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Abstract

The expression of retroviral vectors in cell lines and primary
cells was 1investigated, with emphasis on autocrine stimulation of
haematopoietic cells by GM-CSF. In this study, two distinct
retroviral vectors were used which allowed a dual approach to the
investigation of expression of exogenous sequences in haematopoietic
cells. Retroviral expression of GM-CSF in the growth factor dependent
FDCP1 cell 1line resulted in factor independent colony growth, the
frequency of which was related to the vector used. The
characterisation of cell lines derived from viral infection of FDCP1
cells revealed that these cells required the concentration of self
produced growth factor to attain a critical 1level before colony
development occured. As a result of virus infection, FDCP1 cells
which express the retrovirally encoded GM-CSF have a proliferative
advantage over the parental cell line.

Finally, a number of variables which might influence the success
of retroviral infection of primary murine bone marrow cells were
investigated. Initial results suggest that bone marrow cells can be
infected with retroviral constructs containing the neomycin gene, the
efficiency of which may be related to the origin of the vector.

Thus, this study demonstrates the feasability of using retrovirus
vectors to express exogenous sequences in haematopoietic cells. It
also provides a system which can be used to evaluate the efficiency
with which new vectors will express genes in primary haematopoietic
cells.
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Chapte .1
MAINTENANCE AND REGUL.ATION OF THE HAEMATOPOIETIC SYSTEM
Introduction

The amenability of the haematopoietic tissues for the
development of both culture and assay systems has been a key point in
studies addressing the mechanisms of differentiation. Thus it has
been established that during the process of blood cell formation, stem
cells proliferate and differentiate into large numbers of short lived
mature cells (Whetton and Dexter 1986). The relationships between
these cell types are depicted in Figure 1.1. The mechanisms by which
cells as diverse as erythrocytes, macrophages, granulocytes,
platelets, megakaryocytes and lymphocytes are derived from a common
stem cell has been investigated by in vitro and in vivo clonal assays

(Metcalf 1984). These assays have been used to characterise the group
of glycoprotein growth factors known collectively as the colony
stimulating factors (CSFs) which have been shown to be essential in
vitro for proliferation and differentiation of the haematopoietic
cells (Sieff 1987, Metcalf 1984).

The Cellular C ition of the Hae ietic Compartme

Stem Cells.

The haematopoietic hierarchy can be subdivided into three
compartments: the stem cell, progenitor cell and mature cell
compartments (Metcalf 1984). Stem cells are defined as a pluripotent
population capable of producing the entire range of functional mature
haematopoietic cells (Till and McCulloch 1980). The stem cell
compartment is maintained by self renewal, a property which
discriminates this compartment from others (Metcalf 1984). The murine
haematopoietic stem cell has been characterised and studied using an

in vivo assay (see below).

Murine in vivo stem cell assay.

In 1961 Till and McCulloch established a method for analysing
the radiation sensitivity of normal murine bone marrow. This assay
relied on mice ( whose haematopoietic system had been destroyed by

irradiation), receiving an intravenous injection of a small number of
bone marrow cells from a healthy donor mouse. Murine haematopoietic



Figure 1.1

This figure is reproduced from Metcalf, D. (1984)
The precursor cells in each haemopoietic lineage.
Two subsets of self-generating stem cells exist
(CFU-S-1 and CFU-S-11). These give rise to
committed progenitor (colony forming) cells
restricted to one differentiation lineage, or two
in the case of granulocyte-macrophage progenitor
cells. All stem and progenitor cells can form
colonies in semi-solid cultures. CFU-S5-1 form
blast cell colonies, CFU-S-11 (Mix-CFC or
Multi-CFC) form mixed colonies usually containing
erythroid cells. A1l other colony-forming cells
form colonies of restricted differentiation
lineage. Some macrophages, mast cells and T- and
B- 1lymphocytes retain substantial proliferative
capacity and also form colonies in vitro. The
existence and exact origin of stem cells common to
T- and B-lymphocytes are unresolved questions.
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tissue was thus discovered to contain a population of cells that have
the capacity to form macroscopic colonies of proliferating
haematopoietic cells 1in the spleens of irradiated recipient mice.
However, the bone marrow contains many different cell types, and so
the precise cellular origin of the colonies is speculative. Due to
this uncertainity these cells are termed colony forming units (CFU) or
colony forming units- spleen (CFU-S).  Analysis of colony morphology
over several days after transplantation showed that on day one the
colonies consisted mainly of early and 1late erythroblasts,
undifferentiated cells and small numbers of myelocytes and
metamyelocytes. However by day eleven erythropoiesis and
granulopoiesis were equally well advanced and megakaryocytes were
also observed. This system has allowed the analysis of self renewal
and differentiation capacities of the CFU.

Clonal Nature Of The Spleen Colonies
Till and McCulloch (1961) predicted that colonies were clonal
by showing a linear relationship between the small number of cells

injected (10%-10°) and the small numbers of colonies observed (7-12
per 105 cells injected). However a minimum transplant of 104 cells
were required before colonies were observed and this was assumed to be
due in part to the presence of a high proportion of differentiated
cells in the bone marrow which do not participate in colony formation
and in part to lodging and development of CFU in regions other than
the spleen. Clonality was formally proven by using donor bone marrow
that had been exposed to ionizing radiation (Barnes et al 1968, Becker
et al 1963), which causes random chromosome abnormalities in cells,
resulting in each individual cell (including CFUs) possessing unique
chromosome markers (Barnes et al 1968, Becker et al 1963). The clonal
progeny from different CFU s could therefore be distinguished on a
cytogenetic basis (Barnes et al 1968, Becker et al 1963).

Proliferation, Differentiation and Self Renewal of CFU-~S
During the first 10 days spleen colonies show extensive
proliferation and attain a size of approximately 106 cells (Trentin
1971). Up to ten days most colonies exhibit only one differentiated
cell type, but from days 11 to 14 an increasing number of colonies
consist of two or more different differentiated cell phenotypes




(Trentin 1971) . Initially it was the high proliferative capacity and
the multilineage development that made the CFU a candidate for a stem
cell in this system (Trentin 1971) .  Siminovitch et al. (1963),
studied the self renewal properties of CFU by retransplanting
individual primary colonies into secondary hosts. If self renewal
occurs within the developing colony then spleen foci should be
observed in secondary recipients. In fact colony forming cells are
found within individual primary colonies but their distribution is
extremely heterogeneous, with 24 out of 36 individual colonies showing
no capability to form spleen colonies, while 12 out of 36 show varying
degrees of self renewal from 1 to 36 colonies per spleen. This
heterogeneity could be a reflection of an intrinsic property of the
cell population being assayed. Thus it may be possible that not every
CFU capable of forming a primary colony is able to self renew or
alternatively variation could be due to sampling errors between
spleens. The observation that heterogeneity in numbers of CFU-S per
spleen between spleens was not so great using pooled colonies,
suggested that the observed differences may be a property of the
cells themselves (Siminovitch et al.1963).

"Heterogeneity among spleen colonies with respect to self renewal
Siminovitch et al.(1963) examined a number of parameters in

order to explain the heterogeneity described above. It was observed
that when self renewal was tested in colonies of different ages
ranging from day 10 to 14, - the number of CFU s within the
colonies increased with age although heterogeneity was present at all
time points. Colony size also varied but not enough to explain the
overall heterogeneity observed, leaving the question open as to the
cause of this variation.

The bone marrow cells which can form primary colonies
constitute a mixture of cells with varying degrees of self renewal
capacity (Siminovitch et 2l.1963). If this is a heritable trait of
the CFU, then serial transplantation should result in predictable self
renewal patterns. This experiment is difficult to carry out as the
self renewal capacities of the CFC decrease during repeated passage ,
perhaps due to dilution out of CFC or accessory cells rather than any
alteration in phenotype of the CFC themselves (Schofield and Dexter
1985, Spooncer et al 1985, Ross et _al 1982). Alternatively it may be



that not all the spleen colonies arise due to proliferation of a
multipotential cell. Single lineage colonies which are observed
especially during early time points of colony formation (Trentin 1971)
,may not have reached their full developmental capacity or indeed
passed the point where mixed lineages were obvious, so they may appear
to be lineage restricted although having arisen from a multipotential
cell. It is difficult to assess what is a multilineage colony since
it is unlikely that a few macrophage cells would be noticed in a
colony that is predominantly erythroid.

The lower self renewal capacity of cells in day 10 colonies
compared to that in day 14 colonies suggests the presence of a lineage
restricted, 1low self renewing progenitor cell population capable of
forming spleen colonies (Siminovitch et al. 1963). Colony formation
may be a dynamic event with subpopulations exhibiting different
characteristics each contributing to repopulation of the spleen.

Finally, heterogeneity among CFC with respect to self renewal,
might occur during the development of the colony due to alterations in
the balance between self renewal and differentiation. Colonies
showing no self renewal capacity may have received a strong stimulus
to differentiate and the use of irradiated mice may provide localised
environments within the spleen which are Dbiased towards
differentiation or self renewal (Siminovitch et al. 1963). This point
raises the question of the role of the microenviroment in stem cell

maintenance, self renewal and differentiation (See Chap.1.3).

Models for haematopoietic development based on the CFU assay.

