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Abstract

Macrophage inflammatory protein-lalpha (MIP-1¢r) is a member of the chemokine
superfamily and has been observed to inhibit the proliferation of transiently engrafting
stem cells, namely the colony forming unit-agar (CFU-A) stem cells. This study was
initiated to investigate how MIP-1a exerts its inhibitory effect on these cells at the
genetic level and, to examine whether altering the growth factors required for CFU-A

colony formation could interfere with the inhibitory activity of MIP-10..

The results presented in this thesis indicate that growth factor alteration has minimal
effects on the inhibition of CFU-A colony formation. However, low levels of MIP-1a
in the presence of high levels of SCF or M-CSF have been observed to stimulate
colony formation. This stimulatory activity of MIP-1a has been previously observed
on progenitor cells however, it has never been reported on stem cells. Furthermore,
alternatively shaped CFU-A colonies have been observed in assays containing high
levels of both GM-CSF and MIP-1a.. These results indicate that although the growth
factors in the context of this assay can not interfere with the inhibitory signal of MIP-
la they may however interact with the other MIP-1a signalling pathways.

Although in the CFU-A assay SCF and IL-11 could not interfere with the inhibition of
CFU-A colonies by MIP-1¢, it was observed that upon the ex-vivo expansion of bone
marrow, with SCF and IL-11, that the inhibitory activity of MIP-1o. was reduced.
This effect was observed to be specific for MIP-1q, as TGF-B inhibition of CFU-A
colony formation was not affected, and was proposed to be due to the down regulation
of the MIP-1a inhibitory receptor. Indeed analysis of MIP-1a receptor expression
indicated that CCR-1 was up-regulated whereas CCR3 and D6 were both down
regulated, however neither CCR-3 nor D6 proved to be involved in MIP-1a inhibition
of CFU-A colony formation. Therefore this study observed that in the context of the
CFU-A assay that MIP-1a inhibitory signalling pathway is robust and minimally
interacts with SCF, M-CSF, GM-CSF, IL-11 and LIF signalling pathways.
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CHAPTER 1 : INTRODUCTION

1.1 The Haemopoietic System : An Overview

The haemopoietic system is a complex cellular system, which is essential for the
maintained viability of an individual. It consists of at least eight, phenotypically and
functionally distinct mature cells with an overlapping set of more immature cell types
(figure 1.1). All immature cells and mature blood cells are ultimately derived from
the self-renewing pluripotent stem cell through the processes of commitment,
proliferation and differentiation. The mature blood cells have well characterised
morphologies and functional properties. Indeed, erythrocytes are responsible for
oxygen and carbon dioxide transport, megakaryocytes generate platelets necessary for
clotting the blood; T and B cells contribute to immune surveillance and
responsiveness; and macrophages and granulocytes aid in the disposal of invading
micro-organisms and damaged tissue. A necessary property of the haemopoietic
system is the capacity to regenerate mature cells and therefore maintain steady state
levels. It has been estimated that to maintain homeostasis in humans, the
haemopoietic system must replace approximately 2.4 x10° red blood cells and 4 x10°
neutrophilic lymphocytes cells each day (Erslev 1983, Dancey et al 1976). Such
demands necessitate strict control over haefnopoietic progenitor proliferation and this
is regulated by the various factors produced in the bone marrow microenvironment
(section 1.7). These PHSC cells reside within the bone marrow and are defined as
being able to self renew and give rise to all lineages of blood cells (Till and
McCulloch 1960). This definition can be applied to a number of cells within the
haemopoietic system, thus allowing one to refer to the primitive end of the system as
the stem cell compartment (section 1.2 and figure 1.2). Stem cells only make up a
tiny proportion of the cells in the haemopoietic system, probably between 0.01-0.1 %
of the total bone marrow and the majority of these stem cells are quiescent (Hodgson
et al 1982). Under steady state conditions, the quiescent stem cells play a minimal
role in haemopoiesis and constitutive haemopoiesis is thought to be maintained by the
more mature stem and progenitor cells. However, under haematological stresses such
as blood loss, infection and exposure to cytotoxic chemicals, the stem cells can be

rapidly induced into cell cycle to replenish the mature cell compartment and this is



Figure 1.1 Overview of Haemopoiesis
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Fig 1.1 Overview of haemopoiesis

A schematic representation of the haemopoietic system, depicting a few of the precursor cells that are
involved in the production of the mature blood cells. CFU-GM Colony Forming Unit-Granulocyte
macrophage, BFU-E Blast Forming Unit-Erythroid, CFU-E Colony Forming Unit-Erythroid, CFU-

Meg Colony Forming Unit Megakaryocyte, NK Natural Killer .



known as inducible haemopoiesis. Following the replenishment of the system, these

stem cells once again become quiescent.

These observations suggest that the HSC is under both positive and negative
proliferative regulation and that the overall proliferative state of the HSC is dependent

upon the levels of these two opposing activities (sections 1.7 and 1.9).

1.2  The Stem Cell Compartment

The variation in cell cycling properties, and self renewal capacity of the CFU-S stem
cells, lead Rosendaal et a/ (Rosendaal et al 1976) to suggest that the stem cell
compartment is organised in a hierarchical structure. Young stem cells that have
undergone few divisions having extensive self-renewal capacity and a lower
differentiation drive are near the primitive end of the system, whereas, the older stem
cells that are more mature, have the opposite properties of the young stem cells in that
they are limited in their self-renewal capacity, and have a greater tendency to

differentiate.

Using various in-vivo and in-vitro assays, it has been demonstrated that at the
primitive end of the haemopoietic system are a range of overlapping cell types that
display the characteristics of stem cells, but differ in their relative abilities to self
renew and differentiate. These findings have lead to the definition of the primitive
end of the system as the stem cell compartment and one can imagine the stem cell
compartment represented as a pyramidal structure (figure 1.2). At the top of the
triangle are the most primitive cells, the pluripotent haemopoietic stem cells, these
cells display a high self-renewal capacity, repopulating ability and are most resistant
to differentiation and proliferation stimuli. As one goes further down the stem cell
compartment, the cells display a reduced tendency to self-renewal with a concurrent
increase in capacity to differentiate, and the mature blood cells are found at the base
of the pyramid. Therefore, the stem cell compartment is a heterogeneous
compartment consisting of cells displaying varying degrees of self-renewal capacity
and/ or differentiation potential (Graham ez a/ 1992a).



Figure 1.2 : The Stem Cell Compartment
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Fig 2.1 The Stem Cell Compartment

A schematic representation of the stem cell compartment. The LTC-IC and LTR have the greatest self-
renewal and long term repopulating abilities, whereas the stem cells downstream of these have more
proliferative potential and have lower self-renewal capacities. The progenitor assays depicted under
the triangle also have high proliferative capacity and give rise to mature cell colonies in agar or
methylcellulose, from where they get their name. The traingle is split into two parts, which define the
long (grey triangle) and short term repopulating potential of these parts of the stem cell compartment,

both of which are needed for long term survival after marrow ablation by chemotherapy.



The stem cell compartment can be further simplified within the murine system based
on the abilities of the members of the stem cell compartment to confer engraftiment of
the haemopoietic system after lethal irradiation. Lethal irradiation of a mouse will
ensure death as a result of the ablation of the haemopoietic system due to the
attendant bone marrow failure. However, it is possible to rescue these irradiated mice
by giving them a bone marrow transplant, during which the transplanted bone marrow

cells replenish the damaged system, allowing the mouse to survive.

The stem cell compartment can be divided into 1) very primitive stem cells or long
term repopulating cells and 2) less primitive stem cells or short term repopulating
cells, that display distinct functional roles following transplantation (figure 1.2).
Following irradiation of a mouse, the administration of only the less primitive stem
cells rescue the mouse from radioactive insult, however, the mouse will die after 4-6
weeks from bone marrow failure. This indicates that the less primitive stem cells are
only capable of transiently engrafting the murine haemopoietic system and can only
protect against the initial radioactive insult. These cells are known as the transient
engrafting cells, short term repopulating cells or radio-protective stem cells and
typically have only limited differentiation potential (Jones et al 1990). In contrast, the
administration of the very primitive stem cells following irradiation fails to rescue the
mouse. The very primitive stem cells have no short term repopulating ability and do
not protect the mouse against the radioactive insult. Therefore, to rescue a mouse and
allow for haematological recovery, the combination of these two populations is
needed. The less primitive stem cells act initially to allow the mouse to recover from
the radioactive insult and during this time the very primitive cells seed within the
bone marrow, and after a period of 4 to 6 weeks start to contribute to the
haemopoietic system of the transplanted mouse. Thus the long-term repopulating
stem cells allow the mouse to survive long term and as they are pluripotent, they are
capable of generating both lymphoid and myeloid cells (Jones et al 1990, Uchida et al
1994).

