatlng stem cells present. In the present
setting this required a method that allowed such cells to be detected under conditions where
they would be transplanted in limiting numbers. It is known that hemopoiesis in transplanted
mice can be monoclonal (5,40). However, it is not yet clear how this relates to the number of
stem cells with repopulatlng potential present in the original transplant, as such cells may
apparently be held in reserve for variable periods of time after transplantation (41,242).

- 45 Therefore my first objective was to try to develop a type of i n vivo limiting dilution assay that
might enable the quantitation of totipotent murine hemopoietic repopulating stem cells. Based
on the work of Harrison et al. (69) who showed that there may be qualitative differences even
amongst stem cells with long-term repopulating ability, I decided to use a competitive
transplantation assay. By using sex markers to distinguish repopulation by stem cells of
donor, competitor or recipient origin several months later, I hoped to circumvent the critical,
and not necessarily valid, assumption that survival endpoints are obviously subject to. The
use and validation of this assay for the quantitation of repopulating hemopoietic stem cells is
described i n Chapter III and V.
The second objective of my research was then to use this assay to develop a procedure
for obtaining highly enriched populations of hemopoietic stem cells. I surveyed the known
physical properties of primitive hemopoietic cells and analyzed the expression of several
hemopoietic "differentiation antigens". By labelling cells with the appropriate

fluorochrome-

conjugated monoclonal antibodies, I hoped that it might be possible to obtain a highly enriched
suspension of repopulating stem cells i n a single multi-parameter sort on the FACS. The
results of this work are presented i n Chapter III.
To determine if the same or different stem cells are responsible for repopulating various
lymphoid and myeloid tissues i n vivo, my final objective was to use retroviruses to uniquely
mark specific stem cells i n the purified population prior to transplantation. In addition to the
use of sex markers to ascertain the donor origin of repopulated tissues, an analysis of retroviral
integration patterns would, at least i n theory, enable a determination of the number and
relative contribution of inividual stem cell clones to various lymphoid and myeloid lineages.
S u c h studies should t h u s make it possible to establish whether the purification procedure
developed could be used to isolate stem cells with multilineage repopulating potential.

The

development of this strategy is described i n Chapter IV.
The development of procedures for the quantitation and differential isolation of
hemopoietic stem cells, as well as strategies for their use as targets for retrovirus-mediated

- 46 gene transfer, represent important first steps towards the realization of the larger goal of
understanding the earliest events in normal hemopoietic cell development. The achievement of
these objectives has provided a new and solid starting point for additional studies to
characterize primitive hemopoietic cells. These are discussed in Chapter VI of this thesis under
the title of Summary and Future Directions.
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C H A P T E R

M A T E R I A L S AND

1)

CELLS.

A)

Animals.

II

METHODS

Six- to 12-week old (C57B1/6J x C S H / H e J l F i (B6C3FJ) male and female mice bred and
maintained in the animal facility of the B.C. Cancer Research Centre (Vancouver, B.C.,
Canada) from parental strain breeders originally obtained from the Jackson Laboratories (Bar
Harbor, ME) were used i n all experiments. B 6 C 3 F J mice are homozygous for the Thy-1.2 allele
and are of the H-2K /H-2K haplotype.
b

B)

k

Preparation of Marrow Cell Suspensions.

Bone marrow cells were obtained from the femurs of either normal male mice, or male
mice injected intravenously (IV) 4 days previously with a sterile solution of 5-fluorouracil (5-FU)
in phosphate-buffered saline (PBS) at a dose of 150 mg per kg body weight (day 4 5-FU cells).
Marrow cells were flushed asepticalfy from the femoral cavity with alpha medium containing
2 % fetal calf serum (FCS) (2%-oc) using a 21 gauge needle and a 3 ml syringe. Clumps of cells
were dispersed by gentle aspiration through the needle and the cell suspension was then
filtered through a double layer of 20 um nylon mesh. Cells were counted and diluted i n 2%-ct
to a concentration appropriate for subsequent plating or injection. In antibody labelling
experiments, marrow cells were collected i n Hank's balanced salt solution (HBSS) containing
2 % F C S and 0.02% sodium azide (HFN-buffer). Cells were washed In HFN, resuspended i n

- 64 NH C1-Tris (pH 7.2) for 5 minutes at room temperature to h/se red blood cells, washed once
4

again In HFN, counted and then diluted to a concentration of 5 x 10^ viable cells/ml HFN for
immunostaining and subsequent plating or injection.

2)

HEMOPOIETIC CELL PURIFICATION.

A)

Monoclonal Antibodies.

A biotin-conjugated, purified rat anti-Thy-1.2 monoclonal antibody (MoAb) (clone
30-H12, Becton Dickinson, Mountain View, CA) was titrated and used at a dilution of 1:10 in
HFN for staining in green. Mouse anti-H-2K MoAb (IgGj) (hybridoma T I B 139, American
b

Type Culture Collection) either purified from ascites fluid generated in pristane-primed BALB/c
mice or used directly as crude culture supernatant from plateau cultures of hybridoma cells
grown in Dulbecco's modified Eagle's medium (DMEM) with 10% FCS and 100 U/ml of highly
purified recombinant human IL-6 (kindly provided by L. Aarden, Red Cross Blood Transfusion
Laboratory, Amsterdam, The Netherlands), was labelled with R-phycoerythrin (R-PE) by
generating tetramolecular antibody complexes (tetramers) with anti-R-PE MoAb's by simple
mixing of the component antibodies as previously described (1). In this case, anti-H-2K IgGj
b

(approximately 10 pg/ml) was mixed with anti-R-PE IgGj (approximately 500 ug/ml) and rat
anti-mouse IgG i (approximately 500 ug/ml) to give a final molar ratio of 1:10:11, respectively,
of the different component antibodies. This favours the formation of bispecific tetramers
containing both anti-H-2K and anti-R-PE relative to the formation of monospecific anti-H-2K
D

x anti-H-2K tetramers. The solution of tetramers was then used as the primary reagent for
D

H-2K -specific staining in red. Control cells stained with tetramers containing only R-PE
b

antibodies (anti-R-PE x anti-R-PE), prepared by omitting the anti-H-2K reagent, were used to
b

measure the level of nonspecific red fluorescence. In some experiments in which sorted cells
were subsequently injected for assessment of competitive repopulatlng ability, directly R-PE

D

- 65 conjugated (Fab)2 fragments of purified anti-H-2K were used at 5 ng/ml instead of tetramers
D

because this reagant reduced the seeding efficiency of CFU-S to the spleen to a lesser extent
than the latter.

B)

Indirect Double-Immunostainlng of Bone Marrow Cells.

For staining, 50 ul to 1.5 ml aliquots of washed cells (at 5 x 10® c/ml) were mixed with
an equal volume of either biotinylated anti-Thy-1.2 MoAb, anti-H-2K^ x anti-R-PE tetramers, or
both in the case of double-stained samples, incubated for 30 to 45 minutes on ice, washed
twice in HFN, resuspended in a solution of fluorescein isothlocyanate (FrTC)-conjugated avidin
(5 ug/ml) and/or R-PE (2 ug/ml) in HFN, and then incubated for 30 to 45 minutes more on ice,
washed three times in HFN, resuspended to >5 x 10^ cells/ml in HFN, and passed through
nylon mesh (20 um) to remove clumps and debris before FACS analysis and sorting. Controls
were treated identically substituting HFN or monospecific anti-R-PE tetramers for specific
antibodies as required. Cell viability was deterrnined by staining with 0.1% nigrosin and was
consistently >90%.

C)

FACS Analysis and Sorting.

Red and green fluorescence, and forward (0.5-13°) and orthogonal (65-115°) light
scattering (FLS and OLS) properties were analyzed with a FACS 440 (Becton-Dickinson,
Sunnyvale, CA) with the laser at 488 nm (300 mW).

FrTC fluorescence was separated from

R-PE fluorescence with 525/10 nm and 575/26 nm band pass filters in combination with a
dichroic mirror (560 nm). For double-stained cells, the signal from the greenfluorescenceinto
the detector used to measure red fluorescence was electronically compensated to background
levels with cells stained with biotinylated anti-Thy-1.2 and avidin-FrTC only. A logarithmic
amplifier was used for all fluorescence signals. The horizontal position of the profiles obtained

- 66 In separate experiments was standardized as follows: For FLS, the peak of the second major
population was set at channel 120; for OLS, the major lymphocyte peak was set at channel 30;
and for Thy-1.2 fluorescence, the major peak of Thy-1.2-neagatlve cells was set at channel 90.
No adjustments were made i n the position of the H-2K fluorescence profile. For analysis,
b

2 x 1 0 cells were evaluated per sample. In sorting experiments, cells were sorted at a rate of
4

not more than 2 x 10^ cells/sec, and Inlet and collection tubes were cooled on ice. Sorted cells
were collected In 5 0 % F C S i n HBSS. All sorts were performed with the F A C S i n F D E mode,
and the abort rate for coincident cells was reproducibly <10%.

3)

ASSAYS.

A)

Methylcellulose Assays.

All sorted and unsorted marrow cells were plated in 35 mm

petri dishes i n 1.1 ml culture

mixtures consisting of 0.8% methylcellulose in alpha medium contaixilng 3 0 % FCS, 1 % bovine
serum albumin (BSA), 10" M P-mercaptoethanol, 3 U/ml partially purified h u m a n urinary
4

erythropoietin and 2 % pokeweed mltogen-stimulated mouse spleen cell conditioned medium
(PWM-SCCM) (2). For day 4 5-FU marrow cells, 1 0 % agar-stimulated h u m a n leukocyte
conditioned medium (LCM) (3) was also added. Unsorted marrow cells from both normal and
day 4 5-FU mice were plated at a concentration of 3 x 1 0 cells per dish. Sorted cells were
4

plated at lower concentrations down to 500 cells per dish depending on the degree of
enrichment anticipated from preliminary experiments. Cultures were incubated at 37°C in a
humidified atmosphere of 5 % CO2 i n air, and colonies were counted in situ after 12 to 14 days
(normal marrow) or 21 days (day 4 5-FU marrow). Macroscopic multilineage colonies (termed
CFU-GEMM (macro) derived) were scored as previously described (4). All other colonies (>20
cells) present were categorized as follows: Those containing more than four clusters of small
erythroblasts but not of macroscopic size are called BFU-E derived (even though many of these

- 67 colonies contained cells of other lineages). Those that did not contain detectable erythroblasts
and were composed primarily of granulocytes and macrophages are called CFU-GM derived.

B)

CFU-S Assays.

A l l recipients were female mice administered 800 to 850 cGy total body irradiation (TBI;
124 cGy/min) with a Phillips 250 kVp X-ray machine. This dose was sufficient to completely
eliminate endogenous spleen colony formation (to <0.1/spleen). Irradiated animals were
injected IV with 0.5 to 50 x 10^ sorted or unsorted, normal or day 4 5-FU marrow cells per
mouse, depending on the number of spleen colonies anticipated, and were killed 9 or 12 days
later as indicated for macroscopic spleen colony counts (5). Experiments i n which mice were
injected with double-stained but unseparated marrow cells showed that the number of spleen
colonies produced both 9 and 12 days later was reduced relative to controls by approximately
50%. Data for day 12 spleen colony formation are shown i n Table II. To determine whether
staining also reduced the capacity of the injected cells to regenerate hemopoiesis i n the
marrow, I compared the femoral content of i n vitro clonogenic progenitors i n mice injected with
stained or unstained cells. Twelve days after transplantation of stained cells, the number of
clonogenic cells per femur was also decreased to approximately half of the control value (data
not shown). B a u m a n n et al. (6) reported a comparable reduction i n detectable CFU-S after
standard indirect antibody staining of marrow cells and showed that the reduction could be
partially abrogated by pretreating mice with antimacrophage agents such as X-carrageenan (7).
Although I was able to confirm this with the double-stained cells (Table II), I chose not to adopt
this "correctional" procedure since the effect was only partial and the long-term consequences
of such treatments on host stem cell survival and/or reactivation are unknown. The fraction, f,
of unstained cells able to colonize the spleen of irradiated but otherwise untreated recipients
was assumed to be 1 0 % (a mean of various reported values for f as 3-25% (8,9,10)) and for
stained cells was therefore assumed to be 5%.
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Table II.