The haematopoietic inductive microenvironment (HIM) model of
Trentin (1971), proposes the multipotential stem cell interacts with
the environment to direct the course of development, a theory which
is based on the spacial distribution and phenotypic heterogeneity of
foci within the spleen. Trentin (1971) observed that spleen foci
consisting of predominantly one mature cell phenotype, could on
transplantation into secondary recipients, generate spleen foci
consisting of many cell morphologies. He concluded that the initial
lineage restriction was due to local enviromental influences at the
site of the focus, and that the re-seeded CFC became influenced by
their individual localities. Till and McCulloch 1980, Till et al.
1964, favour an alternative interpretation of the data available on



heterogeneity within spleen colonies. Their model is called the
stochastic model of stem cell proliferation and suggests that each CFC
has a random (stochastic) decision either to self renew or
differentiate. This infers that the control of stem cell development
is very flexible. However if a population of CFC s are examined as a
whole then regulation would appear tightly regulated as any individual
random decision would be obscured. Under normal conditions the number
of mature cells in the blood remains fairly constant (Burgess and
Nicola 1983), so if the mature cell compartment was originally derived
from very few cells, and a stochastic mechanism was responsible for
developmental decisions, then the number of mature cells would
fluctuate at random. The only two situations in which a stochastic
mechanism could work would be if many stem cells contribute to the
maintainance of haematopoiesis, so negating heterogeneity caused by
small sample numbers, or, if haematopoiesis was maintained by a few
stem cells, the circulating cell numbers would be kept constant by a
feedback mechanism acting after their production. This could be
achieved by mature cell storage in tissues and organs.

Recent work by Leminschka et al.(1986) has enabled the number
of stem cells actively contributing to the mature cell compartment to
be assessed. Mice received transplants of bone marrow infected with a
retroviral vector. The random integration of retroviruses into host
DNA provides a unique marker system in which cells derived from a
common precursor can be identified due to the integration site of the
virus. These results indicate that very few stem cells contribute to
the mature cell compartment at any one ¢time. Although this is
preliminary data subject to the sensitivity of Southern analysis, it
argues against a stochastic mechanism for the maintainance of
haematopoiesis.

Supmary of CFU-S experiments.

The observed heterogeneity of CFU s is likely to be due to
several causes. The bone marrow used for the initial injection is a
mixed population of cells and the cell giving rise to the colonies is
undefined (Till and McCulloch 1961). It is likely that the cell
population capable of generating spleen colonies is heterogeneous
itself and not all are stem cells Siminovitch et al, (1963). If
sub-populations could be purified sufficiently or cell 1lines
generated, then this could be examined in more detail. Attempts have



been made to do this, but purification manipulations appear to alter
the cells characteristics (Schofield and Dexter 1985, Spooncer et al
1985, Ross et al. 1982).

Different regions of the spleen may provide local environments
which regulate differentiation or at least influence the probability
of a stochastic decision (Trentin 1971). Microenvironmental control

is difficult to examine in vivo and experiments using in vitro culture

systems have been designed to address the uncertainty around the
control of haematopoiesis. These will be discussed in Chapter 1.3.
All experiments described above were carried out using

irradiated mice as an in yivo culture system for studying

haematopoietic development, which is clearly not the normal situation.
It should be re-emphasised that the cells leading to colony formation
are not necessarily the same as those which maintain normal
haematopoiesis. These experiments were not specifically designed to
examine long term reconstitution of the haematopoietic system and
there 1is a variable degree of animal mortality following irradiation
which could lead to experimental bias.

In vitro assays for multipotential cells.
The in vivo stem cell assay has been used to determine factors

influencing haematopoietic differentiation (McCulloch et al. 1964,
Curry et al. 1967). The assay is however difficult to manipulate and
early time points of colony formation are not readily observable (Till
and McCulloch 1980). The methodology for achieving clonal growth of
bone marrow cells in vitro was originally developed independently by
Bradley and Metcalf 1966 and Pluznik and Sachs 1965. In vitro colony
assays have permited the analysis of progentor and stem cell

populations which have colony forming capabilities under the
appropriate growth conditions. Colony formation takes place within a
semi solid matrix such as soft agar or methocellulose when a source of
colony stimulating factor (CSF) is added (Metcalf 1984).

Mix=CFU in vitro Assay for mixed erythroid colony growth
Although CFU~S cannot be formally proven as the cell that

maintains haematopoiesis, its proliferative, self renewal and
differentiation properties are indicative of a stem cell.
Multilineage colony growth was first described by Johnson and Metcalf



in 1977. Foetal liver cells were used as a source of haematopoietic
cells and colony growth was analysed after stimulation by pokeweed
mitogen stimulated spleen cell conditioned media (SCM). Up to 649
erythroid colonies per 10° cells were formed depending on the stage
of foetal 1liver development, although only about 50% of these
erythroid colonies show mixed lineages. Erythroid development from
lineage restricted progenitors has been shown to be dependent on the
presence of erythropoietin (Epo). Any erythropoiesis observed could
therefore be due to Epo contamination of the SCM or human plasma which
might stimulate a progenitor cell popoulation rather than a stem cell.
However, an in vivo assay for Epo failed to detect contamination,
which suggested that mixed colony formation was due to direct
stimulation of a multipotential cell.

When Metcalf et al.(1979) examined the self renewal properties
of 7 day mixed colonies from foetal 1liver by recloning primary
colonies in agar, secondary colonies were observed at a frequency of
1 in 10 with a low or variable replating efficiency. These colonies
were small and were mostly granulocytes and/or macrophages, with only
8 out of 76 daughter colonies being mixed erythroid. When pools of
seven day mixed erythroid colonies were injected into irradiated mice
to assay for CFU-S, 1low numbers were detected (10 CFU-S/ 10° cells).
These early attempts to characterise in vitro assays for the stem cell
population were in part successful, as mixed lineages were detected
and self renewal was observed although only at a low level and with
some loss of multipotentiality.

Johnson revised this assay in 1980 (Johnson 1980) and made
several important changes. Originally human plasma was used, which
resulted in variation between batches in the ability to form and
maintain mixed colonies from both foetal and adult tissue. When
foetal calf serum selected for granulocyte/macrophage colony growth
was used, and the SCM concentrated 10 fold, erythroid colony growth
could be detected in adult bone marrow at a frequency of 22 to 44
colonies per 105 cells, in comparison to less than 10 colonies per 10°
cells with human plasma. The cell population detected by this assay
is termed mix-CFC (Johnson 1980), or alternatively CFU-mix (Harra and
Noguchi 1982) or CFU-GEMM (Nakahata and Ogawa 1982). Its relationship
to the CFU-S has been established not only by its colony forming
characteristics but also by cell cycle and physical characteristics.



Johnson (1980) showed that 12.5% of adult bone marrow mix-CFU
were in S-phase as determined by tritiated thymidine or hydroxyurea
suicide experiments, a value similar to that for CFU-S in cycle
reported by Vassort et al. 1973. In contrast CFU-GM progenitor
cells show a reduction of 31% Johnson (1980). The physical
characteristics of the different cells were also analysed. Johnson
(1980) and Vassort et al (1973) demonstrated that both CFU-S and
mix-CFU have similar bouyant densities of 3.6 to 5.3 mm/h, whereas
CFU-GM progenitors which sediment at 4.6 to 6.1 mm/h. The ability of

mix~-CFU to generatate multilineage colonies and self renew suggests it

is a stem cell population, which is heterogeneous and has a very
low incidence of true multipotential cells (Johnson 1980). It should
be stressed that only 40-50% if the total erythroid colonies are
multilineage, and on average only one CFU-S is observed in a single
mix-CFU colony (Johnson 1980). It is possible however that the
observed heterogeneity and low incidence may not be entirely due to
the cell population itself, but may in part be due to culture
conditions (Johnson 1980).

Blast Cell Colony Assay
In 1982 Nakahata and Ogawa (Nakahata and Ogawa 1982)

identified a new class of colony forming unit which showed stem cell
characteristics and formed what are described as blast cell colonies.
When bone marrow or spleen cells are incubated for over 10 days in the
presence of SCM and Epo most of the developing colonies show
differentiation. However, beyond two weeks these colonies begin to
disintegrate. Surviving colonies contain 40-1000 homogeneous cells
with no apparent terminal differentiation (blast cell colonies). All
colonies yielded mixed colotﬂes consisting of granulocytes,
erythrocytes, macrophages and megakaryocytes (GEMM colony) after
replating (Nakahata and Ogawa 1982). The cells from the primary
colony also shoWw high replating efficiencies, and secondary and
tertiary blast cell colonies producing further blast cell and GEMM
colonies with high efficiency, highlighting the extensive self
renewal capacity of these cells. Self renewal was also examined
after transfer of the blast cell colonies into irradiated mice. These
experiments revealed as many as 47 CFU-S per stem cell colony. The
numbers of CFU-S and CFU-GEMM within stem cell colonies closely



correspond to each other and they are therefore perhaps overlapping
populations. However when identical analysis was performed on GEMM
colonies, no stem cell colonies were observed on replating, and only
low numbers of CFU-S were observed within GEMM colonies. The data
obtained in GEMM colonies is similar to that obtained by Metcalf et al.
(1979) on the clonies from mix-CFC and the populations they describe
are probably identical. Nakahata and Ogawa(1982) propose that because
of lack of differentiation and the large numbers of secondary GEMM
colonies within stem cell colonies, the stem cell colonies arose from
a more primitive cell than the GEMM.

The data showing that stem cell colonies occur at a low
frequency and are heterogeneous in their self renewal and GEMM
forming capacities (Nakahata and Ogawa 1982), has been used to
substantiate the stochastic model for stem cell self renewal and
differentiation (Nakahata et al.1982, Ogawa et al.1983). What would
the possible role of the enviromment in the culture system be? Since
colony formation will not occur unless a source of stimulator is
added, (in this case SCM), (Nakahata and Ogawa 1982). "The growth
factor added may be considered to allow cell survival only and not
influence the decision to self renew or differentiate. The data could
also be explained by the presence of a heterogeneous population which
requires SCM to "activate" a pre-existing commitment which has
occurred earlier in the cells history either stochastically or
induced. Alternatively the SCM and microenvironments within the
culture disﬁ%%%gke a more active role in decision making. Soluble
factors may act on the heterogeneous population influencing commitment
and/or subsequent development. The actions of soluble growth factors
will be discussed in more detail in another section.