1.3  Isolating Haemopoietic Stem Cell
There are numerous separation techniques used to enrich for haemopoietic stem cells,

for example, stem cells can be enriched by their physical properties using density

gradient centrifugation. This was demonstrated by Boyum et a/ (Boyum 1968) who



produced a one step centrifugal technique for isolation of various leukocytes

™) this was modified in 1983 to isolate mononuclear cells from species

(LymphoPrep
other than humans. Both LymphoPrep™ and NycoPrep™ remove erythrocytes by
sedimentation and the majority of mononuclear cells can be found separated at the
interface of the plasma layer and the NycoPrep™ solution (Boyum 1983). Counter
flow centrifugal elutriation (CCE) is another centrifugation method used for
separating different cellular populations and separates large numbers of cells,
primarily on the basis of size and density. The cells are placed in a rotating chamber,
and as they reach equilibrium, the smaller cells migrate to the centre of the chamber
while the larger ones sediment towards the outer end and, with alterations in flow rate

of the elutriation, cells of different sizes can be collected (Jones et al 1990).

Altematively, the isolation of stem cells can be performed by examining the cell
surface expression of various markers, such as lectins or cellular antigens via
antibodies conjugated to fluorescent markers or, by the incorporation of vital dyes
such as Rhodamine 123 or DNA binding dyes such as, Hoechst 33342. The basis of
fluorescence activated cell sorting (FACS), is to label cells with one or a number of
fluorescent markers and to use these to select a specific cellular population. Using a
flow cytometer, this is performed on the basis of size and granularity and the
heterogeneity of the fluorescent intensity of the population. Although there are no
monoclonal antibodies available yet that exclusively recognise HSCs, these cells have
been enriched by capitalising on multiple cell surface characteristics such as
expression of c-kit (Okada et al 1991), Thy-1 (Muller-Seiburg et al 1986), Sca-1
(Spangrude et al 1988), CD34 (Sutherland et al 1992) or binding to wheat germ
agglutinin (WGA) (Ploemacher et a/ 1988).

Although the use of various antibodies to surface antigens has allowed the separation
of cellular populations that display stem cell characteristics, the relevant functional
role of the expression of some of these antigens on PHSC is not so obvious. In an
attempt to examine the function of these antigens, several groups have produced mice

that do not express these various antigens.

Sca-1 or Ly-6A is expressed on most peripheral lymphocytes, as well as haemopoietic
stem and progenitor cells (Shevach er al 1989), and surprisingly, analysis of Sca-1

null mice by flow cytometer demonstrated that these animals had normal levels of all



haemopoietic lineages in bone marrow, spleen, lymph node, and thymus, thereby
demonstrating that Sca-1 is not necessary for haemopoietic development. However, it
was observed that the T cells from these animals proliferate at an increased level
compared to that of wild type cells, thereby suggesting that Sca-1 may be essential for
regulation of T cell proliferation (Stanford e al 1997).

CD34, another supposed marker of PHSC activity, has been observed to be expressed
on a heterogeneous population of haemopoietic cells which include primitive
haemopoietic stem cells and committed progenitors of the myeloid, lymphoid and
erythroid lineages (Sutherland et a/ 1992). The analysis of the function of CD34 in-
vivo was performed by generating CD34 null mice by homologous recombination.
These mice were observed to have a delay in myeloid and erythroid development and
a reduced colony forming ability of their progenitor cells from the yolk sac and fetal
liver. Furthermore, the colony forming potential of the haemopoietic progenitors
from these mice (CFU-GM, CFU-GEMM and BFU-E) is reduced and these
progenitor cells could not be expanded by the combination of SCF, FL, EPO and GM-
CSF treatment however, in spite of these haemopoietic abnormalities the adult mice
still display normal levels of mature blood cells. These results suggest that CD34 is
involved in the proliferation and the maintenance of haemopoietic progenitor cells in
the embryo and the adult mouse (Cheng et al 1996), however, the normal levels of
mature blood cells in CD34 null mice suggest that CD34 may not be essential for the
development of all haemopoietic lineages. Several other reports have observed PHSC
activity in a CD34’ cellular population, and upon stimulation of this CD34 population
with growth factors, these cells become CD34", suggesting that CD34 may be a
marker of activation in these PHSCs (Osawa et al 1996, Morel et al 1998).

Naturally occurring mutations in mice resulting in the lack of the stem cell factor SCF
receptor (c-kit) have rendered the production of c-kit null mice by homologous
recombination unnecessary. The absence of c¢-kit in these mice, results in death in
utero as a result of severe anaemia and analysis of non-lethal mutations within the c-
kit or W locus have indicated a further role for c-kit in the fertility and pigmentation of
these mutant mice. On further examination of the bone marrow of W/W' mice
(Russell 1979), it was observed that these mice had fewer colony forming units spleen
(CFU-S), burst forming unit erythroid (BFU-E), colony forming unit granulocyte
macrophage (CFU-GM), and colony forming unit erythroid (CFU-E) than their litter



mate controls (Barker 1994). The reduction in progenitor cells and the lethal anaemia
in the various c-kit mutant mice, indicate that c-kit as well as being a marker for
PHSC may also play an important role in the survival and regulation of various
haemopoietic cells and therefore, may be a more functionally relevant marker of
PHSC than CD34 or Sca-1. However, more recent studies in the human and murine
systems have observed that PHSC activity can also be isolated in a cellular population
that is c-kit ~ (Sogo et al 1997, Doi et al 1997, Ortiz et al 1999). Therefore, although
Sca-1, CD 34 and c-kit have been historically accepted as markers for isolating PHSC
activity, it may be that their expression is not needed for the functional activity of
these cells. It may even be possible that a definitive marker for the PHSC does not
exist. However, following the intravenous introduction of haemopoietic stem cells,
they find their way to the bone marrow with great accuracy. Therefore, it seems that
these HSC carry certain cell surface molecules that are specific for counter
receptors/ligands within the bone marrow stroma, thus indicating that there may be an

as yet, unknown surface molecule that could be used as a marker for PHSC.

1.4  In-vitro Assays

Due to the difficulty in distinguishing stem cells on the basis of their morphology,
much of what we know about stem cells has been learnt through the development and
use of in-vitro assays. The basis of these in-vitro assays, is the fact that clonogenic
bone marrow cells cultured in the presence of appropriate growth factors give rise to
colonies in semi-solid culture, without the addition of supporting stromal cells. The
precise combinations of cytokines and their concentrations vary from assay to assay,
as does the size, morphology and cellular composition of these colonies, and these
colony characteristics can be used to give an indication of the level of primitiveness of
the cell from which they were derived. A number of in-vitro assays have been
reported that detect a range of cells within the haemopoietic stem cell compartment.
However, the precise relationship between these cells and the roles they play in
normal steady-state haemopoiesis in-vivo is still uncertain. These assays have
however, enabled identification of several primitive stem cell types and haemopoietic
regulatory factors, a number of which are described in sections 1.41, 1.42 and 1.43

also see figure 1.2.



1.4.1 High Proliferative Potential-Colony Forming Cells (HPP-CFC) Assays

In 1979, Bradley and Hodgson described an in-vitro clonogenic assay, which detected
a primitive stem/progenitor cell population termed, High Proliferative Potential
Colony Forming Cells (HPP-CFC). These HPP-CFC cells form large macrophage
colonies in agar culture that have diameters greater than 0.5 mm and contain
somewhere in the region of 50000 cells per colony. The formation of HPP-CFC
colonies was initially observed to be produced by synergistic interactions between M-
CSF and crude conditioned media (CM) sources of other factors (Bradley and
Hodgson 1979). However, with the use of recombinant growth factors, HPP-CFC
stem cells could be subdivided into HPP-CFC-1, 2 and 3 (McNiece et a/ 1986). HPP-
CFC-1 is the most primitive HPP-CFC sub-population, as indicated by their
quiescence, their resistance to 5-FU and their ability to generate HPP-CFC-2 sub-
population upon stimulation with SCF and M-CSF (McNiece et al/ 1986). These
HPP-CFC-1 cells correlate closely with pre-CFU-S cells (Hodgson and Bradley 1984)
and have been reported to generate CFU-S d12, cells of the megakaryocyte and
granulocyte/macrophage lineages (McNiece et al 1987). Unlike HPP-CFC-1, that
require IL-1, M-CSF and IL-3 for growth (McNiece et a/ 1987, HPP-CFC-2 and 3,
colonies can be produced upon stimulation with only IL-3 / M-CSF and M-CSF
respectively. Furthermore, HPP-CFC-2 and 3 numbers are depleted with 5-FU
treatment, indicating that they are more mature and less quiescent than HPP-CFC-1
stem cells (McNiece et al 1987, 1988).