Treatment of
Cells Injected

Reduction i n CFU-S Detectable After Double-Staining of Marrow Cells

a

No. of Spleen Colonies (Day 12)

Pretreatment of
Recipients *

c

1

Expt. 1

Expt. 2

Expt. 3

None

None

12.8 + 0.8 (5)

15.2 + 1.4 (4)

16.9 + 1.6 (7)

Double-Stained

None

6.7 + 0.7 (3)

5.3 + 0.3 (3)

9.7+1.3 (6)

12.0 + 1.7 (3)

15.0 + 1.7 (6)

8.0 + 0.9 (4)

12.0 + 2.0 (5)

None

X-carrageenan

ND

Double-Stained

X-carrageenan

ND

a
b
c
d

d

A l l mice were injected intravenously with 10^ unstained or double stained normal
syngeneic marrow cells,
0.5 mg A.-carrageenan per mouse was injected intraperitoneally immediately following
irradiation and approximately 20 hours before transplantation of cells,
Values shown represent the mean + S E M of counts from (n) spleens,
ND = not done.
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Competitive Repopulation Assays.

Female mice were given 800 to 850 cGy total body X-irradiation as for CFU-S assays.
Three to 15 hours after irradiation, recipients were injected IV with male "test" cells and 1 to
2 x 10^ "compromised" marrow cells from female mice that contained approximately normal
numbers of CFU-S and i n vitro clonogenic cells (Table III) but had been compromised i n their
competitive long-term repopulating ability by having been previously subjected to two cycles of
marrow regeneration (11). This was achieved by transplanting 10® female B 6 C 3 F ^ marrow
cells/mouse into a group of irradiated (800 to 850 cGy) syngeneic female recipients, and then 5
to 8 weeks later transplanting 10® marrow cells from these primary recipients into each of a
second group of irradiated syngeneic female recipients. The secondary recipient mice were
then used as donors of compromised marrow cells 1 to 3 months later. In experiments i n
which male recipients or male "compromised" marrow cells were used, these were prepared
exactly as their female counterparts above. Recipients of mixed transplants of test and
compromised marrow cells were killed 1 to 3 months after injection as indicated. Isolated
marrow, spleen and thymus cells were pelleted i n PBS and stored at -20°C before

DNA

extraction and Southern analysis using the Y-chromosome-specific probe, pY2. Using this
method, it was usually possible to detect as low as a 1 % (and reproducibly, 5%) male
contribution to total D N A

Initially, a m i n i m u m of a 2 0 % male contribution was set as the

requirement for a tissue to be scored as positive i n the competitive repopulation assay to
ensure that no false positives were included i n the analysis (Chapter III). Subsequently, it was
determined that a 5 % criterion did not alter the data analysis so this was used as the
m i n i m u m male contribution for positivity (Chapter V). Compromised marrow cells (10^) alone
were sufficient to allow injected recipients to survive long-term, but doses up to 10® were
^ s u f f i c i e n t to outcompete the marrow, spleen and thymus repopulating capacity of a graft of
1 0 day 4 5-FU marrow cells (See Chapter V).
4
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Table III.

Frequencies of Clonogenic Progenitors i n Unstained
Suspensions of Normal and Compromised Marrow Cells

Progenitor
Assayed

Frequency (per 1 0

Day 12 C F U - S
Day 9 C F U - S
CFU-GEMM
CFU-GM
BFU-E

a
b

b

b

D

cells)

a

Normal Donors

Compromised Donors

20 + 3 (9)

14 + 2 (3)

26 + 2 (4)

17 + 2 (3)

13 + 6 (18)

5 + 1 (18)

340 + 20 (18)

390 + 40 (18)

23 + 5 (18)

23 + 5 (18)

Shown are the mean + S E M of values measured in (n) different experiments,
Not corrected for seeding efficiency.
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RETROVIRAL MARKING O F PURIFIED M A R R O W CELLS.

A)

Recombinant Retrovirus.

A replication-defective, recombinant retrovirus, T K n e o l 9 , which carries the bacterial
gene for neomycin resistance (neo ) under the control of the herpes simplex virus (HSV)
1

thymidine kinase (TK) promoter (Figure 13, Chapter IV) was derived from a myc/neo retrovirus
provided by Dr. B. Vennstrom (12,13) by deletion of myc sequences and inversion of the TKneo
insert (14). Helper-free T K n e o l 9 viral producer clones were generated i n the psi-2 (¥-2)
ecotropic packaging cell line (15) using published procedures (16). The ¥-2 cells were
maintained i n D M E M with 1 0 % calf serum. The clone selected produced TKneo 19 virus at a
titre of >5 x 10^ per m l as assayed by generation of G418-resistant colonies on NIH 3T3 cells.
Virus-containing supernatant from cultures of these cells was found to be negative for the
production of helper virus as assessed by attempts to serially transfer TKneo 19 on NIH

3T3

cells (17).

B)

Infection of Purified Marrow Cells.

The infection protocol was based on preliminary studies with unfractionated bone
marrow collected 4 days after IV injection of 150 mg/kg 5-FU that yielded gene transfer
efficiencies of 7 0 % i n day 12 CFU-S without preselection (Fraser CC, Szilvassy SJ, Eaves C J &
Humphries RK, unpublished data). Aliquots of 150 to 2000 purified marrow cells were placed
into mlcrocultures containing 0.3 m l of supernatant from logarithmic-phase
TKneo 19-producing ¥-2 cell cultures with 4 ug/ml Polybrene, 1 0 % (v/v) PWM-SCCM (18),

and

1 0 % (v/v) agar-stimulated h u m a n L C M (3). After 6 to 8 hours at 37°C, half of the medium was
replaced with an equal volume of freshly prepared virus-containing medium, and the cultures
were incubated a further 12 to 14 hours. Cells from each well were then collected separately.

- 72 washed, and Injected Into Irradiated (800 to 850 cGy) female B 6 C 3 F } mice (one well per mouse)
together with (Chapter IV, experiments 1 and 2), or 2 hours after (Chapter IV, experiment 3)
another injection of 2 x 10^ syngeneic "compromised" female marrow cells that had been
previously subjected to two cycles of serial marrow transplantation and regeneration (11) as
described above.

C)

Spleen Colony Analysis.

Irradiated (800 to 850 cGy) female B 6 C 3 F j mice were injected IV with 5 x 1 0 marrow
4

cells from competitively repopulated mice and sacrificed 12 days later. Well-isolated
macroscopic spleen colonies were dissected, pelleted i n PBS, and stored at -20°C prior to DNA
extraction.

D)

Separation of Marrow Macrophage and Splenic Lymphocyte Subpopulations.

Suspended marrow cells (2.5 x 10®) were placed for 24 hours at 37°C i n 60 m m

2

tissue

culture dishes containing 5 m l of RPMI 1640 medium with 1 0 % FCS, 1 % PWM-SCCM, and 5 %
E M T 6 cell-conditioned medium as a source of growth factors (18,19). Nonadherent cells were
removed by washing, and the adherent macrophages were amplified i n the same medium by
culture for 1 to 2 weeks. Harvested cells were frozen until DNA extraction.
Spleen cells were first fractionated by adding 5 x 1 0 cells i n 1 m l of RPMI 1640 medium
7

with 5 % F C S to a 3 m l nylon wool column, which was then incubated for 1 hour at 37°C prior
to elution by extensive washing of the nonadherent fraction (primarily T-lymphocytes) (20).
Adherent cells were detached by gently agitating the nylon wool plug for 5 to 10 rnin i n PBS
containing 10 m M

EDTA, and B-lymphocytes were isolated by panning of these cells for 1 hour

at 37°C i n 100 mm-diameter plastic dishes (<10^ cells per dish) precoated with unpurified

- 73 rabbit anti-mouse immunoglobulin (21). After washing away most of the nonspecifically bound
cells, the adherent B-h/mphocytes were removed and frozen as for other cell samples.

5)

M O L E C U L A R ANALYSES.

A)

Southern Analysis with Y-Specific Probe.

DNA was purified from sodium dodecyl sulfate (SDS)/proteinase K-digested cells by
phenol/chloroform extraction (22). After dialysis against I X Tris-EDTA buffer (3 m M
mM

Tris, 0.2

EDTA, pH 7.5, TE), 10 pg samples of DNA were digested with PvuII or H i n d l l l at 2 - 5 U/ug

for 4 - 12 hours at 37°C i n the buffer recommended by the manufacturer (Bethesda Research
Laboratories (BRL), Gaithersburg, MD). Samples of male and female DNA from normal B 6 C 3 F }
mice were used as positive and negative controls. After ethanol precipitation, DNA

was

dissolved i n 20 ul of T E buffer, electrophoresed through a 1 % agarose gel, and transferred to
nitrocellulose membranes (Schleicher & Schuell, Mandel Scientific Company, Rockwood,
Ontario) (22).
Blots were air-dryed and baked under vacuum at 80°C for 2 hours. Membranes were
prehybridized for 2 hours at 68°C i n 50 m l of a buffer containing 3 X sodium saline citrate
(SSC), 4 X Denhardt's solution and 0.5 mg/ml denatured salmon sperm DNA.
conditions were the same except for the inclusion of 0.1% SDS, 3 m M
to 0.1 mg/ml denatured salmon sperm DNA.

Hybridization

Tris, and the reduction

Blots of PvuII- or Hindlll-digested DNA were

probed with the pY2 plasmid, which contains a 720 base pair (bp) M b o l fragment of the
Y-chromosome from male BALB/c mice cloned into the B a m H I site of pBR322 (23).

pY2 probe

was ^ P - l a b e l l e d to high specific activity by nick-translation with a kit purchased from BRL.
After hybridization for 18 to 20 hours at 68°C, filters were washed at a final stringency of 0.1%
SDS, 0. I X SSC, and 0.1% sodium pyrophosphate at 65°C. Autoradiography was performed at
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-70°C with Kodak XAR-5 film for 24 to 72 hours. Under the conditions used, > 1 % (and
reproducibly, 5%) male DNA could be detected.

B)

Southern Analysis with Neo -Speciflc Probe.
r

D N A extraction, purification and digestion was performed as described above except for
the use of the restriction enzymes B a m H I , H i n d l l l or E c o R I instead of PvuII. Samples of
TKneol9-infected mouse spleen colony DNA and uninfected, normal male B 6 C 3 F J DNA were
used as positive and negative controls. Electrophoresis was performed as described above, and
DNA was transferred to nylon membranes (Zeta-Probe, Bio-Rad Laboratories, Richmond, CA).
Blots were prehybridized for 2 hours at 60°C i n 20 m l of a buffer containing 0.9 M NaCl, 1 0 %
formamide, 1 % SDS, 2 m M EDTA, 1 % nonfat dried milk a n d 0.5 mg/ml denatured salmon
sperm DNA. Hybridization conditions were the same except for the inclusion of 1 0 % dextran
sulfate (Sigma Chemical Co., St. Louis, MO). Blots of BamHI-, H i n d l l l - or EcoRI-digested DNA
were probed with a 2.3 kbp B a m H I subfragment of the T K n e o l 9 retrovirus containing only the
n e o gene a n d the T K promoter [^ P]oligonucleotide-labelled by using the multiprime labelling
r

2

method with a kit purchased from Amersham. After hybridization overnight at 60°C, blots
were washed and autoradiographed as described above.
In some cases, blots were stripped for reprobing by twice gently agitating them for 15
m i n i n 0. I X SSC/0.5% SDS, which was boiled and allowed to cool to room temperature.

C)

Spot Blot Analysis.

5 ug samples of undigested DNA were ethanol precipitated, dissolved i n 300 ul of spotting
buffer (60 m M Tris, 0.2 N NaOH, 6 X SSC), heat denatured a n d neutralized with 80 pi 1 M Tris
(pH 7.5) prior to spotting directly onto nitrocellulose membranes. Wells were then rinsed with
an equivalent volume of 5 X SSC.

5 ug mixtures of male and female D N A i n serially (3-fold)
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decreasing ratios from 100% male DNA to 1% and 0% male DNA were prepared and included i n
each spot blot as a titration standard. Nitrocellulose membranes were then analysed as
described above using the Y-chromosome specific probe. Under the conditions used, >10%
male DNA i n such mixtures could be consistently detected.
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C H A P T E R

III

ISOLATION IN A S I N G L E S T E P O F A H I G H L Y E N R I C H E D M U R I N E H E M O P O I E T I C S T E M C E L L
P O P U L A T I O N W I T H C O M P E T I T I V E L O N G - T E R M R E P O P U L A T L N G ABILITY

1)

INTRODUCTION.