Colony Forming Unit T A (CFU-A) Assa

Recently Pragnell and colleagues (1988), have described a new
in vitro assay that detects a multipotential cell population, (CFU-4),
which has similarities to CFU-S. By incubating a low density of normal
bone marrow cells, with a source of GM-CSF and M-CSF, macroscopic
mixed lineage colonies develop over 11 days. The multipotential cells
(CFU-A) which give rise to such colonies have been shown to have
similar cell cycle characteristics to CFU-S, and also respond to
specific proliferation regulators of CFU-S. The CFU-A assay is
attractive in its simplicity to perform



(normal bone marrow and defined growth factors) and score(macroscopic
colonies at a high incidence of 150-200 colonies per 10° cells).

The in vitro multipotential cell assays described, have
established a methodology by which early cell development can be
studied. There are however doubts as to the exact nature of the cell
pogQUlation they detect and both in vivo and in vitro assays show

considerable variability in certain characteristics.

Progenitor Cell Compartment and its relationship to Haematopoietic

Growth Factors.
The in vitro growth of haematopoietic cells is dependent on a

source of colony stimulating factor (Metcalf 1984). Prior to the
establishment of in vitro assays for multipotential cells, growth
conditions were described that permitted colony growth displaying only
one, or at most two, mature differentiated cell types (Pluznick and
Sachs 1965, Bradley and Metcalf 1966). These colonies were assumed to
be the progeny of early cells which had restricted lineage potential
and were termed progenitor cells (Metcalf 1984). This characteristic
was used to distinguish them from multipotential stem cells as assayed
in vivo (Metcalf 1984). The development of progenitor assays is
inextricably linked to the investigation of the interaction of colony
stimulating factors with haematopoietic cells (Metcalf 1984). The
class of progenitor under examination is defined by the morphology of
the resultant colony , which in turn, is dependent on the source and
type of colony stimulating factor (CSF) (Metcalf 1984). The actions
of CSF (or growth factors) will be described shortly.

In order to resolve the relationship between murine in vivo
stem cells and colony forming cells in vitro, cell . separation studies
must be performed on the heterogeneous haematopoietic population. If
a single population of cells with the ability to proliferate in both
stem and progenitor assays could be purified , then it would be likely
that the assays characterise the the same cells. If, however, cell
populations could be separated that showed colony forming ability in
only one or other assay, this would provide good evidence for the
presence of sub-populations within the haematopoietic compartment and
relationships and roles in haematopoietic development could be
investigated.
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Cell Separation Studies
Worton et al. (1969) used cell density and cell size as

parameters to separate murine bone marrow. Fractions from
equilibrium density gradient and velocity sedimentation gradients were
analysed in the CFU-S and the in vitro progenitor colony forming assay
using conditioned media from mouse L cells as a source of stimulator.
Two populations of cells were distinguished by cell density and cell
size, and CFC progenitors had a higher sedimentation velocity
(4.9mm/h) than the CFU-3 (3.9mm/h). Although these populations
overlapped, the results led Worton et al.(1949) to conclude that at
least some of the cells that can form spleen colonies are not detected
in the 1in vitro culture assay and that some of the cells that form
colonies in vitro are not detected in the spleen assay. The
overlapping distributions of these suggest that perhaps there is a
sub-population of cells in the region of overlap which is detected by
both assays. This overlap may reflect true variation with each
population or it may be the result of variation in the detection
efficiency of the two assays used.

Improvements in techniques such as fluorescent activated cell
sorting has enabled cell populations to be separated much more
efficiently. Fluorescent activated cell sorting (FACS) separates
cells according to light scattering properties(Visser and Bol  1981).
This property, coupled to either lectin or antibody affinity has
clearly defined the existance of subsets of early haematopoietic
clonogenic cells ( Visser and Bol 1981).

Nicola and Johnson (1982) separated two fractions of
clonogenic c¢ells from foetal liver which differed in their lectin
binding properties and thus were amenable to fluorescent activated
cell sorting. The two fractions were termed the pre-colony forming
cell (preCFC) fraction and the CFC fraction. The pre CFC fraction
contained meny CFU-S but very few cells with the ability to form
colonies in vitro (CFCs). In liquid culture this preCFC fraction
generated many CFC after stimulaticn for 5-7 days with either pokeweed
mitogen stimulated spleen cell conditioned media (SCM) or
postendotoxin serum. In contrast, the CFC fraction contained very few
CFU-S but a high frequency of CFC cells. Stimulation of this fraction
in 1liquid culture for 2 days by colony stimilating factors generated
large numbers of differentiated progeny and by 4 days few CFC could be
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detected. Thus multipotential cells could be separated from
progenitor (CFC) cells and under the appropriate conditions
multipotential cells may generate lineage restricted colony forming
cells.

It 1is clear that sub-populations of haematopoietic cells
exist. The observation by Nicola and Johnson (1982) that pre CFC
(multipotential cells) can generate lineage restricted CFC, offers an
experimental system within which factors influencing transitions from
multipotential to lineage restricted cells can be examined. The fact
that cells are physically separate from these forming spleen colonies
in irradiated mice, confirms the theory that the haematopoietic

compartment is made up of sub-populations.

Response of Haematopoietic Cells to Colony Stimulating Factors.
In vitro colony growth is totally dependent on a source of

colony stimulating factor (Metcalf 1984). Colony growth has been used
to define and purify a family of glycoproteins collectively known as
the colony stimulating factors (Sieff 1987). Stimulatory activity has
been identified in many sources including murine organs and many
established cell lines, (Burgess et al.1986, Metcalf and Johnson 1978,

Nicola et al, 1979, Shrader and Clark-Lewis 1982, Pragnell et al, 1988,

Stanley and Heard 1977, Schrader and Crapper 1983, Koury and Pragnell
1982), with the most predominant activity resulting in granulocyte
and/or macrophage colony growth and termed granulocyte-macrophage

colony stimulating factor (Metcalf 19858. Purification and molecular
cloning has so far identified four distinct proteins capable of
sustaining granulocyte/macrophage development, namely G-CSF, M-CSF,

GM-CSF and IL-3 (Metcalf 1986, Fung et al.1984, Yang et al. 1986,

Nicola et al, 1985, Nagata et al, 1986, Wong et al.1987, Wong et al.
1985, Stanley et al,1985, Miyatake et al 1985). The full range of
these growth factor activities will now be discussed in relation both
to one another and other relevant regulation factors, such as

erythropoietin (Metcalf and Johnson 1979) and H-1 (Mochizuki et al
1987).

Colonies which differ in their composition of single lineage
mature cells, may arise from a single growth factor interacting with
different pre-committed progenitor cells, or alternatively, a group of
regulatory factors, which themselves differ, could operate on a rather
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more homogenous target cell population, actively influencing the
developmental decisions of the cell. These two scenarios in which
haematopoietic growth factors might interact with responsive cells ¢to
regulate colony formation need not be mutually exclusive and the use
of pure growth factors and fractionated cell populations has permitted
experiments designed to address such questions to be attempted.
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Chapter 1.2
Biological Activities of Granulocyte-Mac age Colony Stimulating

Factor

Introduction
Early observations by Metcalf (1970) indicated the importance

of colony stimulating factors (CSFs) in haematopoietic  colony
development. For example Metcalf (1970) demonstrated that single cell
suspensions of bone marrow cells immobilised in soft agar were capable
of limited proliferation (up to 16 cells) but died unless CSF from
human wurine was added. Supplementation by growth factor tends to
sustain cellular proliferation with approximately 10% of the initiated
clusters of cells progressing to colonies, (clusters are defined as
groups of less than 50 cells, whereas colonies comprise of more than
50 cells). The colony morphology follows a predictable pattern and
during the first two days colonies are granulocytic but by day seven,
macrophage colonies predominate. The number and rate at which new

colonies appear increases with the concentration of CSF suggesting

that CSF is at least a trigger for colony formation. The delayed
addition of CSF %o the cultures revealed a 50% loss of viability after
only one day and so CSF is also necessary for survival. Colony

growth decreases and ceases by day seven but this is not due to growth
factor depletion or instability. Experiments in which prior
incubation of CSF and re-use of agar previously used to support colony
growth were performed which led the author (Metcalf 1970) to rule out
these possibilities. Although new colony growth will occur after the
addition of fresh cells to agar that has already sustained colony
growth, the CSF does show some depletion, which suggested to
Metcalf(1970) that perhaps the CSF was actively metabolised.

Analysis of CSF-progenitor cell interactions

The ability to recognise mature granulocytes and macrophages
within colonies allowed for the purification of the proteins
responsible for this activity (Burgess et al 1986). The lung cells
fromn mice previously treated with endotoxin (MLCM) are a good source
of granulocyte, macrophage stimulating activity (Burgess et al 1986,
Burgess et al.1977). One of the proteins isolated from MLCM is called
granulocyte-macrophage colony stimulating factor (GM-CSF) (Burgess et
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al 1986). The protein was initially purified 3500 fold from MLCM and
used to stimulzte colony growth from murine marrow (Burgess et al
1977). At high concentrations {(greater than 20 pg/ml), Burgess et al
(1977) observed 3 colony types consisting of granulocytes, macrophages
and mixed granulocyte/macrophages, The proportions of
each colony type were slightly different from that after stimulation
of bone marrow cells by unfractionated MLCM. MLCM stimulates almost
equal proportions of all three cell types whereas the pure GM-C3SF
showed a slight bias towards mecrophage colonies. The colony
proportions altered more obvicusly after the concentration of GM-CSF
was decreased. This led to the frequency of granulocyte colonies
decreasing until at low concentrations (less than 70pg/ml) only
macrophage colonies developed (Burgess et al 1977).

It can be concluded from this series of experiments (Burgess
et al 1977) that GM-CSF is able to interact with cells in the
progenitor compartment that are either bipotential
granulocyte-macrophage colony forming cells (GM-CFC g) or unipotentizsl
granulocyte CFC s (G-CFC 3). The observation that a single pure growth
factor stimulated three different colony types (Burgess et al 1977)
was held to substantiate previous data on the heterogeneity of the

progenitor compartment (Metcalf and MacDonald 1975).