1.4.2 Colony Forming Unit-Agar (CFU-A) Assay

In 1988, Pragnell et al first described an in-vitro clonogenic assay that detects a
transiently engrafting cell with similar characteristics to the CFU-S day 12 (Pragnell
et al 1988). In this assay, bone marrow cells were grown in agar and medium
supplemented with horse serum and a source of synergistic growth factors. These
growth factors were, initially in the form of conditioned media (CM) from L-929 cells
and AF-19T cells that produced M-CSF and GM-CSF respectively. The assay was
further refined using recombinant growth factors, alongside M-CSF and GM-CSF, a
further inclusion of SCF was required to produce similar numbers of CFU-A colonies

seen with CM. This assay is incubated for 11 days, and under these conditions



macroscopic colonies of between 2-5 mm in diameter are produced, each of which
contained on average 1-4 x10* cells. The incidence of CFU-A stem cells in normal
bone marrow is 150-220/10° cells, although this varies slightly depending on the
strain of mice (Lorimore et al 1990). Lorimore and colleagues characterised the
CFU-A cell by comparing its properties with those of multipotential CFU-S d12 cells
and the lineage restricted progenitor cells, GM-CFC. They observed that CFU-A and
CFU-Sd12 cells displayed an identical recovery profile after a single dose of 5-FU,
and that CFU-A and CFU-S cells derived from bone marrow were found to be out of
cycle (<10% in S phase), and those derived from regenerating bone marrow were
actively cycling (30% in S phase). Both CFU-A and CFU-Sd12 cellular populations
responded identically when they were exposed to a proliferation inhibitor or
stimulator and also displayed similar responses to ionising radiation. The similarity
of CFU-A and CFU-Sd12 was further evident in experiments examining the cell
separation of these cells on the basis of their density distributions and of their radial
distribution in the femur (Lorimore ef a/ 1990). Thus, the murine CFU-A and CFU-S
d12 were shown to detect a similar transiently engrafting stem cell within the stem
cell compartment, and interestingly, the CFU-A assay has also been reported to detect
cells that can be detected by the more mature HPP-CFC assays. The CFU-A assay
has been useful in the investigation into growth stimulators and inhibitors, indeed
Graham et al used this assay to isolate and characterise the stem cell inhibitor, MIP-

10, and is routinely used in our laboratory (Graham et al 1990).

1.4.3 Long Term Culture Initiating Cells (LTC-IC)

In human and murine long-term bone marrow cultures, it has been observed that
clonogenic progenitors rapidly undergo terminal differentiation (Sutherland and Eaves
1993, Kerk et al 1985). As a result, the initially present primitive progenitors
disappear within the first 4 weeks, and the clonogenic progenitors detected at later
times represent the progeny of more primitive precursors cells called long term
culture initiating cells (LTC-IC). LTC-IC are present in normal bone marrow at a
frequency of about 1/ 2x10 nucleated cells and represent the most primitive stem cell
detected in-vitro. A unique feature of the LTC, is its ability to better support the
maintenance and proliferation of haemopoietic cells with stem cell characteristics,
than standard colony assays. This is not only due to the production of growth factors

needed for the extended haemopoiesis which is characteristic feature of LTCs, but
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also to the supportive function provided by the feeder layer. Irradiated adherent
layers from LTC, established with previous samples of normal (allogenic) bone
marrow cells or alternatively murine fibroblast cell lines, can be used as a source of
feeder layers in LTC. Human LTC-IC have a limited life span of approximately 2-5
weeks in long term bone marrow culture, however, a more recent study by Verfaillie
observed that diffusable stromal factors from a stromal non contact assay, and the
addition of MIP-1a and IL-3, allowed these human LTC-IC cells to survive for up to
2 months (Verfaillie et al 1995).

1.5  Im-vitro Progenitor Assays

Progenitor cells are more lineage restricted cells and are capable of forming colonies
that contain single or multiple cell types, and are named according to the type of cell
that they give rise to in in-vitro colonies. Within the myeloid lineage, there are a
number of progenitor cell assays that recognise the progeny produced by various
progenitor cells in semi-solid assays. These include granulocyte, erythrocyte,
megakaryocyte, macrophage colony forming unit (CFU-GEMM), granulocyte/
macrophage colony forming unit (CFU-GM), macrophage CFU (CFU-M),
megakaryocyte CFU (CFU-Meg), the burst forming unit erythroid (BFU-E). A more
recent study by Akashi et al, for the first time, described a method for isolating
multipotential progenitors and committed progenitors from long term and short term
repopulating stem cells. Indeed, they isolated a common myeloid progenitor (CMP)
that can mature into two further committed progenitors, namely a granulocyte/
macrophage progenitor (GMP) and a megakaryocyte/ erythrocyte progenitor (MEP).
These committed progenitors can terminally differentiate and produce granulocytes,
macrophages, megakaryocytes and erythrocytes respectively (Akashi et al 2000).
This study may lead to the further identification of the progenitor cells, such as BFU-
E and CFU-M, whose existence has only been known due to their ability to produce
colonies in semi-solid media, and to a better understanding of lineage commitment

and the role each of these progenitors plays in haemopoiesis.

1.6 Bone Marrow Microenvironment

Mechanisms that govern induction of the quiescent state, proliferation and

differentiation of primitive haemopoietic progenitors are not well understood. In-vivo
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haemopoiesis takes place in close proximity with the bone marrow microenvironment
where haemopoietic stem cells reside. This process is mimicked relatively closely in-
vitro by the stroma-dependant long term bone marrow cultures (LTBMC), which were
initially described by Dexter et al (Dexter et al 1977), and for human cells by
Mergenthaler and Dormer (Mergenthaler and Dormer 1990). Initial evidence
suggested that stem cells and progenitors bind to the stroma, whereas more mature
cells are found as non-adherent cells in the supernatant (Coulombel et a/ 1983).
However, Verfaillie indicated that although contact between HSC and stromal was
observed to be initially needed, this dependency on contact can be replaced by
diffusable soluble stromal factors and the addition of growth factors in a stroma non

contact assay (Verfaillie et al 1994).

The long-term bone marrow cultures (LTBMC) have proved useful for modelling the
structure of the stromal microenvironment, and the various interactions between the
stromal cells and the haemopoietic stem cells. Indeed, within the bone marrow, the
stem cells reside in regulatory niches consisting of various cell types such as
endothelial cells, fibroblasts, adipocytes and macrophages. Stromal cells not only
produce growth factors, they also produce a wide range of extracellular matrix
molecules (ECM) such as, collagens, fibronectin, tenascin and cellular adhesion
molecules (CAMs) e.g. I-CAM-1, VCAM-1, and integrins (VLA-4) which provide a

supportive milieu for the stem cells allowing them to function.

The extracellular components of the multiple cell types such as fibronectin, collagen
and tenascin-C are reported to play a role in the interaction of the HSC and the
stroma. Indeed, antibodies specific for fibronectin have been observed to inhibit the
formation of CFU-S d12 in LTBMC (Williams et a/ 1991c), and tenascin-C specific
antibodies have the ability to block the adhesion of HPCs to stroma (Klien ez a/ 1993).
Fibronectin has also been observed to increase the production of CFU-E, BFU-E and
CFU-GEMM colonies derived from human bone marrow, and can further increase
their formation in the presence of IL-3 (Zhou et al 1993). Further evidence for the
role of these ECM proteins was observed upon the analysis of their respective null
mice. Fibronectin null mice are unable to form blood islands in the embryo and are
therefore embryonic lethal (George et al 1993) whereas, Tenascin-C null mice are
viable and have a reduced level of haemopoiesis, suggesting that Tenascin C may play

a role in the interactions between the haemopoietic stem cells and the stromal cells

12



(Onta et al 1998). These studies indicate that the interaction of stem cells and stromal
cells via ECM molecules may be important in the regulation of stem cell functions,
and are reviewed by Whetton and Graham (Whetton and Graham 1999).

Glycosaminoglycans such as heparin, heparan sulphate and chondroitin sulphate are
expressed on stromal cells and the various populations of stem/ progenitor cells, and
are thought to be involved in interactions between these cells. Indeed, heparan
sulphate (HS) has been observed to be involved in the adhesion of primitive
haemopoietic progenitor cells (Siczkowski et al 1992), and has been observed to bind
both growth stimulating and inhibiting factors, such as IL-3, GM-CSF and TGF-§,
(Roberts et al 1988a, Lopez-Casillas et al 1993). Furthermore, a report by Gupta et a/
indicated that the HS in combination with cytokines could maintain levels of human
LTCIC cells in long-term bone marrow cultures (Gupta et a/ 1996). Therefore, these
reports suggest that HS may regulate stem cell activity by being involved in co-
localising progenitors with heparin binding cytokines in the ECM or alternatively they
may act as a presentation molecule for various growth factors such as fibroblast
growth factor (Omitz et al 1992, Faham et al 1998).