The functional properties of the most primitive hemopoietic cells, defined by their
capacity for long-term blood cell production in vivo, are poorly understood. Transplantation
experiments have clearly shown that such cells persist i n the marrow throughout adult life (1)
and constitute a population with a very slow rate of turnover (2,3). Direct analysis of the clonal
progeny of individual stem cells (4), as well as indirect analyses of the progeny of stem cells
carrying unique chromosomal (5) or retroviral (6-8) markers, have revealed some evidence of
heterogeneity i n the differentiation capacity as well as the proliferative potential of normal
hemopoietic cells with in vivo repopulatlng ability. However, the extent to which such
heterogeneity may be attributed to Intrinsic cellular differences as opposed to stochastic or
biologic processes that regulate stem cell recruitment in vivo is not known.
A possible approach to the resolution of these questions Is to obtain pure populations of
hemopoietic stem cells whose functional attributes can then be evaluated with a variety of
methodologies. Three key considerations to such an approach are the choice of assay used to
define the stem cell population to be purified, the cellular characteristics used to select this
population, and the method used for cell separation. In the present study, I introduced the use
of a stringent, competitive long-term repopulation assay to ensure that the isolation procedure
was selective for the most primitive type of hemopoietic stem cell. This assay involved
transplanting irradiated female recipient mice with limiting numbers of separated (or
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unseparated) populations of marrow cells from male donors together with a much larger
number of "compromised" marrow cells from female mice. The compromised cells contained an
almost normal frequency of CFU-S and in vitro clonogenic cells, but their competitive long-term
repopulatlng ability had been markedly reduced by two previous cycles of successive marrow
transplantation and regeneration (9). The presence of male cells i n the lymphoid and myeloid
tissues of the reconstituted female recipients was then assessed 1 to 3 months later by
Southern or spot blot analysis of extracted DNA

using a Y-chromosome-specific probe (10).

This approach is based on the hypothesis that a population of hemopoietic stem cells more
primitive than day 12 CFU-S may

not begin to proliferate and differentiate for several weeks

after transplantation and would therefore not be detected in a transplantation assay unless
sufficient short-term repopulatlng cells were also transplanted. The injection of >10^
compromised female marrow cells thus serves the dual purpose of ensuring survival of
recipients Injected with limiting numbers of purified stem cells, and providing a competitive
pressure to identify a class, of stem cells with a greater capacity for long-term repopulation.
The characteristics used for stem cell purification were forward and orthogonal lightscattering properties (FLS and OLS), and Thy-1 and H-2K

antigen expression. Recent studies

have suggested that low levels of Thy-1 are expressed on primitive hemopoietic cells and that
this level decreases with differentiation (11-13). Comparisons of the level of class I major
histocompatibility complex (MHC

H-2K)

antigen on different hemopoietic cell types have also

suggested a progressive decrease of this antigen with differentiation (14,15).
To develop a simple purification procedure that could be used with a single laser FACS, I
devised a cell labelling technique In which Thy-1-positive cells are indirectly stained with one
fluorochrome (fluorescien isothiocyanate, FITC) by a biotin-avidin complex, and H-2K-positive
cells are indirectly stained with a second fluorochrome (R-phycoerythrin, R-PE) by a
tetramolecular antibody complex (16). The tetramolecular complex consists of two different
mouse IgGj monoclonal antibodies (MoAbs; in this case, one being directed against the H-2K
antigen, the other against R-PE) linked together by two identical rat MoAbs specific for an

D
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epitope bilaterally expressed on the Fc region of mouse IgGj. The advantages of tetramolecular
antibody complexes for flow cytometry are that they do not require the use of purified
antibodies or fluorochromes, and conjugates can be formed instantly simply by mixing of the
antibodies desired (16.17).
Sorting experiments were undertaken with suspensions of normal marrow as well as
marrow from mice that had been treated four days previously with 5-fluorouracil (5-FU). The
latter were included because 5-FU selectively decreases the number of mature hemopoietic
cells present (18,19), and I therefore anticipated that marrow from 5-FU-treated mice might
serve as a n already enriched starting population.

2)

RESULTS.

A)

Light-Scatter Properties, Thy-1, and H-2K Antigen Expression of In Vitro Clonogenic
Cells.

Representative F L S profiles for normal and day 4 5-FU marrow (total nucleated cells) are
shown i n Figures 5A and B, respectively. The corresponding distributions of CFU-GEMM,
CFU-GM and BFU-E are shown i n Figures 5C and D. CFU-GEMM i n normal marrow were
maximally enriched in the fraction isolated between channels 121 and 150 (eg. 2.7-fold i n the
experiment shown i n Figure 5C). Corresponding enrichments of CFU-GM and BFU-E i n the
same fraction were 1.6-fold and 3.0-fold. A s expected, day 4 5-FU marrow showed a depletion
of larger cells (Figure 5B), an increased frequency of CFU-GEMM, and a decreased frequency of
CFU-GM and BFU-E (Figure 5E). All three of these progenitor types showed a higher F L S than
their counterparts i n normal marrow. A s a result, optimal enrichment of CFU-GEMM from
day 4 5-FU marrow was obtained i n the fraction gated between channels 151 and 255 (4.1-fold
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in the experiment shown). Enrichment of day 4 5-FU CFU-GM in this fraction was similar
(3.9-fold).
The OLS properties of CFU-GEMM, CFU-GM, and BFU-E in normal and day 4 5-FU
marrow were similarly analyzed (Figure 6). Maximum enrichment of CFU-GEMM and CFU-GM
(4.2-fold and 2.4-fold, respectively, in the experiment shown) from normal marrow was
obtained in the region between channels 46 and 90. Maximum enrichment of BFU-E was
observed in a window of cells with slightly lower OLS (4.1-fold in the region between channels
31 and 60). Day 4 5-FU marrow was also, as expected, depleted of cells with higher OLS
properties (Figure 6B). In vitro clonogenic cells in day 4 5-FU marrow showed a higher OLS
than those in normal marrow and were maximally enriched in the fraction gated between
channels 61 and 120. In the experiment shown, CFU-GEMM were enriched 2.0-fold in this
region.
Staining of normal marrow cells with biotinylated anti-Thy-1.2 followed by avidin-FITC
revealed a small population including both weakly and strongly fluorescent cells (~8% of the
total marrow population, Figure 7A). The proportion of such cells in day 4 5-FU marrow was
higher (-24%, Figure 7B), facilitating better resolution of the subpopulation expressing low
levels of Thy-1.2. May-Grunwald-GIemsa staining of the sorted cells showed that most cells
expressing low levels of Thy-1.2 antigen had a blast cell morphology (ie. had a high
nucleus:cytoplasm ratio, and pseudopodia). Conversely, most in the peak of strongly
Thy-1.2-positive cells appeared to be lymphocytes (ie. were small, and had a lower
nucleus:cytoplasm ratio). In vitro clonogenic cells in both normal and day 4 5-FU marrow were
maximally enriched in the weakly Thy-1.2-positive fraction distributed between channels 121
and 150 (Figures 7C and D). Sorting of cells in this region gave an enrichment of CFU-GEMM
from normal and day 4 5-FU marrow of 6.9-fold and 2.3-fold, respectively, in the experiment
shown. CFU-GM and BFU-E were also maximally enriched in this fraction, although thelr
distributlons extended further into the negative region. This is consistent with the reported
decreased expression of Thy-1 on the more mature classes of murine hemopoietic progenitors.
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H-2KP expression was measured by incubating cells with preformed bispecific
tetramolecular antibody complexes containing an anti-H-2K antibody coupled to an anti-R-PE
D

antibody followed by stalriing with R-PE as described in the Materials and Methods. The
resultant red fluorescence profile was compared with that obtained by staining cells with
control tetramers monospecific for R-PE.

These control profiles indicated a low but significant

degree of nonspecific staining, probably due primarily to Fc-receptor-mediated binding.
Nevertheless, i n comparison, antl-H-2K^ x anti-R-PE tetramers gave a m u c h stronger staining
of all cells, as shown by the marked shift of the entire profile (Figure 8A). The staining
characteristics of normal and day 4 5-FU marrow cells with respect to H-2KP antigen
expression were indistinguishable.
Cells were sorted from increasingly selective fractions representing increasingly higher
levels of H - 2 K ° antigen expression. Results from a representative experiment are shown in
Figures 8B and C. Although only 1 5 % and 3 % of all CFU-GEMM i n normal and day 4

5-FU

marrow, respectively, were found in the fraction contajjriing the 2 % of cells expressing the
highest levels of H-2K , maximum enrichment of CFU-GEMM (7.7-fold and 1.7-fold i n the
b

experiment shown i n Figure 8) was obtained i n this fraction. In contrast, CFU-GM and BFU-E
numbers were not significantly enriched in this fraction, although some selection i n favor of
CFU-GM of higher proliferative potential (i.e. yielding colonies contaiiiing >5,000 cells) was
noted.

B)

Characterization of Cells with Competitive Long-Term Repopulating Ability.

E a c h of the four types of analyses performed using assays for clonogenic cells to identify
primitive hemopoietic cells was repeated using the competitive repopulation assay as follows:
10

4

male cells from each sorted fraction were injected with 2 x 10^ compromised female

marrow cells (obtained as described in the Materials and Methods) into each of two irradiated
female recipients. Five weeks later, the repopulated marrows, spleens and thymuses of the
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recipients were individually analyzed for the presence of male cells. The results obtained with
the various fractions of the F L S profile of day 4 5-FU marrow showed that cells with
competitive long-term repopulating ability were present i n all fractions above channel 90,
whereas fractions of smaller cells (less than channel 90) were relatively depleted of this activity.
The F L S fractionation results for normal marrow were inconclusive. Similar analysis of the
OLS profile of day 4 5-FU marrow showed that competitive long-term myeloid and lymphoid
repopulating cells were maximally enriched i n the fraction gated between channels 61 and 150.
For normal marrow, these cells, like in vitro clonogenic cells, appeared to have lower OLS
properties and were concentrated i n the window between channels 31 and 90. Competitive
repopulating hemopoietic cells in both normal and day 4 5-FU marrow were concentrated i n
the fraction corresponding to low Thy-1.2 expression (channels 121 through 150, although
some of these cells do appear to be Thy-1.2 negative, channels 91 through 120), and i n the
fraction corresponding to the 2 % to 5 % of cells expressing the highest levels of H-2K . A n
b

example of the data obtained i n these experiments is shown for the O L S analysis (Figure 9).

C)

Enrichment of Primitive Hemopoietic Cells After Four Parameter Sorting.

Normal and day 4 5-FU marrow cells were then sorted by gating all four parameters
simultaneously as follows: intermediate to high F L S (channels 91 through 255), intermediate
OLS (channels 31 through 90 for normal marrow and channels 61 through 150 for day 4 5-FU
marrow), low Thy-1.2 (channels 121 through 150), and high H-2K (top 2 to 5%).
b

Approximately 0.1% of the starting marrow cells (both normal and day 4 5-FU) were found i n
the window defined by these gates, and from 1.5 x 1 0 cells, 4-6 x 10^ cells could be routinely
7

isolated i n a 1.5 to 2 hour sort. A typical two dimensional (Thy-1.2 versus H-2K ) contour plot
b

of the distribution of day 4 5-FU marrow cells relative to the sort window is shown i n Figure
10. A s shown i n Table IV, all clonogenic cells were enriched in the sorted population. For day
4 5-FU marrow, enrichment and recovery values for CFU-GEMM and CFU-S (both day 9 and
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Spot blot analysis of DNA from tissues of two female mice 5 weeks after
transplantation of IO male day 4 5-FU marrow cells sorted from the same
regions of the OLS profile shown in Figure 6D, together with 2 x 10^
4

compromised female marrow cells (data from one sorting experiment), (b. bone
marrow; s, spleen; t, thymus). Bracket (right) indicates channels gated in

subsequent four parameter sorts of day 4 5-FU marrow cells. Control mixtures
of male and female DNA hybridized to the Y-specific probe, pY2, are shown for
reference.
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Figure 10.

Contour plot of Thy-1.2 (green fluorescence) vs. H-2K" (red fluorescence) of
double stained day 4 5-FU marrow cells after gating for FLS and OLS as
described In the text. Green and red fluorescence gates used for four parameter
sorts (—). Scale of fluorescence Intensity is in arbitrary units.