Heterogeneity of the progenitor compartment

TWwo years previously Metcalf and MacDonald (1975) had used
velocity sedimentation to analyse the heterogeneity among bone marrow
colony forming cells. They found that the larger, more rapidly
sedimenting cells required less stimulation by MLCM 1in order to
produce colonies than the more slowly sedimenting smaller cells. In
fact when colony morphology was examined, macrophage colonies formed
only from the rapidly sedimenting fractions whereas the proportion
of granulocyte colonies rose in cultures of more slowly sedimenting
cells. Initially two distinct sub-populations appear to have been
separated and these respond to different levels of MLCM.  Most
colonies which were granulocytic in composition change with the
appearance of a secondary population of macrophage cells until the
whole colony consists of macrophages. Therefore although  the
sedimentation technique separates cells which differ in their response
to CSF concentration , this may represent a compartment of cells which
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differ in their rate of transformation during colony growth from
granulocyte to macrophage, rather than qualitative difference in their
capacity for differentiation. Macrophage colonies are formed at low
CSF concentration and it is the large colony forming cells (CFC s)
which respond to low levels of CSF, and so this may explain why such
colonies develop. There may then be a prexisting heterogeneity in the
bone marrow within which various CSF s might preferentially stimulate
selected subpopulations. This data sugests that two such populations
which respond to MLCM may exist: a progenitor restricted to the
macrophage pathway 1is activated at low CSF concentration and a
bipotential GM-CSF progenitor which, at high concentrations of CSF,
will develop into granulocytes and macrophages.

The Influence of GM-CSF on Colony Composition
Metcalf (1980) studied the ability of GM-CSF to influence
colony composition by analysis of paired daughter cells derived from a

single cell, initiated in a high concentration of GM-CSF. Semi-pure
GM-CSF was titred so that 2,500 units stimulated colonies that were
58% granulocyte and 50 units stimulated colonies that were 76%
macrophage. Bone marrow cells were incubated in the presence if 2,500
units of GM-CSF for 16 to 24 hours, after which the daughter pairs
from dividing cells were removed, separated and transferred to new
culture dishes. Subsequent development proceeded in either 50 units
or 2,500 units of GM-CSF, Eight out of forty one pairs of daughter
cells treated this way generated granulocyte colonies when transferred
into high GM-CSF concentration and macrophage containing colonies when
moved into low concentrations of GM-CSF. A further six out of forty
one pairs gave granulocyte-macrophage mixed colonies on transfer into
high GM-CSF concentrations. In comparison 39 out of 48 pairs
produced colonies that were identical in composition when both
daughter cells were transferred into high levels of GM-CSF (Metcalf
1980). As previously discussed,low levels of GM-CSF predominantly
stimulate macrophage colonies and high concentrations of GM-CSF
results in granulocyte or mixed granulocytes/macrophage colonies
(Metcalf and MacDonald 1975). The data on transfer of paired daughter
cells from high GM-CSF concentration suggests that at the time of
transfer these cells are still able to respond to the new enviromment
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since in some cases, daughter cells transferred into low GM-CSF
conditions develop into macrophage colonies (Metcalf 1980). These
results imply that for GM-CSF to influence the morphology of colony
formation it may have to remain constant for a period of longer than
the initial 16 to 24 hours (Metcalf 1980). Thesedata (Metcalf 1980)
does seem to indicate that the progeny of progenitor cells are
responsive to environmental changes and so represent a point at which

developmental regulation can occur.

Analysis of Commitment to Single Lineages by Haematopoietic Growth
Factors

Interaction of GM-CSF and Macrophage CSF (M-CSF

M-C3F is a 70, 000 molecular weight glycoprotein which
preferentially stimulates macrophage colony formation (Stanley et al
1983). This growth factor has been examined together with GM~CSF in
order to compare the populations of cells stimulated and the manner ir
which they exert their differentiation properties. Using pure GM-CSF
and partially purified M-CSF, Metcalf and Burgess (1982) used &
similar approach to that described for the analysis of the influence
of GM-CSF on colony composition. Cultures were initiated using either
M-CSF or GM-CSF and daughter and grand-daughter cells were either
separated after 24 hours or colonies removed after 2 - 3 days and
re-cloned in either M-CSF or GM-CSF. Colony morphology was observed
and noted over the subsequent incubation period. Colonies maintained
in GM-CSF were composed of approximately equal frequencies of
granulocyte, macrophage and mixed granulocyte/macrophage colonies,
whereas control colonies maintained in M-CSF were 90% macrophage. Ir
M-CSF was wused as an initial stimulus for 2 - 3 days, ¢transfer to
either GM-CSF or M-CSF resulted in the colonies being 90% macrophage.
GM-CSF-initiated colonies gave approximately 50% granulocyte and
granulocyte/macrophage colonies when transferred to either stimulus.
These experiments indicate that some commitment is occurring during
the 2 - 3 day initial incubation (Metcalf and Burgess 1982).

When these types of experiments were carried out after an
initial incubation of only 24 hours (Metcalf and Burgess 1982), cells
which had undergone only 1 or 2 cell divisions did not show such clear
induction of commitment.During the re-cloning of paired daughter cells
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granddaughter cells and colonies, not all survived transfer into
different growth conditions (Metcalf and Burgess 1982). Twelve
percent of the cells initiated in M-CSF failed to respond to G+CSF and
so were considered to be monoresponsive to M-CSF. The fregency of
monoresponsive cells to GM-CSF is approximately 32% by a similar
calculation (Metcalf and Burgess 1982). This indicates that at least
two-thirds of the granulocyte-macrophage proge nitor cells in the
adult marrowWw are bi-responsive to GM-CSF or M-CSF (Metcalf and Burgess
1982). Thesedata is difficult to interpret as failure to transfer may
be due to conditioning of a previously biresponsive cell by the
initial stimulus to become monoresponsive and so this frequency of
biresponse is probably an underestimate (Metcalf and Burgess 1982).

Lazar et al (1985) have examined the regulation by growth
factors of granulocyte/macrophage production using a genetic approach.
They observed that two inbred mouse strains C57BL/6J and LP/J differed
in their response to CSF. When SCM was used as a source of GM-CSF
(Lazar et al 1985) the dose response curves for bone marrow colony
forming cells (CFC) for both strains showed a similar plateau value.
However the LP/J marrow had a higher response at low levels of SCM.
This response was not seen when mouse L-cell conditioned medium was
used as a source of M-CSF (Lazar et al 1985) both strains of mice had
identical dose response curves. Lazar and his colleagues (1985)
interpreted these results to mean that the two CSF's act independently
on bone marrow progenitors.

Subsequently, however, Lazar et al (1985) discounted the
possibility that two factors used (GM-CSF and M-CSF) were acting on
independent populations of progenitors. Concentrations of both
factors that gave maximal colony formation were mixed. If both
factors were acting on separate populations, the numbers of colonies
should be additive (or higher) than the numbers generated by the
individual factors. However mixing L-cell conditioned media with SCM
showed no significant increase in colony numbers over those observed
for the single factors, and so it seems likely that both CSF s act on
a single population of progenitors which differs in its response to
M-CSF  and GM-CSF in LP/J mice.The conclusion that a single
biresponsive population of progenitors is the main target for both
GM-CSF and M-CSF agrees with the previously discussed work (Metcalf
and Burgess 1982). |
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The increased sensitivity of progenitor cells from the LP/J
strain of mice to lower levels of GM-CSF in comparison to C57BL/6J
mice, without any obvious differences in total numbers of colony
forming cells present in the marrow, could be explained on the basis
that the C57BL/6J mice have progenitor cells with receptors which
display an altered affinity for GM-CSF, resulting in fewer colonies
being produced at low CSF concentrations (Lazar et al 1985). At high
concentrations, differences between strains would perhaps be minimal
since all receptors would be saturated regardless of affinity (Lazar
et al 1985). It is of interest that the preliminary comparisons of
circulating blood cells levels did not reveal any significant strain
deficiency, which could mean that the CFC response to growth factors
is not significant in determining the final numbers of circulating
cells. It 1is possible that the levels of CSFs may be regulated by
strain differences , for example LP/J mice may have decreased levels
of GM-CSF in comparison to C57BL/6J.

Proliferative Efects of GM-CSF and Granulocyte-CSF (G~CSF

The discussion has so far been limited to the activities of
GM-CSF and M-CSF. Two factors which appear to act on an overlapping
population of progenitor cells in vitro. A third growth factor,
G-CSF, 1is associated with the ability to stimulate granulocyte colony
growth from bone marrow cells (Metcalf and Nicola 1983) and can induce
differentiation of both murine (Metcalf and Nicola 1982) and human
leukaemic cells (Vellenga et al. 1987).