A further type of molecule involved in interactions between the stem cells and the
stromal cells within the bone marrow microenvironment are adhesion molecules.
Both stromal cells and HSCs have been observed to express large number of CAMs,
including members of the integrin superfamily (VLA-4, 5), the sialomucin family
(CD34, CD45RA, CD43 and CD164) and immunoglobulin family (CD31 and CD50),
as well as ligands for selectins (Simmons et al 1997). Evidence for the role of these
adhesion molecules in regulating haemopoiesis was initially observed by the fact that
antibodies to VLA-4 added to LTBMC abrogated lymphopoiesis, reduced CFU-S d12
cell production and the level of myelopoiesis (Williams ez al 1991c, Miyake et al
1991). Antibodies to VLA-4 have also been observed to mobilise stem cells to the
peripheral blood (Craddock et al 1997), and B cell precursors have been shown to
adhere to bone marrow fibroblast through the interaction of VLA-4 and VCAM-1
(Ryan et al 1991). Furthermore, the disruption of the 04-integrin gene was observed
to lead to impaired T and B lymphopoiesis in mice (Arroyo et al 1996). These results
suggest that VLA-4 plays a major role in the interaction between HSC and stromal
cells. Other studies have also indicated a role of adhesion molecules in the bone

marrow microenvironment. Indeed, Bazil and colleagues suggested that mucin like
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molecules may function as negative regulators of haemopoiesis. They observed that
antibody mediated cross linking of the mucin CD43 induced apoptosis in the CD34"
haemopoietic progenitor cells, and that the multipotential (CFU-GEMM) and
erythroid progenitors (BFU-E) were more sensitive than committed progenitors
(CFU-M) (Bazil et al 1995). Furthermore, another member of the mucin family
CD164 is also involved in adhesion of HSC to stroma (Watt et al 1998) and was
found to induce apoptosis and suppress the recruitment of quiescent haemopoietic
stem cells into cell cycle (Zannettino ef al 1998). Thus, these various studies indicate
the important role of adhesion molecules in the regulation of stem cell function within

the bone marrow microenvironment.

In addition to providing an adherent surface for the stem cell to sit down on, the stem
cell niche produces a range of soluble and transmembrane localised growth factors
and their receptors, such as SCF, M-CSF, c-kit and c-fms. The interaction of these
growth factors and their receptors is not only involved in stem cell function, they also
display a range of activities on a number of additional cell types and these are

discussed in the next section.

1.7 Growth Factors

The continual production of blood cells during an individuals lifetime, is mediated by
the co-ordinated effects of a number of cytokines and growth factors acting on the
haemopoietic stem and progenitor cells within the bone marrow. The small number
of haemopoietic stem cells can proliferate and differentiate into lineage committed
progenitors which eventually generate all the different kinds of mature terminally
differentiated blood cells. Among such growth factors, SCF and FL are involved in
survival of early haemopoietic stem cells, interleukin-3 and GM-CSF stimulate multi-
lineages of haemopoietic cells while M-CSF, G-CSF and EPO stimulate more
restricted lineages of the haemopoietic system. Each of these growth factors and their
actions within haemopoiesis are described in the sections below, as SCF, M-CSF and
GM-CSF are involved in CFU-A colony growth these have been described in more
detail.
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1.7.1 Tyrosine Kinase Signalling Growth Factors

1.7.1.1 Stem Cell Factor (SCF)

Stem Cell Factor (SCF) is the gene product of the murine Steel (S7) locus and the
ligand for the c-kit tyrosine kinase receptor, the product of the dominant white
spotting locus (W). Despite the S/ locus being localised to chromosome 10 and the W
locus on chromosome 5 defects at these genetic loci result in similar phenotypes.
These are characterised by white spots on the bellies of pigmented mice, which is due
to the inability of the melanocytes to migrate to the hair follicle. Furthermore, these
mice have reproductive difficulties and are anaemic, due to the ineffective migration
of the germ cells and the reduction in the number of erythrocytes respectively. Due to
similar phenotypes produced by these separate mutations researchers hypothesised
that there was a relationship between these two loci. Indeed, in 1988 two groups
found that the W locus encoded a tyrosine kinase receptor known as c-kit (Chabot et
al 1988, Geissler et al 1988), and subsequently the cDNA corresponding to SCF was
isolated from different sources, this lead to the protein being named in accordance to
its source, mast cell growth factor (MGF), stem cell factor (SCF) and c-kit ligand
(Huang et al 1990, Martin et al 1990, Williams et al 1990b). Within this thesis this
protein will be referred to as SCF. Although the mouse and human proteins are 82 %
identical at the amino acid level they show varying degrees of species specificity
indeed, the full-length mouse protein is active on human cells whereas, the human
SCF has limited activity on murine cells (Martin e a/ 1990). As a results of
alternative splicing there are two major isoforms of SCF in mice and humans, a
membrane associated glycoprotein of 248 amino acids (aa) which is rapidly cleaved to
release a biologically active soluble protein of 164 aa and a glycoprotein of 220 aa
which lacks the proteolytic cleavage site encoded in exon 6, and thus remains
predominantly membrane associated. Interestingly, this isoform can also be slowly
released from the cell surface through the use of an alternative proteolytic cleavage
site (Flanagan and Leber 1990). More recent studies have indicated that proteolytic
enzymes from mast cells can cleave SCF thus producing alternative SCF products of
various lengths. This was hypothesised to be a possible method of regulating the

activity of SCF on the mast cells or may even allow the production of another SCF
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isoform that has distinct activities on these mast cells (Longley et al 1997, dePaulis et
al 1999).

Stem cell factor can be expressed by various different cell types such as fibroblasts,
stromal cells, keratinocytes, gut endothelial cells and the cells of the central nervous
system (Longley et al 1993, Linenberger et al 1995, Klimpel et al 1995, Zhang et al
1998a). Interestingly, Huang et al observed that there is tissue specific expression of
the different SCF isoforms and thus hypothesised that SCF function may differ
depending upon whether the target cell expressing the SCF receptor interacts with the
soluble or membrane bound isoforms (Huang er a/ 1992). The analysis of the
phenotypic abnormalities of Steel-Dickie (SI) mice together with analysis of the
biological activity of the soluble and membrane forms of SCF have indicated that the
membrane form of SCF is necessary for normal phenotype in these mice (Toksoz e al
1992). Furthermore Toksoz et al also observed that membrane associated SCF
supported long term production of primitive haemopoietic progenitors in-vitro,
whereas only a transient maintenance of haemopoiesis was observed with soluble
SCF (Toksoz et al 1992). Further evidence for the distinct roles of membrane bound
and soluble forms of SCF was reported in transgenic SI/S/ mutant mice expressing
either soluble or membrane restricted SCF. Indeed, the membrane restricted SCF
isoform could partially correct the anaemia associated with these mice whereas the
soluble form could not, however, in contrast the soluble SCF isoform and not the
membrane restricted form was observed to restore the myeloid progenitor cell
numbers (Kapur et al 1998, 1999).

SCF is a multifunctional cytokine that displays activities on mast cells, melanocytes
germ cells, and a whole number of haemopoietic cells such as stem cells, progenitor
cells and mature cells. SCF has the ability to act as a survival factor in the absence of
other growth factors. Indeed, SCF inhibits apoptosis in NK cells, murine myeloid and
mast cell lines (Carson et al 1994, Gommerman et al 1998) and also allows the
survival of both murine and human primitive haemopoietic stem cells (Keller et al
1995, Borge et al 1997). SCF is widely expressed in embryogenesis and along with
its receptor c-kit they play a role in the migration and the correct tissue localisation of
primordial germ cells, melanocytes and hematopoietic stem cells (Matsui et al 1990,
Keshet et al 1991). Although SCF acts alone in the survival of stem and progenitor

cells there are numerous studies that indicate that SCF acts in combination with
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various growth factors in a wide range of functions. Indeed, SCF can act together
with IL-3 to expand the numbers of progenitor cells, such as BFU-E, CFU-GM and
colony forming unit granulocyte, erythroid, macrophage, megakaryocyte (CFU-
GEMM) by 200 fold in liquid culture (Brugger et al 1993). Furthermore, culturing of
murine marrow cells in a cytokine cocktail (SCF, IL-3, IL-6 and IL-11) expanded the
number of progenitor cells, low proliferative potential colony forming cells (LPP-
CFC) and HPPCFC, but impaired the long term repopulating ability (Peters et al
1996). As well as SCF synergy with various growth factors in the expansion of cell
numbers, SCF also synergises with EPO, IL-3, GM-CSF, TPO, IL-6, IL-7 and G-CSF
to increase both size and number of BFU-E, CFU-GM, CFU-GEMM and CFU-Meg
colonies in semisolid media. However, alone SCF has only modest effects on colony
growth (Avarham et al 1992, Briddell et a/ 1991, Tanaka et a/ 1992, Fahlman et a/
1994).