Table IV. In Vitro and In Vivo Assayable Clonogenic Cell Content of Marrow Cells Isolated by Four Parameter Sorting*

Source of Cells

BFU-E

CFU-GM

CFU-GEMM

Day 9 CFU-S

b

Day 12 CFU-S

Normal BM
Frequency (% purity)
Enrichment {-fold)
Recovery (%)

0.4 + 0.1 (5)
18 + 4
5+1

6.6 + 0.9(5)
19 + 3

1.3 + 0.1(3)

14 + 6(5)

9+1(3)

100 + 28

53 + 23

46 + 9

5+ 1

27 + 8

14 + 6

12 + 2

3 + 1 (4)

4 + 1 (3)

10 + 3 (5)

23 + 3 (5)

89 + 44

93 + 38

75 + 27

24 + 8

25+ 10

20 + 7

Dav 4 5-FU BM
Frequency (% purity)

0.01 + 0.003 (3)

Enrichment (-fold)

2.0 + 0.6

32 + 14

Recovery (%)

0.4 + 0.2

9+4

a
b

Gate selection described in the text. Shown are the mean + SEM of values from (n) different experiments.
Assuming a seeding efficiency to the spleen, f, of 10% for unstained cells and 5% for antibody-labelled cells (see Chapter II).

b

- 91 day 12) were similar. For normal marrow, both types of CFU-S showed somewhat lower
enrichment and recovery values, suggesting that the gates used i n this case were not optimal
for selection of these cells. The most likely explanation for the lower enrichment of CFU-S is
that the FLS window used was defined exclusively on the basis of preliminary CFU-GEMM
enrichment data and excluded cells i n the low FLS region i n which other investigators have
shown some of the CFU-S to be present (20,21).
Because the gates used gave better enrichment of more primitive cells (i.e. day 12 CFU-S)
from day 4 5-FU marrow relative to normal marrow, I focused on the former population to
define more quantitatively the extent to which competitive long-term repopulatlng cells had
been purified. In an Initial series of six experiments, 500 sorted male day 4 5-FU marrow cells
were injected together with 10^ compromised female marrow cells into irradiated female
recipients. Subsequent analysis showed that male cells constituted a readily detectable
(typically >80%) proportion of the cells i n the repopulated marrow, spleen and thymus i n all of
>20 s u c h mice killed 30 to 90 days after transplantation. Results for six mice from two
experiments are shown i n Figure 11. Overall, the proportion of cells i n the repopulated myeloid
and lymphoid tissues that originated from the 500 sorted male cells did show some variation
both w i t h i n and between mice i n different experiments.
To obtain a more precise measure of the frequency of repopulatlng cells i n the sorted
day 4 5-FU marrow cell population, groups of irradiated mice were injected with 2 x 10^
compromised female marrow cells and decreasing numbers of sorted male cells, and then killed
35 days later for analysis. The results, shown In Figure 12, indicate that 100 sorted male
day 4 5-FU marrow cells were sufficient to generate >20%

of the cells present i n the

repopulated marrow of 5 0 % of the recipients, whereas 1,450 unstained, unseparated
day 4 5-FU cells were required to achieve the same result. From these data, the frequency of
competitive long-term repopulating stem cells i n the sorted day 4 5-FU marrow population was
calculated to be 1 i n 170 cells ( 9 5 % confidence limits: 1 i n 90 to 1 i n 300) (22). By comparison,
the frequency of competitively repopulating cells i n the unstained, unseparated cell suspension
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Figure 11.

Demonstration by Southern analysis of male DNA i n bone marrow (b), spleen (s),
and thymus (t) of female mice transplanted with 500 double-stained male day 4
5-FU marrow cells isolated by four-parameter sorting (as described i n the text)
together with 10^ compromised female marrow cells. Recipients were sacrificed
30 (A,B,D,E) or 90 (C,F) days after transplantation. Pure male and female
marrow cell DNA samples hybridized to the Y-specific probe, pY2, are shown at
right.
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Figure 12.

Percent of recipients (8 animals per group) showing >20% repopulation of the
marrow with male cells 35 days after transplantation of varying numbers of male
day 4 5-FU marrow cells before (O ) or after ( •) staining and four-parameter
sorting, together with 2 x 10^ compromised female marrow cells. The proportion
of male DNA was determined by Southern analysis of 10 |ig Pvu II digested
marrow cell DNA from each recipient using pY2. "Corrected" frequency for the
same sorted cells assuming a 5 0 % loss i n vivo due to antibody staining (—)
(Materials and Methods, Table II).
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was 1 i n 2,300 cells ( 9 5 % confidence limits: 1 In 1,100 to 1 in 4,600). Assuming a 5 0 % loss of
stem cells i n vivo due to the staining procedure alone (Table II, Chapter II), the enrichment
obtained is ~28-fold. The recovery of competitive repopulatlng cells based on these data was
calculated to be 7.4%.

3)

DISCUSSION.

In this study, I first analyzed i n vitro clonogenic cells present i n normal marrow and
marrow from 5-FU-treated mice with respect to four unique parameters that c a n be
discriminated using a single-laser FACS. Cells capable of generating macroscopically visible
multilineage colonies (called CFU-GEMM) were maximally enriched (100-fold) i n a fraction of
normal marrow cells that showed intermediate to high F L S and low to intermediate O L S ("the
blast window"), and that bound low levels of anti-Thy-1 antibodies and very high levels of
anti-H-2K antibodies. Previous studies of these progenitors of large mixed colonies present in
normal marrow and marrow from 5-FU-treated mice have shown that some of these cells have
a significant capacity for self-renewal and for generating day 9 CFU-S (19,23,24), suggesting
overlap with cells detected as day 9 or day 12 CFU-S. This finding is further supported by the
present finding that both types of CFU-S were purified i n fractions maximally enriched in
CFU-GEMM. However, i n the case of normal marrow, both recovery and enrichment of day 9
and day 12 CFU-S i n the sorted population were somewhat lower than for CFU-GEMM,
suggesting that the cells defined by these operational criteria may include mutually exclusive
subpopulations. Other investigators have suggested that day 12 CFU-S in normal marrow are
heterogeneous with respect to their uptake of rhodamine-123 and that this allows distinction of
a subset of cells able to promote the 30-day survival of lethally irradiated mice (25). Some
CFU-S also exhibit a lower F L S (20,21) than which was selected here. These reports and the
present finding that individual CFU-S differ widely with respect to the parameters evaluated
provide additional support for the concept of heterogeneity i n the CFU-S population.
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The concentration of primitive cells in the marrow of mice pretreated with 5-FU was twoto three-fold higher than that i n normal marrow. Because of this and the increased power of
CFU-GEMM light-scattering properties to predict the distribution of more primitive hemopoietic
cells in 5-FU-treated marrow, the day 12 CFU-S content of sorted day 4 5-FU marrow was
significantly higher than that of sorted normal marrow (Table IV). A s reported by other
researchers (26), labelling of cells with antibody resulted in an apparent two-fold reduction in
stem cell numbers detected by in vivo assays (Materials and Methods, Table II). Assuming that
antibody staining resulted in a seeding efficiency of 5 % for CFU-S, one in four cells i n the
sorted day 4 5-FU marrow population is mtrinsically capable of forrning a macroscopic spleen
colony visible 12 days after injection.
Long-term repopulation of mice could be reproducibly achieved with as few as 500
stained, sorted male day 4 5-FU marrow cells despite the requirement to compete with a
compromised but protective graft of female marrow cells. Furthermore, engraftment by male
cells could be demonstrated in a proportion of mice receiving as few as 50 sorted cells
(Figure 12). Limiting-dilution analysis indicated that the frequency of long-term repopulating
cells detectable in the stringent competitive assay was approximately one in 170 of the stained,
sorted day 4 5-FU marrow cell population. However, this calculation assumes no cell loss
during the transplantation process and a 1 0 0 % efficiency of activation of biologically
comparable stem cells i n the presence of the cotransplanted compromised marrow cells.
Assessment of either of these assumptions is difficult, but both may lead to a considerable
underestimation of the actual content of stem cells with competitive long-term repopulating
potential. With respect to the former, I already showed a 5 0 % loss of CFU-S due to staining
alone (Materials and Methods, Table II), mdicating a real purity of at least one in 85 cells. Little
is known about the mechanisms that determine which and how many stem cells are recruited
in a transplant recipient, but this may be influenced by the total number of cells injected,
resulting i n a relatively greater competitive pressure in recipients injected with decreasing
numbers of test cells and a fixed number of compromised cells.
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Nevertheless, the large discrepancy between the recovery and purity of the day 12 CFU-S
and cells detected i n the competitive repopulation assay suggests that these are not identical
populations even i n day 4 5-FU marrow. Since the compromised marrow used as a source of
competing cells contained near normal numbers of day 12 CFU-S (Table III, Chapter II), i n
some situations the capacity for forming day 12 spleen colonies clearly can be biologically
separated from the properties that confer a high level of competitive repopulating potential.
The results i n Chapter V show, using appropriate genetic markers, that the compromised cells
can contribute detectably, although at low levels, to the regenerated hemopoietic populations.
Additional experiments to compare the frequencies of purified repopulating cells assayed under
different conditions and at later times should help to clarify further the extent of heterogeneity
that may

exist among cells with stem cell potential and to devise additional strategies to permit

their differential isolation and detection.
These results show that a population of very primitive hemopoietic cells can be obtained
by a simple, single-step isolation procedure, although this population is probably not yet as
homogeneous as that which can be obtained by more complicated procedures that may require
a dual-laser F A C S (21,25). Although we, like Spangrude et al (21), demonstrated the presence
of both lymphoid and myeloid repopulating cells i n the cell suspensions isolated, direct
evidence that these are dual functions of a single stem cell type has not yet been provided.
Experiments to address this question using retrovirus-mediated gene transfer to mark
day 4 5-FU marrow cells sorted as described here are outlined i n Chapter IV. The results
indicate that the competitive repopulation assay detects such a cell. Extension of this
approach should therefore be an important avenue to further analysis of hemopoietic cells with
stem cell properties.
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C H A P T E R

RETROVTRUS-MEDIATED

IV

G E N E T R A N S F E R T O PURIFIED H E M O P O I E T I C S T E M C E L L S WITH

L O N G - T E R M LYMPHO-MYELOPOIETIC REPOPULATING

1)

ABILITY

INTRODUCTION.

The biological properties of the most primitive hemopoietic cells capable of long-term
blood cell production in vivo are not well defined. Analysis of the clonal progeny of mouse
marrow cells carrying unique chromosomal (1) or retroviral (2-4) markers has provided strong
evidence of the presence i n normal adult bone marrow of stem cells that are individually
capable of regenerating and mamtajjning both lymphoid and myeloid systems for many weeks
after transplantation. The existence of h u m a n hemopoietic stem cells with these potentialities
has also been indicated recently by the demonstration of clonal populations of mature blood
cells of multiple lineages i n normal bone marrow transplant recipients (5). Progeny analyses
have further suggested the existence of hemopoietic stem cells that can function in vivo for
extended periods of time but that express more restricted differentiation potentialities or that
are less competitive in generating mature progeny of a particular lineage (3,4,6), raising the
possibility of considerable heterogeneity at this level. Further characterization of the most
primitive blood cell elements would be greatly facilitated by the development of procedures for
their purification and subsequent use i n lmeage-mapping studies. Recent reports have
suggested the feasibility of obtajjning highly purified populations of mouse marrow stem cells
with in vivo repopulating ability, although the extent to which these may be detected i n assays
for more mature hemopoietic cells such as CFU-S (colony-forming unit-spleen: cells capable of
generating macroscopic spleen colonies visible 9-14 days after transplantation) (7) appears to
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differ markedly according to the procedure used (8.9). Moreover, direct evidence that current
purification procedures selectively enrich for stem cells with lymphopoietic as well as
myelopoietic potential has not yet been reported.
The experiments i n Chapter III describe the development of a procedure for the
single-step isolation of a population of primitive hemopoietic stem cells from 5-fluorouracil
(5-FU)-treated mouse bone marrow; 1 i n 4 of these cells are day 12 CFU-S, and at least 1 i n 85
are capable of competitive long-term marrow repopulation when cotransplanted into lethalry
irradiated recipients with 2 x 1 0 ^ twice serially transplanted marrow cells. In the present
study I have used this purification procedure in combination with retrovirus-mediated gene
transfer to demonstrate the long-term lympho-myelopoietic repopulating ability of individual
purified stem cells.

2)

RESULTS.