Metcalf and Nicola (1983) used G-CSF purified from MLCM to
examine its proliferative effects on normal mouse haematopoietic
cells. This preparation stimulated small numbers of granulocyte
colonies. If the plates were examined after two or three days many
proliferating cells which, by day seven had died, were found to be
present. It was suggested that G-CSF may sustain the early
proliferative divisions of cells destined to differentiate down
lineages other than the granulocytic, and without the appropriate
lineage specific stimulus these cells die. In order to study this,
replating experiments were carried out in which cells initiated for
two days in either G-CSF or GM-CSF were transfered to new growth
conditions. Thus when proliferating cells, initiated in G-CSF for two
days, were transfered to similar G-CSF growth conditions, only 9% of
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the cells survived to produce granulocytic colonies. However, on
transfer to dishes containing GM-CSF, 40% of the cells survived.
Reciprocal transfer experiments, using GM-CSF 1initiated cells,
resulted in approximately 90% of the proliferating cells surviving
transfer . These observations suggest that G-CSF can initiate, but
not sustain, the proliferation of many granulocyte-macrophage colony
forming cells (GM-CSF's) and is capable of stimulating only a
subpopulation of progenitors to form colonies. The effect of G -C3F on
multipotential mix-CFC's and BFU-E erythroid progenitors was also
examined by overlaying the G-CSF initiated foetal liver cells with
either SCM or erythropoietin. SCM will stimulate erythroid or mixed
erythroid colony formation, whereas erythropoietin will not (Metcalf
and Nicola 1983). If G-CSF is used as an initial stimulus and
erythropoietin 1is added two days later, no erythroid development is
observed. In contrast the delayed addition of SCM resulted in
reasonable numbers of erythroid containing colonies as well as
eosinophil colonies. It was therefore suggested that G-CSF either
stimulates the initial proliferation of multipotential cells, or it
permits their survival but not proliferation (Metcalf and Nicola
1983). To discriminate between these two possibilities individual
cells were mapped on culture plates and their fate followed during the
course of the experiment. The results obtained indicated that most of
the mixed and erythroid colonies that developed following addition of
SCM arose from single cells that had survived but not proliferated
under the influence of G-CSF (Metcalf and Nicola 1983).

In order to define the population of cells that are stimulated
to form granulocyte colonies in response to G-CSF, and to relate this
to the progenitor populations already known to respond to GM-CSF and
M-CSF, colony numbers were counted, either after stimulation of bone
marrow by G-CSF alone, or in combination with M-CSF and GM-CSF
(Metcalf and Nicola 1983). The combination of G-CSF with either of
the other two factors resulted in the formation of more colonies than
would have been predicted by the addition of colony numbers resulting
from stimulation by either factor alone, sugesting that G-CSF may
interact with a sub-population of bone marrow progenitors distinct
from either GM-CSF or M-CSF (Metcalf and Nicola 1983).

GM-CSF was previously shown to be capable of stimulating
limited proliferation of multipotential precursor cells but unable to
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generate mature erythroid of mixed erythroid colonies (Metcalf and
Johnson 1979, Metcalf et _al 1980). The above data adds G-CSF to =

list of factors that have the capacity to allow survival and

proliferation of a wider range of cells that was initially suspected

from the predominant colony type they generated in vitro.

Proliferative and Differentiation Effects of GM-CSEF

The GM-CSF cDNA has recently been cloned (Gough et al., 1984).
The cDMA has been expressed in both eukaryotic (Metcalf et al. 1986b)
and prokaryotic systems (Metcalf et al. 1986a, Delamarter et al. 1985,

Robinson et al. 1987) thus allowing large quantities of recombinant
protein to be purified and its activity compared to native GM-CEF
(Metcalf et al 1986a). The use of prokaryotic expression systems for
growth factor production has an advantage over eukaryotic tissue
culture systems since there is less 1likely to be contaminating
cellular protein or serum proteins which may act on haematopoietic
cells. Proteins produced by bacteria do not however undergo
post-translational modification and sc cannot be assuned to have the
same activity as native GM-CSF (Metcalf et al 1986a). Metecalf et =l
(1986a) have directly compared pure native GM-CSF, with E.coli
produced recombinant GM-CSF (rGM-CSF). Both forms show  almost
identical activities and stimulate granulocyte and/or macrophage
colony formation from both adult and foetal haematopoietic tissue. At
high concentrations (greater than 80 pg/ml) both forms stimulate
eosinophil colonies, and, at very high concentration (greater than 640
pg/ml) megakaryocyte colonies. The observation that GM-CSF
stimulates megakaryocytes could be due to contaminating factors in tre
high concentrations of GM-CSF used, however, Robinson et al (1987)
have also noted megakaryocyte colony formation after simulation by
rGM-CSF produced by E.coli at a concentration of around 9 ng/ml.
This 1is a 10-fold lower concentration than that used by Metcalf and
his colleagues (1986a). These two independent reports suggest that
megakaryocyte colony stimulating activity may also be a function of
GM-CSF.

In addition,at high concentration both native and rGM-CCF
showed a weak erythroid response on adult bone marrow (Metcalf et .l
1986a). This was not observed for foetal liver progenitors. However,
as expected, both forms could support the initial proliferation of
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erythroid and multipotential cells.

Summary
The availability of in vitro colony assays have enabled the

CSF responsive cells to be identified and analysed. CFC's can be
identified by the fact that they divide a short period of time after
growth factor stimulation and are recognisable as doublets (Metcalf
1980). Single cell transfer of paired daughter cells has established
that a single cell can give rise to a colony consisting of both
granulocytes and macrophages (Metcalf 1980, Metcalf and Burgess 1982).
This cell is termed the granulocyte-macropage colony forming cell
(Metcalf and Burgess 1982). This system has been utilised to determine
the effect of sequential exposure to different growth factors
(Metcalf and Burgess 1982), and has contributed greatly to our present
understanding of the various cell populations in the bone marrow and
the range of factors they interact with.

Both GM-CSF and M-CSF appear to act on a largely overlapping
population of progenitors but they differ in effect on the final
colony composition ( Metcalf and Burgess 1982 , Lazar et al 1985).
The use of rGM-CSF has highlighted its ability to stimulate
eosinophil and megakaryocyte colony formation (Metcalf et al 1986a,
Robinson et al 1987). Thus the interaction between GM-CSF and its
target cell population is complex. GM-CSF acts in a concentration
dependent manner on GM-CFC's (Metcalf 1980) and can stimulate
proliferation of what is likely to be an even earlier cell than the
GM-CFC which has the potential to generate erythroid or mixed
erythroid colonies (Metcalf et al 1980, Metcalf et al 1986a).
Stimulation by a particular growth factor such as GM-CSF or M-CSF not
only permits survival and proliferation but can also in some way
commit the developing cells within a clony to become lineage
restricted (Metcalf and Burgess 1982). Subsequent stimulation of
committed cells by another growth factor cannot alter the type of
differentiation pathway the cells have entered (Metcalf and Burgess
1982).

A third factor, G-CSF, shares with GM-CSF the capacity to
stimulate a wider range of progenitor cells than its name implies
(Metcalf and Nicola 1983). On its own it is unable to sustain fully
differentiated colony growth other than granulocytic colonies
(Metcalf and Nicola 1983). Granulocytic growth appears to result from
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stimulation by G-CSF of a sub-population of GM-CFC's distinct from
that stimulated by GM-CSF or M-CSF alone (Metcalf and Nicola 1983).
Colony stimulating factors have a wide variety of activities.
Not only do they provide a permissive milieu for progenitor cell
survival and proliferation in a partially lineage indifferent manner,
but they can direct cells along particular differentiation pathways.
In fact, once cells are committed to a particular differentiation
pathway, CSF s may again act in a rather lineage indifferent manner to
promote colony formation. The above discussion is an obvious
simplification of the ongoing processes due to differences in specific
activities exhibited by different factors and the inherent

heterogeneity of the haematopoietic compartment.

Interleukin IL-
Introduction

GM-CSF is capable of stimulating the early cell divisions of a
multipotential cell that on subsequent stimulation by an appropriate
factor can form a mixed erythroid colony in vitro (Metcalf et al
1980). By itself GM-CSF shows only a weak and perhaps artifactual
ability to generate erythroid or mixed erythroid colonies (Metcalf et
al 1986a). The 4in vitro multipotential stem cell assay requires
stimulation of the mix~-CFC by 1lectin stimulated « spleen cell
conditioned media to generate erythroid colonies (Johnson 1980). This
activity is also detected in the conditioned media from the murine
WEHI 3B myelomonocytic cell line (Bazill et al 1983). The injection
of cells derived from mix-CFC colonies can lead to the formation of
spleen colonies suggesting that at least some of the mix-CFC
correspond to multipotential stem cells (Johnson 1980), and it is
these cells that may be targets for the CSF in SCM or WEHI 3B
conditioned media, (Iscove et al., 1982). The conditioned media from
SCM exhibits four biological activities as assessed by colony growth.
These are granulocyte/macrophage, eosinophil, megakaryocyte and
erythroid colony stimulating activities (Clark-Lewis et al 1984).
These activities may be a result of a variety of different factors
acting on haematopoietic precursor cells or alternatively, one
molecule may be active on an early multipotential cell and its
progeny. This activity has been variously referred to as burst
promoting activity (BPA), multi-CSF, interleukin 3 (IL-3), mast cell
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growth factor (MCGF), P-cell stimulating factor and haematopoietic
growth factor (Ihle et al. 1983).

Purification of The Molecule Responsible For BPA

Protein purification of SCM indicated that some of the
eosinophil and granulocyte/macrophage activity could be attributed to
separate factors but most of the eosinophil and granulocyte/macrophage
activity was associated with erythroid and megakaryocyte colony
stimulation (Cutler et al. 1985). These activities have
subsequently been purified to homogeneity from SCM (Cutler et
al.,1985) and WEHI conditioned media (Ihle et al., 1982), with
retention at all stages of the multilineage activity. The cDNA coding
for IL-3 has been cloned from both the WEHI 3B (Fung et al. 1984) and
normal T cells (Yokota et al. 1984) and it seems that IL-3 production
is closely associated with T cells (Schrader and Clark-Lewis 1982,
Young et al. 1987). These cells may therefore be important in
haematopoietic regulation. Proliferation and molecular cloning has
enabled the range of actions ascribed to IL-3 to be examined in detail
and these will be discussed below.