A further important function of SCF is its ability to induce adhesion and migration
and, these functions are important for determining the correct tissue localisation of
cells. Indeed, SCF is a potent stimulator of the adhesion of mast cells, haemopoietic
progenitor cell lines and CD34" progenitors to fibronectin and vascular cell adhesion
molecule-1 VCAM-1 (Levesque et al 1995, Dastych et al 1994, Kodama et al 1994).
Membrane bound SCF may also act as an adhesion molecule for mast cells and
haemopoietic cells and may explain why the incubation of these cells with antibodies
to c-kit reduces their homing efficiency (Broudy et a/ 1996). Furthermore, SCF has
been observed to mobilise human and murine haemopoietic stem cells from the bone
marrow to the peripheral blood and also displays chemotactic and chemokinetic

properties on various HPC in Sca-1" / Lin™ cells (Okumura ez al 1996).

SCF activities are not restricted to haemopoietic cells indeed, membrane bound SCF
has been observed to be involved in the maintenance and proliferation of liver stem
cells and the expression of soluble SCF and its receptor have been observed during
liver regeneration in rats (Fuijo et al 1994). Furthermore, Zhang et al also observed
that both soluble and membrane associated SCF can be expressed by neurones and it
appears that the membrane form is more important for microglial cell survival in

neuron-microglia mix cultures (Zhang and Fedoroff 1997).

17



As is the case with SCF, c-kit the SCF receptor, also exists as different isoforms one
of which is lengthened by four amino acids (glycine-asparagine-asparagine-lysine).
Both receptors are ligand-induced protein tyrosine kinase (PTK), which belong to the
receptor subfamily III, members of which include the receptors for EGF, PDGF, c-fins
and fIt3/FLK2 (Hanks et al 1988). As well as these isoforms, a soluble c-kit receptor
has been found at high levels in human serum and in the culture medium of some
haemopoietic cell lines (Turner et al 1995, Wypych et al 1995). The observation that
c-kit, like SCF, has differing isoforms indicates that the various interactions between
these isoforms may be a further method for regulating the various functions of SCF at
the cellular level. Interestingly, the smaller of the c-kit isoforms has been reported to
be constitutively active producing a low level of auto-phosphorylation. This basal
level of activation may be enough to promote survival of some cell types and higher

levels produced when SCF is present may produce an alternative signal (Reith ef al
1991).

SCF receptor, c-kit, can be detected on a host of cell types such as mast cells,
promyelocytes, myelocytes, eosinophils, monocytes, microglial and primordial germ
cells (Metcalf 1991a, Fukada et a/ 1995). Within the haemopoietic stem cell
compartment c-kit was initially observed to be expressed by all the in-vitro clonogenic
cells with the exception of pre-B progenitor colony forming cells responsive to IL-7
(Ogawa et al 1991). However, more recent studies on human haemopoietic
progenitor cells have indicated that there is a population of cells that display a c-kit -
phenotype. This c-kif cellular population were observed to possesses long term
repopulating activity and upon growth factor stimulation became c-kit™ cells, thus
suggesting that the expression of c-kit on c-kit ~ cells may be the first maturational
step of haemopoiesis for these primitive human progenitor cells (Sogo et al 1997).
Two further studies in the mouse also isolated a ckif stem cell population that
displays long term repopulating activity (Doi et al 1997, Ortiz et al 1999). Thus
collectively, these studies suggest that although human and murine LTRC were
initially observed to express high levels of cell surface c-kit, it seems that they coexist
with a less frequent sub population of LTRC with undetectable c-kit expression and it
is therefore, possible that the expression of c-kit on these LTRC cells is the first step
in maturation of this population of long term repopulating cells. Therefore, the

expression of c-kit receptor whether it is an increase in PHSC or a decrease in
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progenitor cells indicates that stem cell factor and its receptor play an important role

in the maturation of cells at various stages of the haemopoiesis.
1.7.1.2 Macrophage Colony Stimulating Factor (M-CSF)

Macrophage colony stimulating factor (M-CSF), or colony stimulating factor-1 (CSF-
1) as it was originally known, was initially identified as a haemopoietic growth factor
that stimulates haemopoietic precursors to form colonies containing mononuclear
phagocytes in-vitro (Stanley and Heard 1977). Unlike the granulocyte/macrophage-
colony stimulating factor (GM-CSF) and Interleukin-3 (IL-3), which also directly
induce mononuclear phagocyte proliferation, M-CSF is a lineage specific growth
factor which plays an essential role in the survival and maturation of the mononuclear

phagocytic lineage (Stanley et a/ 1983).

Biologically active, secreted and membrane bound forms of M-CSF (Rettenmeir et a/
1988, Wong et al 1987, Manos et al 1988) are encoded by alternatively spliced
messenger RNA’s translated from a single unique gene which is located on
chromosome 3 in mouse and chromosome 5 in humans (Kawasaki et a/ 1985, Morris
et al 1991). Combining differential splicing and complex co and post-translational
modifications the M-CSF mRNA species generates different mature M-CSF isoforms:
a homodimeric secreted M-CSF glycoprotein of 85 kDa (Kawasaki et a/ 1985) which
is the main form of M-CSF detected in body fluids (Suzu et a/ 1994), a membrane
associated homodimeric 68 kDa form (Uemura et a/ 1993) which can also be slowly
released as a soluble molecule of 44 kDa, and a homodimeric or heterodimeric M-
CSF proteoglycan (PG-M-CSF) of anything up to 150 kDa (Suzu et al 1997).
Different cell types under various stimuli have been observed to produce different
ratios of soluble and membrane associated M-CSF and thus may suggest differences

in the functions of these M-CSF isoforms.

M-CSF has been observed to be detected in blood and bone marrow plasma (Suzu et
al 1994) and in-vitro M-CSF can be produced by a variety of cell types such as
endothelial cells, thymic epithelial cells, monocytes-macrophages, marrow stromal
cells, B and T cells, osteoblasts, astrocytes, microglia, neurones and keratinocytes
(Seelentag et al 1987, Horiguchi et al 1986, Oster et al 1987, Fixe et al 1997, Praloran
1991, Alterman et al 1994, Hallet et al 1991). Furthermore, these cells can be
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induced to express M-CSF by various factors such as interferon gamma (IFN-y),
tumour necrosis factor (TNF o), IL-1, and GM-CSF (Praloran et a/ 1991, Hashimoto
et al 1997).

As stated earlier, M-CSFs main activities are observed on the various cells of the
mononuclear phagocytic lineage, indeed M-CSF can enhance the differentiation of
monocytes to macrophages and this can be observed by the induced expression of
surface antigens such as HLA-DR, Fc-receptor and CD11b (Hashimoto et al 1997).
M-CSF potentiates the ability of macrophages to kill infectious microorganisms
(Karbassi et al 1987, Lee et al 1987) and tumour cells (Wing et al 1982).
Furthermore, M-CSF enhances these functions by the induction of macrophage
cytokines such as interferon, TNF, IL-1, GM-CSF (Moore et al 1980, 1984, Warren
and Ralph 1986, Motoyoshi et al 1982) as well as other inflammatory mediators, such
as prostaglandins and chemokines (Kurland ez a/ 1978, Hashimoto et al 1996, Lyberg
et al 1987). Thus M-CSF not only activates macrophage directly it also primes these
cells so that they can respond to other stimuli. A further interesting function of M-
CSF was observed by Sakurai et al, they demonstrated that a single injection of M-
CSF into mice produced an increase in the number of natural killer (NK) cells in the
spleen, and subsequent injections of M-CSF increased the NK activity of these
mononuclear cells (Sakurai et al 1997). Further evidence to suggest that M-CSF is
involved in regulating the cytoxicity of mononuclear cells was obtained when Jadus et
al observed that the expression of M-CSF on the cell surface of tumour cells inducing
macrophages to recognise and kill these tumour cells bearing the M-CSF (Jadus et al
1996). This suggested that M-CSF may have a role in cancer treatment however,
contradictory reports indicated that M-CSF has no benefits in the treatment of cancer
(Dorsch et al 1993)

M-CSF activities are not only restricted to mature cell populations in the mononuclear
phagocytic lineage. M-CSF can stimulate the formation of murine macrophage
monocytic progenitor colonies (CFU-M), and in combination with other growth
factors it can also stimulate the formation of colonies from primitive cells such as
high proliferative potential colony forming cells (HPP-CFCs) (Bartlemaz 1989) and
colony forming unit-agar (CFU-A) cells (Pragnell et a/ 1988, Holyoake et al 1993).
Further evidence for the role of M-CSF in haemopoietic stem and progenitor colony
growth was observed by the inhibition of the formation of CFU-A and day 12 colony
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forming unit spleen CFU-S d-12 colonies by neutralising antibodies to the M-CSF
receptor, c-fms (Gilmore et al 1995). Furthermore, Muench et al observed that M-
CSF can stimulate colony growth of primitive fetal liver colony-forming stem cells,
CD34" / CD38"/ Lin" (Muench et al 1997).