A)

Transfer of the Neo Gene to Purified Stem Cells.
r

In three experiments, a total of 37 mice were transplanted with 150 to 2000 purified,
male marrow cells that had been exposed to the recombinant retrovirus TKneo 19. To ensure
activation of the most primitive stem cells in the purified population and to facilitate short-term
survival of these animals, each recipient was also injected with 2 x 1 0 ^ "compromised" female
marrow cells prepared as described i n Chapter II. In all of the 28 recipients that were
evaluated for this study, male cells were determined by Southern analysis to comprise more
than 2 0 % of the cells in at least one of the various hemopoietic tissues analyzed. However, as
noted previously (Chapter III), the proportion of male cells often varied considerably between
different tissues of the same animal. Results for peripheral blood leukocytes from 19 mice
(Experiment 2) sampled 35 days after transplantation are shown i n Figure 13. Analysis of the
same DNA with a n e o gene-specific probe revealed that 16 of these 19 animals had circulating
r
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Southern analysis of DNA from peripheral blood leukocytes isolated from 19
female mice 35 days after transplantation with 300 (mice 2.1 - 2.15) or 500
(mice 2.16 - 2.19) TKneo 19-tafected, purified, male day 4 5-FU marrow cells
together with 2 x 10^ compromised female marrow ceils. (Top) Hybridization
with the Y-specific probe, pY2. Uninfected normal male and female DNA
samples are shown as controls. E a c h lane was loaded with approximately 5 pg
of B a m HI-digested DNA. (Middle) Identical blot reprobed with the neo -specific
probe. (Bottom) Structure of the TKneo 19 provirus with B a m H I (B), Hind III
(H), and Eco R l (E) restriction sites; the dashed line represents flanking genomic
sequences.
r
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neo -positive leukocytes. Assessment of marrow, spleen and thymus cell DNA
r

from 8 other

mice (Experiment 1) sacrificed on day 35 after transplantation showed 3 animals to be both
male and neo -positive (Table V). Another mouse (Experiment 3), sacrificed on day 140 after
r

transplantation, was found to contain male and neo -positive cells i n the spleen but not i n the
r

marrow or thymus (Table V). Gene transfer to purified repopulating stem cells was thus
detected i n 20 of the 28 (71%) recipients analyzed. The intensity of the neo -specific signal
r

varied considerably among these reconstituted animals, consistent with a variable proportion
of marked male stem cells contributing to hemopoiesis at any given time.
To obtain definitive evidence that retrovirally marked cells were derived from the
transplanted purified male stem cells, marrow cells from three primary mice (1.7, 2.4 and

2.10)

i n which neo -positive cells were detected were used to generate macroscopic spleen colonies
r

(day 12) i n secondary female recipients. These were then mdividually excised for DNA

analysis.

Results for seven spleen colonies generated from the marrows of mice 2.4 and 2.10 sacrificed
49 days after the initial transplant of purified stem cells are shown i n Figure 14. Overall, 10 (5
from mouse 2.4, and 5 from mouse 1.7) of 16 day 12 spleen colonies analyzed with pY2 were
male and therefore must have originated from a stem cell with competitive long-term
repopulating ability i n the original purified population. The detection of some female spleen
colonies is consistent with the male-female chimerism seen i n many recipients of the type of
mixed transplants used here. Five of 10 male spleen colonies also contained unrearranged
provirus with an integration pattern (data not shown) identical to that of the donor marrow. No
new integration sites were detected and the n e o gene was not detected i n any of the other
r

spleen colonies analyzed (male or female).

B)

Analysis of Individual Neo -Marked Clones.
r

To determine the number and distribution of unique proviral integration sites i n different
lymphoid and myeloid cell lineages, DNA was digested separately with H i n d l l l and E c o R I

Table V. Summary of 12 Mice Transplanted with Retrovirally Marked Purified Male Repopulating Stem Cells.

No. Purified Cells

Time of Assessment

Transplanted

(days post-Tx)

PB

Mouse

0

Proportion of Male Cells

Retroviral Fragment Size (Kbp)

bm

spl

thy

bm

spl

thy

5.2

1.3

1000

35

ND

+

++

+++

-

5.2

1.4

250

35

ND

++

+

-

5.8
8.9

5.8
8.9

2.4

300

35
49

+++
ND

+++

+++

+++

8.1
10.9

8.1
10.9

8.1
10.9

2.10

300

1.7

2000

d
d

35
49

+++
ND

+

+++

++

-

7.1
8.8

7.1
8.8

61
98
121

+++
+++
ND

+++

+++

+++

7.2

7.2

7.2

+++

-

-

7.1

-

3.10

150

140

ND

2.5

300

35
144

++
ND

+++

++

+++

-

5.8

35
144

+++
ND

+++

+++

+++

-

12.8

ND

35
144

++
ND

++

+++

+

ND

21.0

ND

35
196

++
ND

+

+++

ND

-

2.6

300

2.13

300

2.8

300

2.15

2.18

300

x

500

6.1

6.1

6.8

6.8
5.6
7.2

35
196

++
ND

++

+++

+

5.6
7.2

5.6
7.2

35
196

++
ND

+

+++

+++

-

10.2
7.1

a
All mice were co-transplanted with purified male day 4 5-FU marrow cells and 2 x 10 compromised female marrow cells.
b
Estimated proportion of male cells: - denotes 100% female; + denotes <10% male; ++ denotes 10-80% male; +++ denotes >80% male.
c
Determined after digestion with Hindlll or EcoRI (mouse 2.4). All integrations also verified by analysis of DNA digested with EcoRI or Hind III (mouse 2.4).
d
Weakly detected in thymus on original autoradiogram.
Abbreviations:
Tx, transplantation; PB, peripheral blood; bm, bone marrow; spl, spleen; thy, thymus; ND, not determined.
5

c
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Figure 14.

S o u t l i e m analysis of DNA from individual day 12 spleen colonies generated from
the marrows of mice 2.4 and 2.10 sacrificed 49 days after transplantation.
Uninfected normal male and female DNA samples are shown as controls.
(Upper) Pvu II-digested DNA (lOug per lane) hybridized to the Y-specific probe.
(Lower) B a m HI-digested DNA (30 ug per lane) hybridized to the neo -specific
probe.
r

- 105 (enzymes that cut only once within the retroviral sequence, Figure 13). Of the 20 neo -positlve
r

mice identified from all three experiments, 12 were selected for this type of analysis on the
basis of an initial demonstration of a relatively high proportion of male and retrovlrally marked
cells. Results for 6 mice are shown in Figures 15 and 16 and are summarized together with
the results for the other 6 mice In Table V. For convenience they are presented according to
the interval between the time of transplantation and the time of sacrifice. All mice showed the
presence of some retrovlrally marked cells at the time of sacrifice in at least one tissue; when
only one tissue was involved (3 mice only), this was always the spleen. Although the variable
content of male cells in many mice indicated that hemopoietic reconstltution was typically
oligoclonal, only one or two integration sites were detected in neo -positlve tissues. This type of
r

preliminary analysis cannot distinguish between single clones marked by two retroviral
integration events and two prominent clones each marked by a single unique integration event;
however, it is obvious that the conditions used enabled the assessment of the competitive
repopulating potential of individual retrovirus-infected stem cells.
The first 2 mice shown In Figure 15 (Experiment 1, mice 1.3 and 1.4) were sacrificed 35
days after transplantation. In both, the proportion of male cells in the marrow, spleen and
thymus was different in each tissue, but in each case was correlated with the intensity of
neo -specific hybridization. In mouse 1.3, a single 5.2 Kbp provlral fragment was found in
r

both the spleen and thymus but was not detectable in the marrow. Because of the smear
present In the bone marrow lane, however, the presence of neo -specific hybridization to
r

fragments >5 Kbp cannot be ruled out.

DNA

In mouse 1.4, a 5.8 Kbp and an 8.9 Kbp provlral

fragment were present at the same level in the marrow and spleen but were not detectable in
the thymus. Mouse 2.4 (Experiment 2) was sacrificed 49 days after transplantation. At that
time the marrow, spleen and thymus were all predominantly male. Common 8.1 Kbp and
10.9 Kbp provlral fragments were clearly evident in marrow and spleen DNA analyzed by EcoRI
digestion. These were also detectable In the thymus but at very low levels (not reproduced from
the original autoradiogram) in Figure 15. The presence of a common pair of bands in marrow
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35dPostTx

49dPostTx

144dPostTx

196dPostTx

mouse 1.3 mouse 1.4

mouse 2.4

mouse 2.5

mouse 2.15

F i g u r e 15.

Southern analysis of DNA from the bone marrow (b), spleen (s), and thymus (t)
of five female mice sacrificed 35-196 days (35d-196d) after transplantation (post
Tx) with 1,000 (mouse 1.3), 250 (mouse 1.4), or 300 (mice 2.4, 2.5, and 2.15)
TKneo 19-infected, purified, male day 4 5-FU marrow cells together with 2 x 10^
compromised female marrow cells. (Upper) Hind III (mice 1.3, 1.4, 2.5, and
2.15)- or Eco Rl (mouse 2.4)-digested DNA (30 pg per lane) hybridized to the
neo -specific probe. (Lower) Pvu II-digested DNA (10 ug per lane) hybridized to
the Y-specific probe. Provlral fragment sizes are described in Table V.
r
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121dpostTx
m o u s e 1.7

F i g u r e 16.

Presence of a common retrovirally marked clone in bone marrow (bm), spleen
(spl), thymus (thy), lymph node (LN) and separately isolated marrow macrophage
(bm mac), splenic B (spl B), and T (spl T) lymphocytes from mouse 1.7 sacrificed
121 days (12 Id) after transplantation (post Tx). (Upper) Hind Ill-digested DNA
(lanes bm, spl, and thy: 25 ug per lane; lanes LN, bm mac, spl B, and spl T: 5 ug
per lane) hybridized to the neo -specific probe. (Lower) Identical blot reprobed
with the Y-specific probe. Uninfected normal male DNA (25 ug) is shown as a
control.
r

- 108 and spleen and seen weakly In thymus was verified by analysis with H i n d III (data not shown).
Mouse 1.7 (Experiment 1) was sacrificed 121 days after transplantation, and the marrow,
spleen and thymus were also all found to be predominantly male. A single 7.2 Kbp proviral
fragment was seen i n each of these tissues as well as i n lymph node cells and i n separately
isolated bone marrow macrophages, splenic B-lymphocytes and splenic T-lymphocytes which
were also predominantly male (Figure 16). Mouse 2.5 (Experiment 2) was sacrificed on day 144
after transplantation. The marrow, spleen and thymus all contained a high, albeit variable,
proportion of male cells, but a single 5.8 Kbp proviral fragment was detected i n only the spleen
of this animal. Mouse 2.15 (Experiment 2) was sacrificed on day 196 after transplantation.
This animal contained decreasing proportions of male cells i n the spleen, marrow and thymus;
however, a 5.6 Kbp and a 7.2 Kbp proviral fragment were evident i n all three tissues. Overall,
at least 3 of the 12 mice had clearly been repopulated by a stem cell with lymphoid as well as
myeloid differentiation potential, since they showed the same integration pattern i n both
marrow and thymus (mice 1.7, 2.4 and 2.15) at the time of sacrifice.

3) DISCUSSION.

I have developed a simple procedure that allows small numbers of purified hemopoietic
stem cells from mouse bone marrow to be stably and efficiently infected with a neo -containing
r

retrovirus without any apparent effect on their potential for subsequent proliferation and
differentiation i n vivo. A l l female recipients were injected with 2 x 10^ "compromised" female
marrow cells i n addition to small numbers of purified male marrow cells that had been
incubated overnight with Trtoeol9-containing medium. A l l 28 such mice analyzed, mcluding
some that were injected with, at most, 150 purified marrow cells (of which 1 i n 85 are
estimated to be capable of competitive long-term repopulation. Chapter III) showed subsequent
reconstitution of their hemopoietic tissues by cells i n the purified (male) population. In 20 of
these mice (71%), proviral DNA was also detected i n the regenerated hemopoietic cells.