Biological Activities of T1.-3
Stem Cell eractio

Interest in IL-3 was stimulated when it was observed that
IL-3 was the only CSF that supported the proliferation and
differentiation of such a diverse number of mature cell types which
sugested it might interact with a multipotential stem cell (Hapel et
al 1985). Current experimental evidence to substantiate a direct
interaction with a stem cell is poor. However, the availability of
pure recombinant IL-3 (rIL-3) (Sieff et al. 1987) should enable
further experiments to be carried out. Schrader and Clark-Lewis
(1982) described an in vitro liquid culture system in which factors

that modulate stem cell survival can be monitored by incubation with
bone marrow for seven days. Stem cell numbers wefe subsequently
measured by standard in vivo spleen cell focus forming assay (Till and
McCulloch 1961). The conditioned media from SCM and a T-cell hybrid
produced an activity distinet from GM-CSF or IL-2, which was found to
promote survival of CFU-S in liquid culture. A source of GM-CSF used
as a control did not stimulate CFU~S survival. It is 1likely
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considering the source, molecular weight and biological activities of
this factor that it is identical to IL-3 ( Schrader and Clark-Lewis
1982).

Nicola and Johnson (1982) used FACS to separate haematopoietic
cells into preCFC and CFC fractions, (as described previously). The
pre CFC fraction contained the majority of CFU-S and very few CFCs,
and the initial CFC fraction contained very few CFU-S but had many
progenitor CFCs. Stimulation of this fraction by SCM resulted in
mature differentiated cells being produced with the loss of CFCs. The
production of lineage restricted progenitors from the CFU-S containing
fraction was found to be dependent on SCM and therefore the SCM was
considered to elicit a differentiation effect on the stem cells
present in the preCFC fraction allowing them to produce progenitor
cells (Nicola and Johnson 1982). Using a source of GM-CSF (MLCM), no
such effect was observed. Therefore a factor or factors present in
SCM but not MLCM could interact with members of the stem cell
compartment. Pure IL-3 from SCM added to this assay system resulted
in a similar pattern of differentiation as impure SCM (Cutler et al.
1985).

The in vitro blast cell colony assay (Nakahata and Ogawz
1982) has been used to assess the role of IL-3 in multipotential cell
proliferation and differentiation. As described in a previous section
the blast cell colony assay detects multipotential cells present at
low frequency in haematopoietic tissues by their response to SCM
(Nakahata and Ogawa 1982). It is possible to substitute IL-3 for 5CHM
in the assay ( Suda et al. 1985). Koike et al. (1986b) demonstrated
that blast cell colonies were sensitive to low levels of IL-3, whereas
the multilineage and progenitor colonies of differentiated cells were
dependent on high levels of IL-3. If the addition of low levels of
IL-3 was delayed until seven days after the commencement  of
incubation, blast cell colonies proliferate as if stimulated from day
one. Although a reduction of colonies derived from more mature
progenitors was observed, the number of blast cell colonies was fthe
same as in control cultures. Koike and colleagues (1986b) concluded
from these results that IL-3 provides a permissive enviromment for the
proliferation of an early population of stem cells , but iz not
required for their survival if they are non-cycling. This conclusion
assumes that stem cells enter the cell cycle at random and then



require IL-3. The blast cell colonies observed after delayed addition
of IL-3 are apparently derived from multipotential cells that have
remained out of c¢ycle until IL-% was supplied. The lack of any
detectable drop in blast cell colony numbers befween control and
delayed addition plates implies that very few stem cells are cycling
and any that are cycling prior to IL-3 addition would be lost but not
observed due to experimentazl variaznce. The observation that mature
colonies require higher concentrationz of IL-7 to survive than blast
cell colonies implies & declining sensitivity to IL-3 az stem cell:
develop into mature cells. How growth factors interact physically
with cells and how specific differentiation messages are transmitted
will be discuszed in Chapter 1.4. However declining senszitivity may
be due to changes in receptor number or affinity for IL-2 as the cell
differentiates or , an alternative possibility could be that early
progenitor cells transduce the gsignal elicited by IL-3 morc
efficiently (Koike et al 1986b).

various concentrations of sera which may contain erytbropoietin or
other growth factors which could zct synergistically with, or mask,
the effect of any added growth factor. Suda et gl. (1986) used =
serun free system to study the combination of pure IL-2  arnd

erythropoietin  (Epc) on an enriched source of  haemstopoietic
progenitors. In the absence of Epo, IL-3 alone could produce
multilineage colonies of which 3 out of 29 contained a low percentage
of erythroid cells. No coloniez were formed by Epo alone, but 1he
combination of IL-3 plus Epo produced colonies of which 31 out of 37
contained erythroid cells. Single cell transfer experiments showe
that IL-3 was able to maintain the growth of multipotentisl cells an
support the terminal differentiation of neutrophils, mecrophages,
eosinophils and megakaryocytes without additicnal growth factors.
Terminal differentiation of erythroid cells were not observed as addes
Epo is necessary for maximal erythroid differentiation.

The detection of erythroid or mixed erythroid colonies ig ir
part dependent on the scurce of haematopoietic tissue. The  author:
cited above use the spleens from adult mice trested with the
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cytotoxic drug 5-fluorouracil (5FU), which has been demonstrated to
cause a transient enrichment for early precursor cells (Bradley and
Hodgson 1979). Foetal 1liver is another source of enriched early
precursor cells (Metcalf and Johnson 1979) and it has been reported
that erythroid colonies could be detected in the absence of detectable
Epo (Suda et al.,1985;1986,Johnson and Metcalf 1977, Hapel et al 1985,
Metcalf et al 1987a). It cannot be ruled out that in these cases
IL-3 stimulates the release of Epo from cells present within the agar
matrix resulting in erythropoiesis (Zucali et al 1987, Mangan et al
1982, Sieber and Sharkis 1982). Alternatively even though some
experiments were carried out " serum free", the growth factor
preparation may be contaminated by other CSFs or bacterial endotoxin.

With respect to the ability of IL-3 to stimulate erythroid
development, the data is confusing (Suda et al. 1985;1986 ,Johnson and
Metcalf 1977, Hapel et al 1985, Metcalf et al 1987a, Sieff et al.,
1980). IL.-3 could conceivably be capable of supporting terminal
differentiation of erythroid cells, but this may be only a
sub-population of the cells which can generate erythroid colonies
under other stimulatory influences. The proportion of pre-erythroid
cells that are responsive to IL-3 on its own may be very small and
vary between tissues of the adult and foetal mouse. The observed
erythropoiesis could also be a result of an indirect action of IL-3 on
a varying populations of cells that respond to IL-3 by producing Epo,
or purely artifactual due to contaminating material. At present it
seems reasonably clear that Epo is necessary for optimal erythroid or
mixed erythroid colony growth in conjuction with IL-3 or GM-CSF (Sieff
et al., 1985, 1986).

Ii.-3 TARGET CELL POPULATION

Although IL-3 has been demonstrated to generate colonies of
diverse mature cell types which suggests it can act on a
multipotential cell (Clarke-Lewis et al 1984), M-CSF was considered to

act predominantly on a unipotential or bipotential progenitor cell
that has been derived form a multipotential cell (Metcalf and Burgess
1982). Koike et al. (1986a) have tried to determine a 1link between
cell populations on which various factors act. M-CSF generated more
macrophage containing colonies from normal bone marrow than IL-3,

When a population of bone marrow cells enriched for primitive cells
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was subjected to stimulation, IL-3 produced more macrophage colonies.
Thus it was interpreted by Koike et al. (1986a) that both IL-3 and
M-CSF could support macrophage colony growth, but IL-3 acted on a more
primitive cells than M-CSF. In order to define whether the two
populations were separate or overlapping, IL-3 and M-CSF were mixed
and macrophage containing colonies counted. The number of colonies
after stimulation by both factors together was close to or in excess
of the sum of the number of colonies supported by M-CSF or IL-3 alone,
which suggests either that the target cell populations are different,
or alternatively, there is a population of cells that require both
factors for their proliferation. In addition to the increase 1in
colony numbers, it was noted that the combined growth factors resulted
in larger colonies than generated by the separate factors, and so even
if the two factors act on distinct populations their activities may
overlap. The delayed addition of M-CSF to IL-3 initiated cultures
indicated that factors can act sequentially on developing colonies to
increase the final colony size.

Bartelmez et al (1985) analysed liquid cultures enriched for
primitive or mature cells for their responses to IL-3 and M-CSF
Addition of IL-3 to the culture of primitive cells resulted in an
increase in the total number of M-CSF binding cells , whereas addition
of M-CSF did not. In cultures of more mature cells, M-CSF generated
approximately 17 times more M-CSF binding cells than IL-3. Taken
together this data indicates that IL-3 can act on a more primitive
cell than M-CSF to generate macrophage colonies. There are probably
two distinet populations that respond to either IL-3 or M-CSF, but
IL-3 may generate the more mature progenitors that M-CSF can
stimulate. This would explain why IL-3 initiated colonies respond to
M-CSF to generate larger colonies than either factor alone ( Koike et
al 1986a). In contrast,as previously discussed, the populations of
cells that GM-CSF and M-CSF stimulate show almost a complete overlap
(Metcalf and Burgess 1982) and so comparison of target cell
populations may represent a distinguishing point between IL-3 and
GM-CSF.