M-CSF has activities outwith the haemopoietic system indeed, Kawada et al reported
that M-CSF as well as G-CSF stimulated the proliferation of human keratinocytes
(Kawada et al 1997). Michaelson et al also provided data to suggest that M-CSF is an
important factor in CNS development (Michaelson ef al 1996). Further biological
roles of M-CSF have been observed in the mutant osteopetrotic (op/op) mice, a
natural occurring M-CSF mouse knockout. These op/op mice have a reduced level of
macrophages and osteoclasts, they are infertile and are osteopetrotic due to a reduced
level of bone remodelling (Wiktor-Jedrzejczak et al 1990, 1991, Pollard et al
1987,1991). These conditions are a direct consequence of the loss of M-CSF, as the
addition of recombinant M-CSF can correct these abnormalities which are also
progressively corrected as the mice age (Begg and Bertoncello 1993). The
characteristic defects of the op/op mice can also be reversed by the addition of GM-
CSF or IL-3 (Myint et al 1999). This correction of macrophage deficiency on the
treatment of op/op mice with GM-CSF and IL-3 indicates that there is an overlap in
the functions with these growth factors. On further analysis of these op/op,
Michaelson et al observed that the loss of M-CSF lead to abnormal brain development
in these mice thus, suggesting a role of M-CSF in the central nervous system
(Michaelson et al 1996).

The various actions that M-CSF exerts on the numerous target cell types is mediated
through its interaction with its receptor, c-fins which is alternatively known as CD 115
(Sherr et al 1985). Like c-kit, c-fms is a member of the receptor subfamily III that
exhibit ligand-induced tyrosine kinase activity (Hanks ef al 1988). The c-fms proto-
oncogene maps near the M-CSF locus on the human chromosome 5 at band 5q33.3
(Roussel et al 1983, Groffen et al 1983), and is linked in tandem with the type B
PDGF-receptor gene (Roberts et al 1988b). In this location there are several other
growth factor genes that play important roles in haemopoiesis, these include GM-
CSF, IL-4 and IL-5 genes (Le Beau 1986, Sutherland et a/ 1988a, b). Both human
and mouse M-CSF receptors are integral transmembrane glycoproteins and share 74%

overall homology, the greatest sequence homology occurring in the intracellular
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kinase domains. Within the haemopoietic system c-fms has been observed to be
expressed on macrophages, blast cells, myeloid precursors, lymphocytes and on cells
of the megakaryocyte or erythroid lineage (Byme et al 1981). Furthermore, the level
of c-fms expression is thought to be dependant on the maturation state of the cell as
suggested by the observation that c-fins mRNA is induced in the HL60 cell line after
the induction of differentiation by phorbol myristate acetate (Biskobing et al 1993,
Stone et al 1990, Perkins and Kling 1995). The M-CSF receptor expression is not
restricted to the cells of the haemopoietic system as it has been observed to be
expressed on placental trophoblasts (Regenstrief and Rossant 1989), osteoclasts
(Hofsetter et al 1992) and on macrophage-like microglial cells in the nervous system
(Sawada et al 1990, Brosnan et al 1993). Indeed, Raivich et a/ demonstrated that the
macrophage like cells of the CNS, the microglial cells, express low levels of c-fins.
The level of c-fms expression is induced upon CNS injury therefore, suggesting that
the level of c-fins expression may have a role in preparing the microglial to take part

in the cellular response involved in CNS injury (Raivich et al 1998).

1.7.1.3 Fit Ligand (FL)

Flt ligand (FL) appears to play a role in the functions of the haemopoietic stem and
progenitor cells, and similar to SCF it also displays various synergistic activities with

other growth factor on a range of haemopoietic cells.

Due to alternative splicing FL exists as a membrane bound and a soluble form, both of
which exhibit similar biological activities (Lyman et a/ 1995a). FL is not species
specific and this is thought to be due to the high degree of homology shared between
the human and murine FL proteins, 72 % identity at the amino acid level (Lyman et al
1993, Broxmeyer et al 1995). In normal individuals the plasma levels of FL are low
and can only be detected by sensitive ELISA however, these levels have been
observed to be increased in haemopoietic disorders such as acquired aplastic anaemia

(Lyman et al 1995b) and thus is thought to play a role in this disorder.

In-vitro studies have indicated that, like SCF, FL can support maintenance of stem
and progenitor cells (Hudak ef al 1995, Muench et a/ 1995). Initially it was observed
that FL alone had no significant colony stimulating activity however, subsequent

studies indicated that FL alone or in combination with GM-CSF, M-CSF, IL-3, IL-6,
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IL-11, IL-12 and SCF enhanced the proliferative response or colony forming potential
of purified human and murine stem and progenitor cells (Muench et al 1995, Jacobsen
et al 1995a, Rasko et al 1995). Further reports have indicated that FL functions are
not restricted to the myeloid lineage as FL in combination with IL-7 acts on the
lymphoid lineage (Muench ez a/ 1995). FL has also been observed to be an effective
replacement for SCF in ex-vivo expansion protocols as it has been observed to expand
CD34" progenitors (Mckenna et al 1995) namely CFU-GM and CFU-GEMM
progenitors (Broxmeyer et al 1995).

F1t-3 ligand (FL) induces its haemopoietic growth factor activities through interaction
with its specific receptor, fims-like tyrosine kinase 3 (f1¢3) also referred to as fetal liver
kinase 2 (FLK-2). While expression studies have indicated that FLK2/ fIt3 ligand
(FL) is ubiquitously expressed (Lyman et a/ 1995a) it seems that its receptor is more
restricted to primitive haemopoietic progenitors (Small er a/ 1994). FLK-2/flt3 is a
member of the tyrosine kinase receptor family, which includes M-CSF receptor and
SCF receptor and is, located on mouse chromosome 5 and human chromosome 13
(Rosnet et al 1993).

Targeted disruption of the I3/ FLK2 or FL gene produces normal healthy mice that
have reduced levels of B cell progenitors (Mackarehtschian et al 1995, McKenna et al
1996, 2000) and further studies have also reported that FL deficient mice have
reduced levels of dendritic and NK cells (McKenna et a/ 2000). These studies
indicate that although FL is involved in various lineages, other growth factors can
compensate for the loss of FL activity. Interestingly mice that lack both f7#3/FLK2
and c-kit die after birth, and on analysis of their haemopoietic systems it was observed
that these animals had a severe reduction in their overall size of the haemopoietic
system, particularly in the myeloid and lymphoid lineages and a reduction in all
progenitor cells. These results indicate that FL may play a role in haemopoietic
development (Mackarehtschian et a/ 1995) and that FL is part of a network of
cytokines that regulate the growth and survival of early haemopoietic stem and

progenitor cells.
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1.7.2 Beta Common (Bc) Signalling Growth Factors

1.7.2.1 Granulocyte Macrophage Colony Stimulating Factor (GM-CSF)

Granulocyte macrophage colony stimulating factor (GM-CSF) is a haemopoietic
growth factor that derives its name from the ability to stimulate the formation of in-
vitro macroscopic colonies containing neutrophils, eosinophils, and macrophages, or a
mixture of these cell types. Historically growth factors such as GM-CSF were
purified from conditioned medium that displayed the ability to stimulate the growth of
colonies from immature bone marrow derived progenitors (Broxmeyer et al 1990,
1999). Indeed, murine GM-CSF was no exception as it was first identified and
purified from mouse lung conditioned medium (Burgess and Metcalf 1977). Around
the same time Weisbart et al/ identified a factor that could inhibit the migration of
neutrophils and named it NIF-T (Weisbart et a/ 1979). Human GM-CSF was
subsequently purified from a human T-cell leukaemia virus type II (HTLV-II)-
infected T-lymphoblastoid cell line, Mo. However, it wasn’t until 1985 that Wong e?
al cloned human GM-CSF and NIF-T and GM-CSF were observed to be identical and
are now known as GM-CSF (Wong et al 1985).