- 109 Interestingly, i n every case this was seen i n cells from the peripheral blood or the spleen
regardless of the time when the mice were evaluated (1-6 months after transplantation), but
not necessarily i n the marrow or thymus. These findings clearly show that the cells isolated by
the purification procedure used are capable of sustaining hemopoiesis for extensive periods of
time after transplantation, even i n the presence of a competing graft that could, if injected
alone, reconstitute these same animals (Chapter V).
In one mouse the neo -containing restriction fragment demonstrated i n DNA
r

from

marrow, spleen and thymus 121 days after transplantation was also identified i n purified
subpopulations of marrow macrophages and splenic T- and B-lymphocytes, t h u s establishing
the multilineage differentiation potential of the parent stem cell. Since all of these populations
were also predominantly male, the cell from which the marked clone arose must have been
present i n the purified, day 4 5-FU-treated marrow cell population. Similar results were
obtained i n 2 other mice. In each of these, myeloid (marrow) as well as lymphoid (thymus)
tissues contained the same two provlral Inserts. The equivalent intensity of the two bands
(relative to one another) i n all tissues suggested that a single clone consisting of cells
containing a double integration was present, rather t h a n two clones each having retrovirus
integrated at a single unique site. Evidence of clones with double integrations was also
obtained i n 4 other mice, although the tissue distribution of these clones at the time of analysis
was not as broad. This does not necessarily mean that the differentiation potential of the
original stem cells i n these latter animals was more restricted, since multiple parameters as yet
not understood likely influence the commitment and amplification of individual lymphomyelopoietic stem cells transplanted i n vivo. Moreover, the cell turnover kinetics of different
lineages may prevent simultaneous detection of multilineal clones as their contribution to a
particular lineage modulates with time (4). Thus, although simultaneous involvement of
lymphoid and myeloid cells was not obtained i n 9 of the 12 mice repopulated with neo -positive
r

clones, it is quite possible that many, or even all, were derived from lympho-myelopoietic stem
cells. More extensive longitudinal studies of purified subpopulations from individual mice
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Injected with limiting numbers of purified stem cells will be necessary to characterize and
quantitate more precisely the cell types present i n this purified population.
The present experimental system thus appears well suited for further studies of purified
hemopoietic stem cells with retroviral markers to identify individual clones regenerated i n
irradiated recipients. However, it should be noted that under the conditions used,
reconstitution of the entire hemopoietic system was usually oligoclonal. Many of the recipients
exhibited male-female chimerism in at least one tissue, and the prevalence of a marked clone
did not always correlate with the proportion of male cells. This situation appears to correspond
well to that obtained i n the clinical setting of allogeneic bone marrow transplantation, where
monoclonal reconstitution may be encountered but appears to be relatively uncommon (5,10).
A s yet purified h u m a n stem cells have not been transplanted as an alternative to whole or
T-lymphocyte-depleted marrow for clinical purposes. The present findings suggest the
theoretical feasibility of such an approach. They also highlight the potential of using gene
transfer to purified h u m a n hemopoietic stem cells for analyzing the value and importance of
various hemopoietic cell subpopulations in h u m a n marrow for marrow rescue and their
candidacy as targets for gene therapy.
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C H A P T E R

V

VALIDATION O F A NEW A S S A Y F O R T H E L Y M P H O - M Y E L O I D H E M O P O I E T I C
S T E M C E L L USING A C O M P E T I T I V E R E P O P U L A T I O N S T R A T E G Y

1)

INTRODUCTION.

The most primitive cell i n the hemopoietic system appears to be one that is capable of
regenerating and maintaining all lymphoid and myeloid lineages for many months after
transplantation (1-5). Nevertheless, despite more t h a n two decades of research to characterize
this cell, there is still no quantitative assay that can be used to measure it exclusively. This
situation probably reflects our relatively recent appreciation of the fact that the cells present i n
the hemopoietic tissues of lethally irradiated mice at different times after transplantation of
normal marrow cells are derived from different types of precursors (6) and, particularly at later
times, cannot necessarily be assumed to be of donor origin (7). For example, it now seems
likely that most, if not all, spleen colonies detectable up to 14 days after transplantation are
derived from cells (CFU-S, colony-forming unit-spleen (8)) that are not capable of long-term (> 4
weeks) hemopoietic reconstitution (9). Two approaches to the development of longer term
assays have therefore been used. The first and technically simplest has been to measure the
frequency of cells able to confer protection against a lethal dose of radiation (10). This method
has the advantage of being quantitative, but fails to take into consideration the possibility that
death may result from the early absence i n the recipient of adequate numbers of cells capable
of rapid, albeit transient, production of mature blood cells, even i n the presence of more
primitive cells whose mature progeny may not appear until later times. Another approach has
been to measure after two weeks the regeneration of new CFU-S i n the recipient's marrow.

- 113 thereby extending v i a a second short-term In vivo assay, the total time of hemopoietic
regeneration to 4 weeks (11). However, the technical complexity of this latter double transplant
assay, and potential limitations of its sensitivity, suggest that derivation of stem cell
frequencies by limiting dilution analysis using this approach may be difficult. Moreover, i n the
absence of adjunct procedures to establish the origin of the cells eventually regenerated i n
either of these methods, calculated stem cell frequencies may significantly overestimate the
actual content of injected long-term repopulating cells.
The need for a practical assay that detects donor-derived cells with long-term lymphomyeloid repopulating ability and that allows such cells to be readily quantitated is thus
strongly indicated. In Chapter III, I introduced the use of a 5 week competitive repopulation
assay i n which lethally irradiated female mice are transplanted with limiting numbers of
syngeneic, but male, "test" cells together with a large number (1 - 2 x 10^) of "compromised"
(twice serially transplanted) marrow cells from syngeneic female mice. This latter population of
cells contains a near normal frequency of CFU-S and various i n vitro clonogenic cells and can
alone rescue recipients from the lethal effects of the radiation. However, because they have
been subjected to two previous cycles of marrow transplantation and regeneration, such cells
exhibit a markedly reduced competitive long-term repopulating ability (12). Their co-injection
thus serves the dual purpose of ensuring the survival of the recipients and of providing a
selective pressure to identify a class of stem cells with a high capacity for competitive long-term
repopulation. The frequency of competitive repopulating units (CRU) i n the male test cell
suspension c a n then be calculated using Poisson statistics to analyze test cell repopulated
recipients injected with limiting numbers of test cells (13). Using this approach, I have
identified and isolated a subpopulation of day 4 post-5-FU murine marrow cells that is highly
enriched i n C R U ( > 5 0 % of mice injected with as few as 100 of these cells show donor
regeneration of the majority of their marrow cells 5 weeks later, Chapter III). In addition, i n
experiments described i n Chapter IV, I used retroviral marking to directly demonstrate that at
least some of the cells i n this purified population are lympho-myeloid stem cells.

- 114 In the present study, I have undertaken a more complete characterization of several
parameters of the competitive repopulation assay itself. Specifically, I have established the
importance of genotype analysis to identify the test cell origin of cells i n regenerated
hemopoietic tissues even i n this completely syngeneic system. I have also compared the effect
of varying the time of tissue analysis from 5 weeks to 10 weeks post-transplant, and the effect
of analyzing recipient marrow or thymus on the calculated frequency of C R U i n various cell
suspensions. The results suggest that both 5 and 10 week endpoints may detect the same
stem cell population, each member of which has the potential to differentiate along both
lymphoid and myeloid lineages.

2)

RESULTS.

A)

Origin of Regenerated Cells i n the Competitive Long-Term Repopulation Assay.

Figure 17 outlines diagrammatically the competitive long-term repopulation assay
procedure. In a n initial series of experiments, I found that 10^ compromised marrow cells
alone are sufficient to allow lethally irradiated syngeneic recipients to survive long-term ( > 30
days), although 10® such cells are insufficient to out-compete the marrow or thymus
repopulating ability of 1 0 day 4 5-FU marrow cells (14). To quantitate more precisely the
4

long-term repopulating potential of the compromised cell population, groups of lethally
irradiated female mice were injected with 2 x 10^ male compromised cells and then sacrificed
10 weeks later. A s illustrated i n Figure 18A (Group 1), Southern analysis of marrow and
thymus with a Y-specific probe revealed the presence of readily detectable ( > 5%)
donor-derived (i.e. compromised cell) progeny i n both myeloid and T-lymphoid lineages of most
mice analyzed (10 of 17 = 5 9 % , 3 experiments). To determine the relative contribution of
reactivated surviving host stem cells under these same conditions, the identical experiment
was performed using female compromised cells and lethally irradiated male mice. A s

"compromised" mouse

F i g u r e 17.

Schematic representation of the competitive long-term repopulation assay. Lethally irradiated female mice
are injected with limiting numbers of male "test" marrow cells together with 1 - 2 x 10^ female
"compromised" marrow cells. The proportion of male cells in the competitively repopulated marrow and
thymus 5-10 weeks later is determined by Southern blot analysis using a Y-specific probe.
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Figure 18A. Southern analyses of bone marrow and thymus cells from lethally irradiated
mice transplanted 10 weeks previously with 2 x 10 compromised female cells.
Group 1: male compromised cells, female hosts (9 mice); Group 2: female
compromised cells, male hosts (10 mice). The black box designates lanes that
were not loaded with any DNA (because of insufficient numbers of cells in the
thymus of these animals). Pure male and female marrow cell DNA controls
hybridized to the Y-specific probe, pY2, are shown in the upper right panel.
5

- 117 illustrated i n Figure 18A (Group 2), i n many mice (10 of 13 = 7 7 % , 2 experiments) endogenous
stem cells were able to out-compete 2 x 1 0 ^ compromised marrow cells and contribute
significantly to the long-term reconstitution of both the marrow and thymus. Similar results
were also obtained i n the marrows of 5 of 6 (= 8 3 % , 1 experiment) irradiated male mice injected
with 10® compromised female marrow cells (data not shown).
I next evaluated the repopulating potential of both the compromised cells and the host
when these were assessed i n the context of the competitive repopulation assay using day 4
5-FU marrow cells as a potential source of cells with a high content of C R U (Chapter III). In
these experiments, irradiated recipients were injected with 1 0 day 4 5-FU cells and 2 x 10^
4

compromised cells. Male mice were used only for the component being evaluated so that the
entire experiment was performed i n triplicate a total of three times. Representative results are
shown i n Figure 18B. They indicate that although 1 0 day 4 5-FU cells are more competitive
4

i n reconstituting the marrow and thymus (i.e. 18 of 18 mice = 1 0 0 % contained > 5 % of cells
derived from the day 4 5-FU cell suspension (Group 3)), i n some mice (3 of 15 = 2 0 % ,
3 experiments), contributions to long-term hemopoiesis from cells i n the compromised
population were, nevertheless, also detectable (Group 4). Similarly, readily detectable
contributions from endogenous stem cells i n the irradiated host were also found i n the majority
of mice (Group 5, 9 of 14 = 6 4 % , 3 experiments).

B)

Selection of endpoint time.

I next undertook a series of experiments to examine the effect of varying the time after
transplantation prior to assessment of tissue repopulation by donor test cells on the frequency
of C R U measured by limiting dilution analysis. In these experiments, groups of female
recipients were co-transplanted with varying numbers of male test cells and a constant number
of 2 x 10^ compromised female cells. Comparisons of 5 and 10 week data were made for 3
different test cell suspensions: normal marrow, day 4 5-FU marrow and the highly enriched
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Figure 18B.

Southern analyses of bone marrow and thymus cells from lethally irradiated
mice transplanted 10 weeks previously with l O day 4 5-FU cells and 2 x 10^
compromised marrow cells. Group 3: male 5-FU cells, female compromised
cells, female hosts (10 mice); Group 4: female 5-FU cells, male compromised
cells, female hosts (8 mice); Group 5: female 5-FU cells, female compromised
cells, male hosts (9 mice). Pure male and female DNA controls hybridized to the
Y-specific probe, pY2, are shown in Figure 18A.
4

- 119 subpopulation of day 4 5-FU marrow obtained by F A C S selection as described i n Chapter III.
For each test cell suspension, all available data were pooled and then the frequency of C R U
calculated as described i n Chapter III. Figure 19 shows the results that were obtained for day
4 5-FU marrow based on analyses of marrow repopulation i n recipients sacrificed 10 weeks
after transplantation. The frequency of C R U derived from these data is 1 per 1,200 day 4 5-FU
cells ( 9 5 % confidence limits: 1 per 780 cells to 1 per 2,000 cells). This frequency is similar to
the value obtained when recipients were analyzed 5 weeks earlier i n separate experiments
(Chapter III and Table VI). Similarly, the frequencies of C R U measured i n normal marrow or i n
the sorted day 4 5-FU marrow subpopulation also appeared relatively Insensitive to the time of
recipient marrow assessment after 5 weeks, although the frequency of C R U In these test cell
suspensions differed by a factor of 30 to 200-fold.

C)

Comparison of Thymus Versus Marrow Analyses.

In Chapter IV, I used retrovlral-marklng of purified repopulating stem cells to show that
the competitive repopulation assay can, and frequently does, detect a stem cell with lymphoid
as well as myeloid repopulating potential. If this were a consistent selective feature of this
assay, one would expect to measure similar C R U frequencies irrespective of whether marrow or
thymus repopulation were assessed, given that sufficient time for both to have occurred h a d
elapsed. In each of the experiments described above, both thymus and marrow from the
recipients were therefore analyzed for the presence of male "test" cells and the results of C R U
determinations compared. A representative set of data for day 4 5-FU marrow based on
analysis of thymus repopulation after 10 weeks is shown i n Figure 20, and a summary of all
derived C R U frequencies for the different test cell suspensions is included i n Table VI. Again,
the tissue evaluated, like extension of the time interval prior to tissue evaluation from 5 weeks
to 10 weeks, had no consistent effect on the calculated frequency of C R U i n the different cell
suspensions. A s a further test of this, I analyzed all 170 mice injected with limiting numbers
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Number of Test Cells Per Mouse

Figure 19.