Sieff and his colleagues (1987) carried out a direct
comparison between the ability of IL-3 and GM-CSF to sustain the
proliferation of BFU-E erythroid progenitor cells in the presence of
Epo. Using recombinant gibbon IL-3, human GM-CSF and human marrow or
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foetal 1liver cells, the authors showed that IL-3 generated 25% more
BFU-E erythroid colonies than GM-CSF. The addition of both IL-3 and
GM-CSF to bone marrow cells together did not result in stimulation of
more BFU-E than IL-3 &alone. It was therefore suggested that there
are two populations of BFU-E one of which is responsive to IL-3 alone
and another population which responds to both IL-3 and GM-CSF. The
relationship between IL-3 and G-CSF was examined in the same study
(Sieff et al 1987). G-CSF showed no capacity to produce erythroid
colonies and the addition of both IL-3 and G-CSF together did not
result in any increase in BFU-E colonies above those stimulated by
IL-3 alone (Sieff et al 1987). 1In comparison to this both factors
together generated more granulocyte colonies than either IL-3 or G-CSF
alone (Sieff et al 1987), suggesting there may either be distinct
sub-populations of cells that respond to G-CSF or IL-3 or a
population that requires both. The granulocyte colonies which develcop
after dual stimulation are larger than those which are stimulated by
single factors which implies that at least some colonies respond to
both IL-3 and G-CSF during their development. The comparison between
GM-CSF and G-CSF previously discussed (Metcalf and Nicola 1983) noted
that GM-CSF probably acts on a distinct population from G-CSF, or both
act together on a single population. In this respect GM-CSF and IL-3
have a similar relationship to the progenitor cell population specific
for granulocyte colonies.
SUMMARY

IL-3 is a growth factor that has a broad range of
proliferative effects on primitive haematopoeitic cells (Metcalf et al
1987). It can directly stimulate granulocyte, macrophage, eosinophil
and megakaryocyte colony formation (Metcalf et al 1987). In addition
it can stimulate multipotential precursors of mixed erythroid colonies
(Suda et al 1986) . Both G-CSF (Metcalf and Nicola 1983) and GM-CSF
(Metcalf et al 1980) promote the survival and proliferation of a
number of immature cells, a function not initially apparent from the
colonies they produce. GM-CSF is most closely related to IL-3 when
the wide range of colonies it stimulates is considered (Metcalf et al
1986a). However, they can be distinguished quite clearly after
comparison between the target cell populations these factors interact
with on their own or in conjuction with other factors . Although both
IL-3 and GM-CSF stimulate early multipotential cells, IL-3 probably
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influences a slightly more primitive cell (Nicola and Jonson, 1982).
It is difficult to make direct comparisons between IL-3 and GM-CSF as
the information for the most part must be completed from different
sources. With the improvement of techniques and the availability of
pure growth factors, systematic studies should now be possible to
elaborate on the relationships between different CSFs.
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Chapter 1.3

Introduction To Long Term Marrow Culture (LMTC)
LTMC (Dexter et al 1977a,b) are established by forming an

adherent layer of stromal cells in vitro. This layer has been shown to

comprise of a mixture of different bone marrow derived endothelial
cells, adipocytes and macrophage cells (Dexter et al 1977a,b, Allen
and Dexter 1984). The adherent layer is established when bone marrow
cells are inoculated into tisssue culture flasks and incubated in
the presence of carefully selected serum (Dexter et al 1977a,b).
During the first three week establishment period the numbers of
non-adherent cells, CFU-S and progenitor cells decline and after
three weeks the culture is re-plenished with fresh bone marrow
(Dexter et al 1977a,b). These cultures will now support the long
term proliferation and differentiation of stem cells, including CFU-S,
for several months (Dexter et al 1977a,b). During this period the
ratio of stem cells:CFU-GM:mature cells is approximately the same as
found in vivo (Boettiger et al 1984).

Multipotential CFU-S are found both in the adherent stromal
layer and the non-adherent cells (Dexter et al 1977a). On feeding,
half the culture medium is removed thus depleting the system of
non-adherent stem cells (Dexter et al 1977a). Subsequently the
numbers of non-adherent CFU-S rise again, an increase which is
mirrored by an increase in the proportion of cycling CFU-S stem cells
(Dexter et al 1977a,b, Dexter et al 1980b). One day after feeding, 40%
of the CFU-S are in cycle but by day seven this has dropped to 10%
(Dexter etal 1977b). The self renewal of adherent stem cells thus
replaces stem cells lost by release into the culture medium (Dexter

et al 1980b). The increasing number of non-adherent cells could
participate in a feedback mechanism switching off proliferation of
stem cells (Dexter et al 1977Db).

Role of the environment in haematopoesis

An absolute requirement for an adherent stromal in LTMC
(Dexter et 2l1977a,b), suggests that specific cellular interactions
are necessary for culture development (Allen and Dexter 1984).  Some
of the most compelling evidence supporting the role of the environment
in haematopoeisis comes from the study of genetically determined
haematopoietic defects (Dexter and Moore 1977, Tavassoli et al 1973,
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Bernstein 1970). Macrocytic anaemia is observed in two strains of
mice carrying different mutations, (w/w’ and sl/s19 mice)
(Bernstein 1970). The anaemia observed in w/w’ mice is caused by an
intrinsic defect in the stem cell population and bone marrow from
these mice 1is therefore unable to rescue irradiated recipient mice
(Dexter et al 1980b, Bernstein 1970). In contrast, the abnormal
haematopoeisis observed in s1/s19  mice is due to a defective
microenvironment (Dexter et al 1980b, Bernstein 1970). Bone marrow
cells from sl/sld mice will form spleen colonies in irradiated mice
but the anaemia in these recipients cannot be cured by injection of
normal bone marrow stem cells (Dexter et al 1980b, Bernstein 1970,
Trentin  1971). The anaemia observed in w/w’ mice (normal
environment, defective CFU-S) can be corrected by injection of stem
cells from s1/s19 mice (defective environment, normal  CFU-S)
(Bernstein et al 1968). However the anaemia in sl/sld mice can only
be alleviated by transplanting w/w'Y haematopoietic environment tissue
i.e. spleen tissue (Bernstein 1970, Tavassoli et al 1973. These in
vivo effects can be reproduced in vitro using LTMC (Dexter and Moore

1977). These observations therefore underline the importance of the
stromal microenviroment for the maintenance of normal haematopoiesis.
In an attempt to define more rigorously the complex
interactions between stem cells and the microenvironment, Dexter and
his colleagues have used FACS purified stem cells (Spooncer et al
1985) and multipotential cell lines (Wyke et al 1986) to repopulate
feeder layers consisting of mouse fibroblast 3T3 cells. Addition of
FACS purified stem cells to monolayers of 3T3 cells results in their
proliferation and differentiation as if the cells had been seeded on
to normal stromal cells (Roberts et al 1987). Although the FACS
purified cells used in these experiments contained between 50% and
100% CFU-S, the survival and differentiation on 3T3 cells could be a
result of "contaminating" bone marrow cells (Roberts et al 1987).
The availability of cell lines which retain the characteristics of
multipotential stem cells has made the investigation of cell to cell
interactions simpler (Wyke et al 1986). These lines, termed FDCP-mix,
have been established from LTMC after infection with v-src retrovirus
preparations, and can differentiate into mixed lineage colonies (Wyke
et al 1986). FDCP-mix cells are dependent on the presence of IL-3 for
their survival and proliferation in vitro (Wyke et al 1986). However,
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they can be maintained on established bone marrow stromal Ilayers
without the addition of IL-3 (Roberts et al 1987). The 3T3 culture

system described above also supported the normal development of

FDCP-mix cells in the absence of IL-3 but could not support another

IL-3 dependent cell line, FDCP-2 (Dexter et gl,198¢k1)Roberts_gL al,
1987). Since both of these cell lines require IL-3 for their growth
in vitro, it seems 1likely that IL-3 1is not the active factor

maintaining FDCP-mix cells in the 3T3 system (Roberts et al, 1987).

It 1is possible however that the FDCP-2 cell line cannot utilise any

IL-3 in the form in which it is presented by the 3T3 cells (Roberts

et al,1987). 1In fact, the conditioned media from 3T3 cells was found

to be unable to support FDCP-mix or FACS CFU-S cells (Roberts et al.
1987). These results suggest that if any critical growth factor is

released, then it is present in very small amounts. It is most likely

therefore, that cell to cell interaction is an essential aspect of

stem cell maintenance (Roberts et al 1987). This simplified system

again highlights the absolute requirement for cell to cell contact

and membrane intergrity for stem cell survival and differentiation.

It is even possible that metabolic activity may not be an absolute

requirement in the short term. If growth factors are involved in this

system they may be membrane bound, and so be available to stem cells

even after gluteraldehyde fixing of the feeder layer (Roberts et al

1987).

Stromal Cell Producticn of CSF Activity

There is some evidence that cells which reside in the marrow ,
but which are not colony forming cells (Hultner et al.1982, Chan and
Metcalf 1972 , and bone marrow stromal cell lines (Naparstek et al
1986, Tsai et al 1986) can release haematopoietic growth factors,
which would seem to contradict the results obtained for LTMC outlined
above. Although it can be argued that cell lines have undergone many
changes during their establishment and that any growth factor release
is an abnormal. However, it is also possible that in normal bone
marrow or in LTMC the growth factors are either membrane bound, or
released in very low levels that cannot be detected using the current
assays. The cell to cell contact in LTMC may therefore optimise the
transfer of growth factors and allow specific homeostatic activities
to occur that maintain the regulated balanced development. Recently
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Gordon and her colleagues (1987) demonstrated that although CSF
activity could not be detected from the conditioned media of LTMC
stromal cells layers, dialysed salt extract from these cells contained
detectable CSF activity. These salt treated stromal layers were then
tested for their ability to bind exogenous GM-CSF. These experements
showed that that not only did stromal material bind exogenous GM-CSF,
but that bone marrow stromal extracellular matrix also had this
capacity (Gordon et al 1987). Thus the compartmentalisation of growth
factors within the stromal layer and subsequent interaction with
target cells via cell to cell contact can be envisaged. This data
goes some way to reconciling the apparent discrepancies in the roles

attributed by haematopoietic growth factors in different in vitro

culture systems.

The possibility that membrane bound forms of haematopoietic
growth factors exist, and can interact with target cell populations
over short distances can now be  tested. The c¢DNA for human
macrophage-CSF (M-CSF) has been introduced into 3T3 fibroblasts
resulting in the release of detectable levels of CSF activity in the
growth medium (Rettenmier et al 1987). Using an antibody to M-CSF ,
the kinetics of protein synthesis were analysed and M-CSF was  found
in the culture medium after a lag period during which the protein was
only detected in an intracellular form (Rettenmier et al 1987).
Indeed, the secreted protein was found to be smaller in size than the
intracellular protein , thus these results sugest that the release of
mature protein into the culture medium may require proteolysis
(Rettermier et al 1987). It is of notable interest that trypsin
treatment of M-CSF expressing 373 cells increased the detectable
amount of M-CSF in the culture medium (Rettermier et al 1987). The
membrane bound form of M-CSF could thus be envisaged as exerting its
effect only at points of cell to cell contact (Rettenmier et al 1987).
The demonstration that such a membrane bound form of M-CSF exists in
this case supports this hypothesis.