The GM-CSF gene has been mapped to the long arm of chromosome five between
5921-32, in an area containing several other haemopoietic growth factors and their
receptors. The full length human GM-CSF is 127 amino acids in length and has a
molecular mass of approximately 22 kDa (DiPersio et al 1988) and although human

and murine GM-CSF share 60 % identity they are not cross reactive.

There are a number of different cell types that produce GM-CSF following various
kinds of stimuli. Indeed, GM-CSF production has been demonstrated in
monocyte/macrophages, neutrophils, B-lymphocytes, eosinophils, mast cells,
keratinocytes, osteoclasts as well as different epithelial cells. Further expression
studies have reported that the constituent cells of the bone marrow microenvironment
produce GM-CSF (Kita ef al 1991, Baldwin et al 1992, Jung et al 1995). However,
most of the GM-CSF expressing cells under resting conditions are not significant
sources of GM-CSF, but rapidly and transiently can be stimulated by factors such as
phorbol esters, interferon-y, LPS, IL-1 and TNF-a. to produce GM-CSF (Kothori et al

1995). Therefore, it seems that the activation state of the cells is the major factor in
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determining whether the cells that have the potential to express GM-CSF actually do.
In contrast to other members of the CSF family such as G-CSF, GM-CSF cannot be
detected in the circulation by ELISA, and this may be due to GM-CSF being
sequestered by the extracellular matrix (Modrowski et al 1998).

GM-CSF was the first human colony stimulating factor to be purified, cloned and
expressed using recombinant DNA technology. This allowed vast amounts of GM-
CSF to be synthesised which lead to the further investigation into the functions of
GM-CSF. There is evidence to suggest that GM-CSF plays a role in immune
responses, GM-CSF can stimulate the cytotoxic capacity of neutrophils and
monocytes (Masucci ef al 1989), expand and activate antigen presenting cells (APCs),
induce the differentiation of monocytes to macrophages (Inaba et al 1992, Sallusto
and Lanzavecchia 1994), activate immune functions in eosinophils and basophils
(Fabian et al 1992, Negata et al 1995) and increase natural killer cell function.
Furthermore, GM-CSF can induce the expression of growth factors and cytokines
such as M-CSF, G-CSF, IL-12 and IL-15 and other pro-inflammatory agents such as
prostaglandin’s, plasminogen activators, interferon-y, TNF and IL-8 from the above
cells (Takahashi ef al 1993, Bendall et al 1995). GM-CSF can therefore directly or
indirectly affect the functions of various mature cells (Yong and Linch 1993, Weiser
et al 1987, van Pelt et al 1996). GM-CSF not only stimulates the growth of various
mature cell types such as granulocytes, dendritic cells, Langerhans cells, eosinophils,
megakaryocytes, it can also stimulate the proliferation of progenitors such as CFU-G,
CFU-M, CFU-E and CFU-GM from human and murine bone marrow or human
peripheral blood (Broxmeyer et al 1990, 1999, DeWynter et al 1998).

The high affinity receptor for GM-CSF is composed of two sub-units, the o and B
sub-unit (Hayashida et al 1990, Tavernier et a/ 1991, Kitamura et al 1991). The o
sub-unit is specific for GM-CSF and binds it with low affinity whereas the beta (Bc)
sub-unit is shared between GM-CSF, IL-3 and IL-5 (Matsuguchi ez al 1997). To date,
there are at least six isoforms described for the GM-CSFR alpha (Chopra et al 1996).
Humans have only one B sub-unit (Bc), which has no binding capacity by itself but
can form a high affinity IL-3, IL-5 and GM-CSF receptors with their respective o
sub-units. Both sub-units belong to the cytokine receptor family, which includes the

receptors for many haemopoietic growth factors and cytokines such as growth
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hormone, erythropoietin (EPO), thrombopoietin (TPO), IL-2 and IL-6 (reviewed by
Mui 1994). Members of this family are characterised by an extracellular cytokine
receptor module (CRM) of about 200 amino acids containing several conserved
motifs, including the hallmark WSXWS (Trp-Ser-Xaa-Trp-Ser) motif and a
cytoplasmic domain that lacks any intrinsic enzymatic activity associated with signal
transduction (Bagley et al 1997). Although only the Bc sub-unit has the potential to
produce a signal, truncation studies have indicated that the interaction between the o
and the Bc sub-unit is neeeded for the activation of JAK/STAT signalling pathways
(Scott et al 1998, Doyle et al 1998). Neither the o or 8 sub-unit have intrinsic kinase
domains or are linked to G-proteins, instead the receptor produces a signal by
associating with and activating a number of cytosolic tyrosine kinases including /yn,
fes and JAK2 (Thompson et al 1995, Linnekin et al 1995, Al-Shami et al 1997, 1998).
GM-CSFRx can exist in both a transmembrane form and a soluble form indeed,
naturally occurring soluble forms of sGM-CSFRa can be detected in the supernatants
of human neutrophils and in human plasma and may allow GM-CSF to interact with
cells that do not express the membrane form of the GM-CSFRa. sub-unit (Sayani ef al
2000).

There is some debate about the expression of the GM-CSF receptor in the primitive
cells of the haemopoietic system. Several studies have suggested that primitive
progenitors lack the receptor for GM-CSF (Wognum et al 1994, Jubinsky et al 1994,
Berardi et al 1995). Indeed, McKinstry et al observed that GM-CSF receptor could
not be found on primitive populations but could be detected on committed progenitors
cells that were defined as Sca-1"/c-kit" (McKinstry et al 1996). In contrast, a study by
Lund-Johansen et al observed that a primitive human haemopoietic progenitor
population, which is defined by the expression of CD34hi CD38lo, expresses both the
alpha and beta sub-units of the GM-CSF receptor and that GM-CSF displayed
minimal effects on the survival or proliferation of these primitive progenitors.
However, in combination with the SCF, GM-CSF can enhance the survival and
growth of these cells (Lund-Johansen et al 1999). These differences may be due to

the isolation of different primitive cell types in these reports.

The in-vivo effects of GM-CSF have been examined in a number of ways in murine

models; by injecting GM-CSF (Metcalf et al 1987), by generating hGM-CSF receptor
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transgenic mice (Nishijima et al 1997), by reconstituting mice with bone marrow cells
that over produce GM-CSF (Lang et al 1987) or examining GM-CSF or GM-CSFR
null mice. Indeed, Stanley et al produced GM-CSF null mice and on examining these
animals they observed that there was no perturbation of the major haemopoietic
populations in blood or bone marrow (Stanley et a/ 1994). Thus indicating that other
regulators can replace GM-CSFs activity in its absence however, GM-CSF is not
totally redundant as indicated by the formation of the abnormal lung pathology,
pulmonary alveolar proteinosis (PAP). This lung pathology is due to the
malfunctioning of alveolar macrophages and can be cured by a bone marrow
transplant (Nishinakamura ez al 1996). A similar pulmonary phenotype was observed
on the examination of mice lacking the Bc receptor sub-unit of the GM-CSF receptor,
which is also common to the IL-3 and IL-5 receptors. These mice also displayed a
reduction in eosinophils, which was consistent with the loss of IL-5 activity, one of
the major growth factors necessary for eosinophil development and response
(Nishinakamura et al 1995, Stanley ef al 1994). This pulmonary alveolar proteinosis
(PAP) condition has also been observed in humans, however, on analysis of their
bone marrow cells it was observed that they have both the GM-CSFRa and B¢ sub-
units of the GM-CSF receptor. Furthermore, GM-CSF administration could not
reduce the disease, suggesting that the GM-CSF signalling system is not wholly
responsible for the pathology of this disease (Carraway et a/ 2000)

1.7.2.2 Interleukin-3 (IL-3)

IL-3 is a multipotential haemopoietic growth factor capable of stimulating the
survival, proliferation and development of multipotent stem cells and myeloid
progenitor cells. In contrast to many other growth factors, IL-3 expression is restricted
to only a few cell types. Furthermore, Gibson et al indicated that IL-3 appeared not to
be produced in normal animals however, IL-3 expression can be observed but only
with the use of sensitive technique such as RT-PCR (Gibson et al 1995). In
peripheral blood the predominant IL-3 expressing cells are antigen or mitogen
stimulated T cells. Other reports have also observed that NK cells, megakaryocytic
cells, epithelial and mast cell lines can express IL-3 (Gibson et al 1995, Cuturi et al
1989, Wickenhauser et a/ 1995, Nimer et al 1995, Wodnar-Filipowicz ef al 1989,
Dalloul et al 1991). The restricted production of IL-3 and the inability to detect levels

of it in serum and bone marrow with out the aid of sensitive techniques has lead to the

27



proposal that IL-3 may not be involved in the day to day control of haemopoiesis
(constitutive haemopoiesis), and that it may only be needed in times of stress or
infection (inducible haemopoiesis). This is supported by the need for activation of T
cells, mast and megakaryocytic cell lines before they express IL-3 (Gibson et al 1995,
Nimer et al 1995).