Percent of recipients (8 animals per group) showing > 5 % repopulation of the
marrow with male test cells 10 weeks after transplantation of varying numbers
of male day 4 5-FU marrow cells together with 2 x 10^ female compromised
marrow cells. The proportion of male DNA was determined by Southern analysis
of marrow cell DNA from each recipient using pY2. Open and closed circles
designate the data from two separate experiments.
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Table VI.

Comparison of the Frequency of C R U In Different Marrow Cell Populations
Assessed Using Different E n d p o i n t s
a

5 Weeks Post-Transplantation
Cells

BM

Normal B M

10,000
(6,200 - 16,000)

Day 4 5-FU B M

2,700
(1,300 - 5,700)

Sorted Day 4
5-FU B M
D

65
(40 - 120)

Thy
10,000
(6,000 - 16,400)
1,300
(540 - 3,100)
125
(65 - 250)

10 weeks Post-Transplantation
BM
3,600
(1,600 - 8,000)

Thy
15,700
(7,200 - 34.300)

1,200
(780 - 2,000)

1,300
(830 - 2,000)

125
(65 - 240)

75
(440 - 135)

a

Determined by limiting dilution analyses (see legend to Figure 19). Values shown are
the r e c i p r o c a l of the C R U frequency w i t h t h e corresponding 9 5 % confidence l i m i t s
defined b y ± 2 S E (shown i n brackets) based on 1 to 3 pooled experiments (20 to 3 0
mice per experiment).

b

C R U frequency i n sorted cells i s compensated for the two-fold r e d u c t i o n i n seeding
efficiency due to antibody coating of the cells as noted previously (Table II).
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Figure 20.

Percent of recipients (8 animals per group) showing >5% repopulation of the
thymus with male test cells 10 weeks after transplantation of varying numbers
of male day 4 5-FU marrow cells together with 2 x 10^ female compromised
marrow cells. The proportion of male DNA in the thymus of each recipient was
determined using pY2. Open and closed squares designate data for mice from
the same two experiments shown in Figure 19 and the dashed line represents
the curve from Figure 19, shown for comparison.

- 123 of male cells where both marrow and thymus results were available to determine whether the
presence (or absence) of detectable male progeny i n these two tissues were independent of one
another. The results of this analysis (Table VII) for each of the three types of male test cells
used (normal marrow, day 4 5-FU marrow and sorted day 4 5-FU marrow) showed that i n each
case repopulation of the marrow and repopulation of the thymus were not independent (p <
0.005, G-test of independence). A n association between the repopulation of the two tissues
using this test was also apparent when all mice were evaluated together regardless of the
source of transplanted male test cells (p < 0.001).

3)

DISCUSSION.

A simple i n vivo assay for a class of primitive hemopoietic stem cells with competitive
long-term repopulating ability was described. Using limiting dilution analysis techniques, an
estimate of the relative frequency of this stem cell i n various test cell suspensions can be
obtained. S u c h estimates are of necessity underestimates since the detection efficiency of the
assay procedure is not known, but is almost certain to be less than one. I have therefore
suggested the term competitive repopulating unit (CRU) to distinguish between the true
number of competitive repopulating cells i n a given suspension and the presumably m i n i m u m
number detectable using the i n vivo assay described here, as first suggested when the term
CFU-S was introduced for the cells measured by the spleen colony assay (8).
A s for any assay, it was important to establish the optimal input - output interval and to
investigate the sensitivity of the results to variations i n this interval. Initially, I chose 5 weeks
as a m i n i m u m time to detect the progeny of cells more primitive t h a n CFU-S. This was based
on previous work by Hodgson et al. (11) suggesting that there exists a cell population i n murine
marrow that differs from CFU-S and which can be detected by measuring the number of day 13
CFU-S produced i n the marrow of primary irradiated recipients 13 days after transplantation.
In the present study, I compared the frequency of CRU

i n normal marrow, marrow from

Table VII.

Test of Independence of Marrow and Thymus Repopulation by Male Test Cells When
Co-Injected With 2 x 1 0 ^ Compromised Female Marrow Cells*

Cells

BM+
Thy+

BM+
Thy-

BMThy+

BMThy-

P-value

Normal BM

14

9

7

24

<0.005

Day 4 5-FU B M

26

2

3

24

<0.001

Sorted Day 4
5-FU B M

16

5

3

37

<0.001

TOTAL

56

16

13

85

<0.001

D

a

Values shown are the number of mice i n each category using > 5 % male cells as the criterion for
positivity. Only mice in groups where the likelihood of repopulation by male cells was > 0 % but < 1 0 0 %
(from experiments used to derive the values shown in Table VI) were included i n the analysis shown
here.

b

Probability that repopulation of the marrow is independent of the repopulation of the thymus (G-test of
independence).

- 125 5-FU-treated mice, and a highly purified subpopulation of day 4 5-FU marrow using either 5 or
10 week endpoints and found no evidence that the additional 5 weeks made any difference.
This is the result that would be expected if, after 5 weeks under the conditions used (i.e. under
conditions of competitive repopulation), the composition of the recipient's marrow already
reflected the proliferative activity of the most primitive hemopoietic cells present i n the
recipient immediately post-transplant.
A s a further test of this hypothesis, I compared the C R U frequency derived from
assessment of marrow versus thymus repopulation data. The results appear to be independent
of the tissue evaluated between 5 and 10 weeks after transplantation. This provides further
support for the view that either tissue endpoint detects the proliferative and differentiative
activity of the same initial stem cell population. Since the marrow of these animals contains
primarily myeloid cells and the thymus contains almost exclusively T-cells at the times
assessed, this implies detection of an initial stem cell type with the capacity to regenerate both
types of progeny. Additional evidence for this is indicated by the significant association found
between test cell contributions to repopulation of the marrow and thymus of individual mice, i n
spite of considerable variation i n the levels attained i n either. Some variation i n the
contribution even of single totipotent cells to different tissues was noted i n the experiments
described i n Chapters III and IV and is not surprising given the likelihood that different
myeloid and lymphoid compartments have different rates of turnover. In addition, some cells
with the potential for generating both lymphoid and myeloid progeny may not actually express
both due to the mechanisms that determine lineage-commitment

of totipotent cells in vivo.

Although the molecular nature of these mechanisms are still completely obscure, evidence that
stem cell differentiation i n vivo appears stochastic has been well documented (17,18). S u c h a
mechanism predicts that a proportion of totipotent cells will not express their full
differentiation potential i n vivo because they happen to become lineage restricted within their
first division.

- 126 It is interesting to note that the frequency determined here for CRU

i n normal B 6 C 3 F J

marrow (approximately 1 per 1 0 cells) is similar to that previously estimated by other
4

endpoints related to long-term repopulation of the hemopoietic system; ie. rescuing lethally
irradiated mice (10), curing W/W

v

mice (15) or analysis of the number of clones contributing to

hemopoiesis after 6 weeks (16). Although some of these latter assays are less cumbersome to
perform t h a n the competitive long-term repopulation assay described here, they may not be
specific for the most primitive cells of donor origin. Indeed, the use of lethally irradiated mice
as transplant recipients may require the presence i n the graft of relatively mature hemopoietic
cells which play an early supportive role i n engraftment and may, i n the absence of adjunct
procedures to distinguish short and long-term reconstitution phases, diminish the specificity of
this system for the most primitive stem cells. The use of W/W

v

recipients can circumvent this

problem to some extent, although endogenous stem cells i n such mice can exert significant
competitive pressure thus preventing the seeding and proliferation of those i n the graft. The
present use of acutely irradiated normal recipients, co-transplanted short-term repopulating
cells and sex-markers to distinguish the proliferation of the most primitive donor stem cells
from those which function primarily at earlier times after transplantation provides a sensitive
and specific i n vivo system for the quantitation of the former. This competitive assay is
particularly useful for the evaluation of limiting numbers of highly purified stem cells which
will be depleted of short-term repopulating cells required to rescue lethally irradiated mice, and
which, i n W/W

v

mice may be prevented from effective penetration of occupied stem cell niches.

Several reports have suggested the feasibility of obtaining highly purified populations of
mouse marrow enriched for stem cells with i n vivo repopulating ability (19-21). These
purification strategies have proven useful i n studying the relationships among the cells i n the
most primitive hemopoietic cell compartments. However, marked differences i n the extent to
which these procedures also co-purify CFU-S, and the possibility that the populations isolated
may be subdivided further (9,21), suggests that biologic homogeneity has not yet been
achieved. Application of the assay described here to measure and compare C R U frequencies i n
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purified cell populations should facilitate the development of additional procedures for
achieving this goal as a n essential step towards the ultimate characterization of lymphomyeloid repopulating cells at the molecular level. Similarly, assessment of C R U i n other
tissues (e.g. spleen, blood, yolk sac and fetal liver) or i n long-term marrow cultures, will provide
important information about the size of this stem cell population during ontogeny a n d following
genetic, biologic (with growth factors) or pharmacologic manipulation i n vitro.
Hemopoietic stem cells able to regenerate a detectable and therefore significant
proportion of both the marrow a n d thymus were also found to be present i n the suspension of
compromised marrow cells and i n lethally irradiated recipients. The contribution of such stem
cells i n the compromised marrow inoculum to the long-term reconstitution of hemopoiesis was
largely out-competed when 20 to 100-fold fewer unseparated day 4 5-FU cells were
co-transplanted. However, the contribution of residual host stem cells to the long-term
reconstitution of mice rescued with a graft of compromised marrow cells, although minor,
remained detectable i n many mice even when highly competitive day 4 5-FU cells were cotransplanted at numbers sufficient to dominate the regenerated tissues of most animals.
These data are consistent with the concept that the majority of stem cells i n the compromised
population are qualitatively reduced i n their repopulating ability by comparison to normal
marrow, whereas the chief effect of the acute irradiation given to assay recipients is to greatly
reduce, but not completely eliminate, the number of highly competitive repopulating stem cells.
These data also imply that the long-term regeneration of hemopoiesis obtained i n the assay
described is commonly polyclonal with some contributions of progeny from both sources of
transplanted cells as well as from the host. This is i n apparent contrast to the monoclonal
pattern of repopulation reported by several groups after primary transplantation of small
numbers of effective marrow cells (3,4,22,23). However, none of these latter studies examined
specifically the contribution of residual host stem cells to hemopoietic recovery and many have
relied o n the use of W/W

v

rather than acutely irradiated normal mice as recipients. The

present findings t h u s highlight the likelihood of residual host stem cell activity even i n

- 128 "lethally" irradiated (8 - 8.5 Gy) but otherwise normal syngeneic recipients, and encourage the
investigation of additional procedures that may allow such host cells to be selectively recruited
or suppressed.
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C H A P T E R