The Role of Diffusable Regulators in LTMC

Clonal growth of haematopoietic cells ip vitro (Metcalf 1984)
and the short term survival of CFU-S (Schrader and Clark-Lewis 1982)
has been shown to be dependent on a source of colony stimulating
factor (CSF). It therefore follows that LTMC may produce their own CSF
in order to maintain the culture. However both conditioned media from
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feeder layers or "populated" cultures fail to support colony growth
(Dexter et _al.1977q. It is possible that the levels of CSF are too
low to be detected, or that any CSF released is metabolised very

quickly. Therefore in an attempt to optimise conditions Dexter and
his colleagues (19773 added CSF in the form of mouse embryo or heart
conditioned media to the LTMC. Feeding the cultures with exogenous
conditioned media caused a dramatic decrease in CFU-S and progenitors
after only one week, followed by their virtual disappearance after
three weeks in culture (Dexter et al.197®. These results suggest
that perhaps the balance between self renewal and differentiation
observed in the culture is affected by the 1levels of CSF added
resulting in a shift in the balance towards differentiation . More
recently, the addition of pure GM-CSF or L-cell conditioned media to
cultures did not result in any such decline in stem cell self renewal,
nor did the addition of antisera raised against L-cell growth factor
disturb the cultures in any detectable way (Dexter et al 1980B. These
results imply that cultures are sensitive to some sources of CSF.
Other sources, such as GM-CSF, have no detectable effect and as a
result the GM-CFC progenitor cells may be under very tight control in
this system (Dexter et al.1980B. It is possible that any effect that
occurs may be masked by dynamic changes in cell numbers due to
homeostatic regulation in response to GM-CSF activity. However these
experiments do not give any positive evidence for the role of CSF in
the maintainance of LTMC.

Early observations by Lord et al. (1976) demonstrated the
presence of inhibitor of stem cell proliferation in normal bone
marrow, which was also detected in LTMC (Dexter et al 1980B. Dexter et
al. (19800 observed that after feeding LTMC, the proportion of cycling
CFU-S increased from 10% to 35% is associated with two activities
detected after Amicon filtration of LTMC conditioned media. Amicon
filtration separated two activities, a stimulator of stem cell
proliferation in fraction III, and an inhibitor of stem cell
proliferation in fraction IV (Dexter et al 1980Bb. The stimulatory
activity in fraction III observed from the first day after feeding
conditioned media was found to be active at 50pg/ml and could increase
the steady state (10%) of CFU-S in cycle to greater than 35% (Dexter
et al, 1980b. In comparison seven day conditioned media also
stimulated stem cell proliferation but only at a level of 100 pg/ml.
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Similarly fraction IV from day one post-feeding showed an inhibitory
effect at 200 ug/ml, whereas the corresponding factor from day seven
media was more active in its inhibition at a lower concentration
(Dexter et al 1980B. The relative activities of these factors, with
stimulator'being more effective in day one media and inhibitor of stem
cell proloferation more active in day seven media, corresponds to the
percentage of CFU-S in cell cycle during this period (Dexter et al
1980p. These experements showed that the proportion of stem cells in
S-phase is high immediately after feeding (day one) and then drops to
104 by day seven, suggesting that modulation of the stem cell
inhibitor and stimulator levels is required in order to maintain
haematopoeisis in LTMC (Dexter et al 198M. The removal of stem
cells during feeding leads to the production of stimulator, an effect
which is still observed when fresh media containing cells previously
removed, were returned to the cultures (Dexter et al 198(B. It is
therefore unlikely that the cells themselves providé the stimulus. The
authors suggest that perhaps a disruption in cell to cell interactions
caused either by simple mechanical agitation, differentiation,
migration,or death might be the signal for inhibitor/stimulator
production (Dexter et al 198%).

It is possible to extend this hypothesis to the regulation of
normal haematopoiesis in the bone marrow where the proliferation of
stem cells also can be influenced by inhibitor and stimulator levels .
Inhibitor/stimulator levels may thus fluctuate in a regulated manner
in order to achieve the correct number of stem cells required to
maintain haematopoiesis. The same effect could also be achieved if
the 1level of say inhibitor remained constant and a corresponding
alteration in the level of stimulator occured in response to stem cell
demands. An alternative hypothesis sugests that different regions of
the bone marrow produce these proteins and cells move from niche to
niche during development they become exposed to different
microenvironments, and different developmental stimuli.

Summary of the role rowth factors an icroenviro t _in
haematopoeitic development.

Conclusions as to how haematopoietic development may be
controlled differ depending on the experimental system used. LTMC
experiments appeared to suggest that CSF s are not required in
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haematopoietic development (Dexter et al 1977a,b), whereas in vitro
assays with semi-solid media are CSF dependent (Metcalf 1984). The
characterisation of stimulators and inhibitors of stem cell
proliferation in LTMC (Dexter et al 1980) and bone marrow cells (Lord
et al 1976, Lord and Wright 1980), as well as CSF activity from
stromal cells (Tsai et al 1986) has begun to resolve many
inconsist@ncies between the two systems. For example the bone marrow
stroma was previously considered to be a physical niche within which
stem cells develop (Till et al 1964) but is now considered as an
enviroment in which biochemical interactions can take place (Allen
and Dexter 1984). Molecules which modulate stem cells or stem cell
progeny may be distributed in compartments or concentrations
throughout the stroma, as may the clonogenic population itself. It
is quite conceivable that the levels of these regulatory molecules are
not static but are modulated in response to the demands on the system
(Lord and Wright 1980, Dexter et al 1980). During normal steady state
haematopoiesis it is arguable whether much control is necessary if the
rate of production of new mature cells is equal to that of cell death.

Whether the identified glycoprotein CSFs are responsible for
the maintainance of normal haematopoiesis in vivo is also debatable.
Certainly GM-CSF activity has been detected in the serum and tissues
of mice (Burgess et al 1986,Metcalf and Johnson 1978, Nicola et al
1979) but 1IL-3 has only been detected after stimulation of T-cell
populations in vitro (Schrader and Clark-Lewis 1982 Young et al 1987).

The presence of these activities could be connected with the role of
some CSF's in mature granulocyte and macrophage activation (Lopez et
al 1983, Grabstein et al 1986).

Continuous infusion or repeated injection of GM-CSF (Metcalf
et al 1987b) and IL-3 (Metcalf et al 198%Q, Kindler et al 1986) into
mice shows that exogenous CSF can elicit a response in vivo but these
experiments are difficult to interpret. It is debatable whether
endogenous CSF would ever be maintained in vivo at a continuous 1level
similar to that achieved by exogenous administration. Whether
intraperitoneal or intravenous injection of CSF ever reaches the
"normal" sites for haematopoiesis is not clear. It is important to
remember that the cells which can respond to CSF experimentally are
not necessarily the same as the ones which do respond in vivo during
normal haematopoiesis, a caveat which applies to many of the
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experiments described so far.

Although growth factors can be functionally distinguished by
criteria such as target populations and the predominant colony
morphology, they do appear to overlap in their functions (Chap.1.2).
It 1is possible that in vivo their full developmental activities are

never exploited except under very rare circumstances. Therefore each
factor may in effect be considerably more restricted in activity.
IL-3, for example, may be an "emergency"” factor which can stimulate
primitive cells to differentiate along several lineages. Thus, if
there was a sudden loss of mature cells, IL-3 could initiate
pan-lineage stimulation which could then become directed Dby
interactions with lineage restricted factors such as M-CSF. It could
however have a restricted role in maintaining a particular class of
stem cell survival or proliferation, without commiting the cells to
any differentiation pathway.

The possibility exists that a cell at any given point in the
differentiation pathway may have a different growth factor requirement
either for survival, cell cycle status or differentiation commitment,
and this may vary from stage to stage. The declining sensitivity of
IL-3 to stem cells during differentiation may be an example of this
(Koike et al 1986. The differing requirements of distinct progenitor
subtypes to achieve maximal colony stimulation (Sieff et al., 1987)
may therefore relect the "stemness" of the progenitor cell being
assayed. As cells progress down the differentiation pathway they may
require growth factors which previously had little effect, but which
can now either instruct the cell to develop down a particular pathway
or act as a trigger to release a previously determined programme of
differentiation events. At any given progenitor stage, a cell could
show differing sensitivities to alternative growth factors and so not
only would the presence or absence of a factor be important but the
balance of various factors factors may be vital to the cell during its
developmental course.

If all primitive cells were responsive to growth factors,
very strict compartmentalisation would have to be enforced in the
marrow, which permit restricted and orderly cell/growth factor
interaction. It is apparent that not all cells respond to any given
factor, and that several factors act on separate populations with
various degrees of overlap (Chap. 1.2). This means that even though
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CSF may be present, a cell may not be able to respond to it. The
specific interaction necessary could be envisaged to occur by cells
displaying the appropriate surface receptors for the growth factors,
these may be maturity or lineage restricted. These are discussed

below.
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Chapter 1.4,
Growth Factor/Receptor Interactions

The production of mature granulocytes and macrophages in vitro

has so far been shown to be dependent on four molecularly distinct
CSFs (Chap.1.2). These have overlapping biological activities, and
clonal analysis experements have shown that the same progentor cell is
stimulated by more than one CSF (Chap.1.2). This implies either that
a progenitor cell may have receptors for more than one CSF, or that
several growth factors act through the same receptor. However, as
discussed in chapter1.2, 