VI

S U M M A R Y A N D F U T U R E DIRECTIONS

Hemopoiesis i n both mouse and m a n is characterized by a spectrum of primitive
hemopoietic cell populations cUstinguished by differences in the differentiation potential they
express (1-3). The extremes of this spectrum are represented on the one hand by a group of
committed, lineage-restricted or unipotential progenitor cells (which are the immediate
precursors of the morphologically recognizeable, terminally differentiated cells of the various
myeloid a n d lymphoid lineages), a n d on the other by a class of totipotent stem cells capable of
extensive self-renewal and able to regenerate and maintain both myeloid and lymphoid systems
for very long periods following transplantation. Evidence that these two extremes are separate
and distinct populations (the former being derived from the latter) has come primarily from cell
separation experiments i n combination with analyses of the progeny of individual cells
generated either i n vivo using unique genetic markers (4) or i n vitro i n semi-solid culture
systems that support the proliferation a n d differentiation of single or multiple lineages of cells
i n isolated colonies (reviewed i n (5)).
Over the last thirty years, a variety of assays for primitive hemopoietic cells with
multilineage differentiation potential have been described. The assay for CFU-S (6) was the
first s u c h assay a n d has been widely used to quantitate a pluripotent hemopoietic stem cell
capable of extensive proliferation and some self-renewal i n vivo. Although it has been reported
that spleen colony-forrning cells generating late-appearing colonies (day 12 CFU-S) can rescue
mice from lethal doses of irradiation (7), recent reports of the differential purification of day 12
CFU-S a n d more primitive cells (termed pre-CFU-S) whose frequency more accurately predicts
marrow repopulating ability (8) suggests that these are likely to be largely separable cell types.
Future characterization of the most primitive cells in the hemopoietic system and the
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cells.
In the mouse, the capacity of a marrow cell population to reconstitute lymphomyelopoiesis upon transplantation into lethally irradiated or mutant, hemopoieticalfy
compromised hosts has t h u s recently come to be recognized as the only reliable means of
identifying the most primitive hemopoietic cells with multilineage differentiation potential. A
combination of appropriate genetic markers have been used to show that such cells c a n
individually regenerate and maintain both lymphoid and myeloid systems for many months
after transplantation (2,4,9,10). These studies have also revealed some evidence of
heterogeneity i n the differentiative as well as the proliferative potential of normal hemopoietic
cells with i n vivo repopulating potential. However, the extent to which this heterogeneity may
be attributed to intrinsic genetic differences among individual stem cells, as opposed to
stochastic or biologic processes that regulate stem cell recruitment i n vivo is not known.
Moreover, because of the retrospective nature of progeny analyses, the properties of the original
precursor of interest are not readily accessible to study. This requires the availability of
purified repopulating stem cells identified as such prior to transplantation.
A major goal of my research was thus to develop a procedure that might ultimately
enable murine lympho-myeloid repopulating stem cells to be obtained i n pure form. Three key
considerations to such a n approach were the choice of assay used to define the stem cell
population to be purified, the cellular characteristics used to select this population, and the
method used for cell separation. The first studies I undertook showed that it was possible to
use a relatively simple cell sorting procedure to obtain a very small subpopulation of day 4
post-5-FU marrow cells that was significantly enriched i n hemopoietic cells detectable by
several short-term i n vitro and i n vivo assays. This population was also enriched i n cells with
marrow reconstituting ability (Chapter III). The procedure I developed was based on
preliminary characterization of these cells with respect to their forward and orthogonal lightscattering properties, a n d their surface expression of the Thy-1 and Class I M H C (H-2K)
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mature hemopoietic cells (11-14), very little was known about their expression on the most
primitive stem cells with repopulating potential. The studies I completed confirmed the
existence of considerable functional overlap among the hemopoietic cells evaluated with respect
to these four parameters. However, by appropriate gating, I was able to sort a population
which was enriched up to 100-fold l n CFU-GEMM, and i n which 1 i n 4 cells was a day 12
CFU-S.
To determine the extent to which this procedure copurifies a primitive stem cell with
long-term lympho-myeloid repopulating potential, I devised a competitive repopulation assay i n
which male "test" cells were transplanted into lethally irradiated female mice together with a
"compromised" female marrow cell population with normal short-term, but diminished longterm, repopulating ability. The use of the compromised cells ensured the survival of recipients
transplanted with limiting numbers of test cells, and also provided a competitive pressure to
ensure that regeneration from test stem cells would only occur if these had superior
repopulating potential. Because the test cells were obtained from male donors, their progeny
could be specifically detected using a Y-specific probe. Assessment of DNA

from recipient

tissues following transplantation of the sorted day 4 5-FU marrow population under these
conditions revealed that they were able to repopulate all hemopoietic tissues upon
transplantation. Quantitation of this potential by limiting dilution analysis indicated that at
least 1 i n 85 sorted cells was capable of competitive long-term marrow repopulation and that
an enrichment of ~30-fold over unseparated day 4 5-FU marrow had been achieved.
To formally establish that lympho-myeloid stem cells had been isolated i n this sorted
population, I undertook experiments determine if this could be demonstrated using retroviral
marking techniques. The approach was to uniquely mark the sorted stem cells prior to
transplantation and then analyze the contribution of individual clones to the repopulation of
multiple lineages after varying periods of time. The availability of a psi-2 producer cell line
liberating high titres of an ecotropic, helper-free recombinant retrovirus carrying the n e o gene
R
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facilitated the development of an i n vitro infection protocol i n which small numbers of sorted
cells were incubated overnight with vims-containing supernatants. Assessment of the progeny
of sorted day 4 5-FU marrow cells that had been marked i n this way prior to transplantation i n
the competitive repopulation assay revealed the presence of uniquely marked donor (male) cells
i n several lymphoid and myeloid lineages of 3 of 12 mice analyzed 35 to 196 days posttransplantation (Chapter IV). These studies demonstrated that it was possible to use
retroviruses to effect gene transfer to small numbers of highly purified repopulating
hemopoietic stem cells. The detection i n some mice of male lymphoid and myeloid cells
containing common retroviral integration sites also directly demonstrated that at least some
stem cells i n the purified population were totipotent. Clones with more restricted tissue
distributions at the time of analysis were also detected.
M y final objective was to investigate whether the competitive repopulation assay was i n
fact able to serve as a procedure for the exclusive quantitation of long-term lympho-myeloid
repopulating stem cells. Experiments i n which male mice were used uniquely either for the
compromised or recipient components of this assay system demonstrated that stem cells from
both these sources are able to contribute significantly to the repopulation of marrow and
thymus, particularly at later times (10 weeks) after transplantation, although both were largely
out-competed b y even minimal numbers (<10 ) of cotransplanted day 4 5-FU marrow cells.
4

Because recipient survival is not a limiting factor i n the sensitivity of the repopulation assay, I
was able to use a limiting dilution approach to the quantitation of stem cells with competitive
repopulating ability i n a large number of marrow cell suspensions. The results of these
experiments revealed that the frequency of competitive repopulating units (CRU) calculated
using this method was independent of whether recipient marrow or thymus was analyzed for
its content of donor (ie. male) cells (Chapter V). This suggested that either tissue endpoint
could be used to define a common stem cell with dual lympho-myelopoietic repopulating
potential (provided that sufficient time (>5 weeks) had elapsed for both to have occurred). This
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repopulation of marrow and thymus by donor cells was similar.
A n understanding of hemopoietic repopulation i n the murine system is required for the
potential application of stem cell transplantation to the treatment of hemopoietic malignancies
i n man.

While the experiments described i n this thesis have provided m u c h information about

the characteristics and biology of normal murine hemopoietic stem cells, they have also raised
a number of critical issues for future investigation. For example, although the marrow cell
population isolated by the four-parameter sorting procedure described here is clearly enriched
i n lympho-myeloid repopulating stem cells, it seems unlikely that total purity is achieved as a
result. The addition of further or alternative enrichment steps may facilitate the separation of
transplantable hemopoietic cells from those able to generate colonies i n vitro, and allow a
determination of whether these are i n fact completely distinct. The inclusion of Rhodamine123 uptake (15) i n a five-parameter sorting procedure appears presently be the most promising
approach to this end. However, the nature of hemopoietic stem cell recruitment i n vivo makes
an evaluation of the real purity of repopulating cells difficult. Until more is known about the
seeding efficiency and recruitment of long-term repopulating stem cells after transplantation,
i n vivo assays will always be accompanied by some uncertainty and provide only minimal
estimates of stem cell frequency.
Based on earlier discussions of the importance of local interactions between hemopoietic
and stromal cells in the maintenance and activation of the former, it follows that determinants
expressed on the hemopoietic cell membrane must play some role i n these associations. In
addition to facilitating the separation of otherwise indistinguishable hemopoietic cell
subpopulations, an understanding of the composition of the hemopoietic stem cell membrane
may also provide important insights into the mechanism of their regulation. Why is the Thy-1
antigen expressed on hemopoietic stem cells ? Do stem cell surface Class I MHC

antigens

function to mediate interactions between these cells and others in the marrow ? Is this a
mechanism for the host T-cell-mediated graft failure which sometimes follows allogeneic bone
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using purified stem cells as targets for the deletion of genes encoding cell surface antigens by
homologous recombination (18), for membrane solubilzation or immunoprecipitation studies,
or molecular analyses using subtraction hybridization. At present, the primary limitation to all
these strategies is the availability of large numbers of biologically homogeneous stem cells.
The development of the competitive repopulation assay for the detection and quantitation
of lympho-myeloid repopulating stem cells has also raised a number of interesting questions
about factors that regulate primitive hemopoietic cell activation after their transplantation.
What is the role of the "compromised" marrow cells i n short-term engraftment ? To what
extent does serial transplantation qualitatively versus quantitatively alter the most primitive
stem cell type ? These are particularly important questions i n view of growing evidence that
reconstitution of hemopoiesis following marrow transplantation occurs i n two phases with
relatively mature progenitors that do not have extensive self-renewal capacity providing initial,
transient engraftment, and primitive totipotent stem cells ultimately sustaining long-term
hemopoiesis (19,20). Despite their average reduction i n competitive long-term repopulating
potential, stem cells i n the compromised population can contribute to hemopoiesis i n some
mice at later times after transplantation. What is the frequency of CRU i n the compromised
population ? This can be addressed by transplanting limiting numbers of male compromised
cells to compete against their female counterparts for the reconstitution of female mice i n the
limiting dilution form of the competitive repopulation assay. How

does the ratio of

"compromised" to "test" marrow cells influence the determined frequency of C R U ? In its
present form, all recipients i n the competitive repopulation assay are injected with 2 x 10^
compromised cells and variable numbers of test cells. In mice recieving very few test cells,
stem cells may be subject to increasingly greater competitive pressure which may

ultimately

prevent their detection. It would be very interesting to undertake experiments similar to those
described here where a constant compromised:test cell ratio were used, and then to vary this
ratio to determine the effect on the distribution of positive test cell responses from which

CRU
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arbitrarily selected thresholds (ie. the time of recipient analysis, minimal proportion of male
cells required for a positive response) is propitious.
The extent of residual functional host stem cell activity i n "lethally" irradiated mice was a
somewhat surprising finding. This potential of the host for auto-repopulation has significant
implications for the development of future strategies for clinical bone marrow transplantation
i n man. Using a n approach similar to that described here, the usual ablative therapy might be
followed by transplantation of transiently reconstituting supportive populations, a n d
subsequent selective activation of endogenous normal stem cells which would regenerate and
maintain long-term hemopoiesis. A significant advantage might then be the ability to use
T-depleted grafts from histoincompatible donors. Conversely, it might be possible to consider
the development of strategies to correct the uncontrolled proliferation of leukemic stem cells i n
situ by suppression with specific factors following immediate ablation of the more mature
components of the malignant clone with cycle-specific cytotoxic agents.
The lack of an i n vivo assay for h u m a n repopulating stem cells has made a direct
analysis of the most primitive h u m a n hemopoietic cells difficult. However, stem cells with the
capacity for long-term repopulation are maintained i n murine and probably also h u m a n longterm bone marrow cultures (LTBMCs) (21,22). The use of the competitive repopulation assay to
determine the extent to which C R U are also maintained i n murine L T B M C may thus allow a
determination of its relationship to both murine and h u m a n long-term culture initiating cells
(23), and help to validate the use of L T B M C initiation as a n assay for h u m a n stem cells (24). If
C R U are present i n murine LTBMC, the ability to enrich for such cells using the sorting
procedure described (with or without adjunct selective steps) provides a powerful opportunity
to manipulate repopulating stem cells i n vitro, either by exposure to specific hemopoietic
growth factors or by selective activation or suppression of genes which play a role i n stem cell
development.
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of lympho-myeloid repopulating stem cells offers perhaps the most exciting avenue of future
research into the regulation of primitive hemopoietic cell development. In view of the diversity
of lymphomas and leukemias, the effect of specific oncogenes o n the subsequent development
of multipotential hemopoietic stem cells is of particular interest to pursue. S u c h studies may
allow the isolation of permanent stem cell lines which can be maintained continously i n vitro,
but retain their capacity to differentiate along several lymphoid and myeloid lineages. Another
class of genes particularly Important to analyze for their effects on stem cells will be regulatory
genes with a putative role i n lineage commitment. Examples of such genes include certain
homeobox genes, zinc finger genes, or helix-loop-helix genes, some of which themselves have
recently been implicated as hemopoietic oncogenes (25,26). Because very little is known about
the growth requirements of totipotent stem cells and the optimal conditions which favor their
high frequency infection by recombinant retroviruses, such studies may require a definition of
culture conditions that will permit stem cell cycling and self-renewal. The increasing
availability of purified hemopoietic growth factors will be of particular benefit to these studies.

In summary, my studies have contributed to a description of the phenotype of long-term
lympho-myeloid repopulating stem cells enabling their isolation and characterization before
transplantation. The development of the competitive repopulation assay, combined with the
use of retrovirally-marked stem cells, is crucial to the detection, and hence quantitation, of
limiting numbers of cells with this potential. Further studies should make it possible to
determine their relationship to murine a n d hence to h u m a n hemopoietic cells that are detected
by their ability to initiate sustained hemopoiesis i n long-term marrow cultures. The
procedures described here should also facilitate future studies of the role of carrier/accessory
cell populations i n the regulation of hemopoietic stem cell activation i n vitro a n d i n vivo.
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