In-vitro TL-3 has been observed to support the proliferation of CD34" bone marrow
and myeloid progenitors cells and also supports the development of these cells down
the megakaryocytic and erythroid lineages however, terminal differentiation only
occurs in the presence of TPO or EPO (Banu et a/ 1995, Saeland et al 1988).
Furthermore, IL-3 has been observed to be involved in the differentiation of
eosinophils (Saito et al 1988) and can interact with other growth factors such as SCF
to promote mast cell proliferation (Rennick er a/ 1995). IL-3 activities are not only
restricted to supporting growth and differentiation as in conjunction with SCF, M-
CSF or the CXC chemokine SDF-1, IL-3 has been observed to display chemotactic
and chemokinetic responses on murine haemopoietic progenitors (Okumura et al
1996, Aiuti et al 1997). Other reports have also suggested that IL-3 may also be
involved in regulating adhesion of stem cells to the stromal cells. Indeed, IL-3 can
reduce integrin mediated adhesion and promote migration of CD34" cells (Schofield
et al 1997) and this may explain the enhanced mobilisation of peripheral blood
progenitors by IL-3 in the presence of G-CSF (Huhn et a/ 1996). A further activity of
IL-3 was observed using a multipotential progenitor cell line, FDCP-Mix, these cells
depend on IL-3 for growth and upon its removal these cells undergo apoptosis,
indicating that IL-3 acts as a survival factor for this cell line (Williams e a/ 1990a,
Fairbairn et al 1993). These reports indicate that in-vitro IL-3 can regulate the

functions of various cell types at different stages of maturation.

As alluded to in section 1.7.2.1, IL-3 induces its activities through a common
signalling sub-unit shared by IL-5 and GM-CSF, the B¢ sub-unit (Mui ez a/ 1994). In

mice IL-3 can also signal through an IL-3 specific beta sub-unit namely ™

(Hara et
al 1992, 1996). The Bc and B sub-units are expressed on myeloid progenitor cells,
macrophages, mast cells, B cells and endothelial cells whereas, the expression of the
alpha sub-unit is more restricted suggesting that IL-3 responses are regulated by the

level of IL-300 sub-unit expression. Mice that completely lack IL-3 have been
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observed to display no aberrant phenotype suggesting that other growth factor can
compensate for the loss of IL-3 function (Nishinakumura et a/ 1996). Furthermore,
the observation that there are certain strains of laboratory mice that have no IL-3Ra
expression and have no alteration in their haemopoietic system, indicates that the IL-3
system is not essential for normal haemopoiesis and the role IL-3 plays in

haemopoiesis in-vivo has yet to be defined (Nicola et al 1996).

1.7.3 Glycoprotein 130 (gp130) Signalling Growth Factors

1.7.3.1 Interleukin-6 (IL-6)

Interleukin-6 (IL-6) was originally identified as a factor that induces B cell terminal
differentiation into antibody producing cells (Hirano ez a/ 1986). It was subsequently
observed to display numerous activities, which include growth promotion,
haemopoietic colony formation, differentiation of macrophages and T cells, neural
differentiation and induction of acute phase proteins (Simpson et al 1997). The
human IL-6 gene encodes a polypeptide precursor of 212 aa which is cleaved and
secreted as a 184 aa mature glycoprotein of between 21-28 kDa in mass, the range in

mass is due to various levels of glycosylation (van Snick et a/ 1988).

Unlike GM-CSF and IL-3, IL-6 can be detected in serum and other body fluids, e.g. in
synovial fluids of patients with arthritis. IL-6 can be expressed by a number of cell
types including; monocytes/macrophages, stromal cells, fibroblast, endothelial cells
and keratinocytes (Kupper et al 1989, Richards et al 1991). IL-6 expression can be
further induced upon stimulation with LPS, phorbol esters and the cytokines IL-1 and
TNF (Zhang et al 1990) whereas, IL-4 has been observed to act as potent inhibitors of
IL-6 production (Denizot et al 1999).

In-vitro Musashi and colleagues have shown that IL-6, similar to IL-11 and LIF,
enhances IL-3, IL-4 and SCF dependant proliferation of primitive blast cell colonies
in methylcellulose cultures (Musashi ef al/ 1991a, b). This activity is thought to be
due to the growth factors shortening the time the cell spends in Go, and this
observation lead to the inclusion of IL-6 in stem cell expansion protocols. Indeed,
Bodine et al observed that IL-6 in combination with SCF was capable of stimulating

the expansion of CFU-S stem cells and maintaining a significant amount of
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repopulating ability after 6 days in liquid culture (Bodine et a/ 1994). Furthermore,
Sui et al demonstrated that stimulation of gp130 by IL-6 and soluble IL6R, resulted in
superior ex-vivo expansion of primitive human haemopoietic progenitor cells when
compared to IL-6 alone (Sui ef al 1995). More recently a fusion protein of IL6 and
IL-6R was observed to be fully active at concentrations of 100-1000 fold less
compared to that of unlinked IL-6 and IL6R (Fischer et a/ 1997) in expansion
protocols (Chebath et al 1997). Other reports have indicated that IL-6 is involved in
the development of erythroid, megakaryocytic, myeloid and lymphoid lineages
(Kimura et al 1990, Hirano et al 1996, Sui et al 1999). Indeed, Sui e al also
demonstrated that soluble IL-6R and IL-6 in combination with SCF is involved in
megakaryopoiesis and this activity is independent of TPO induced megakaryocyte
production (Sui et al 1999). The IL-6/sIL-6R complex mimics not only the activity of
IL-6 on cells expressing gpl130 but also the other members of the IL-6 family of
cytokines. For instance, pluripotentiality of ES cells can be maintained by
simultaneous addition of IL-6 and sIL-6R but not IL-6 or sIL-6R alone (Yoshida et a/
1994).

Interleukin-6 exerts these various functions through its receptor which consists of two
sub-units, the ligand binding o sub-unit which has a mass of 80 kDa and the
signalling gp130 sub-unit which is 130 kDa and both belong to the type I cytokine
receptor family. The gpl30-signalling sub-unit is also shared with IL-6, LIF,
Oncostatin M and CNTF and this results in these cytokines sharing partly overlapping
activities. Although gp130 is widely expressed (Saito et al 1992) the ligand specific
receptor components display a more limited expression, suggesting that cellular
responsiveness is largely determined by the regulated expression of the ligand specific
receptor chains. The IL-6Ra sub-unit has a short cytoplasmic domain of 82 amino
acids and this domain is not needed for signalling as indicated by IL6Ra truncation
studies (Taga et al 1989). The finding that IL-60t sub-unit exists as a membrane
associated and a soluble form indicated that maybe these different isoforms regulate
different functions (Narazaki et al 1993). Indeed, upon isolation of CD34" cells it
was observed that these could be subdivided into IL-6R expressing and non-
expressing cells however, both populations express gp130. It was demonstrated that
IL-6Ra expressing cells can be stimulated to form granulocyte macrophage colonies

whereas, IL-6Ra negative cells upon stimulation with IL-6 and soluble IL6Ra form
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various types of colonies including erythroid bursts, granulocyte macrophage
colonies, megakaryocytes and mixed colonies (Sui ef a/ 1999). This phenomenon of
sIL-6 and sIL6Ra inducing signalling through cells that express gp130 is referred to
as transignalling, and as observed by Hirano et al it allows cells that do not express
IL-6Ra sub-units to respond to IL-6 (Hirano et al 1997). The IL-6Ra chain exhibits
low affinity for IL-6 however, upon stimulation of cells with IL-6 a high affinity
receptor was identified which contained gp130. The high affinity IL-6 receptor has
been observed to consist of a hexameric complex containing two IL-6 molecules, two
IL-6 alpha sub-units and a homodimer of gp130 (Baumann ez al 1996). McKinstry et
al demonstrated that the number of IL-6R on haemopoietic progenitors cells increases

significantly with the maturation of these cells (McKinstry et a/ 1997).

IL-6 null mice exhibit a severe impairment in antibody production and acute phase
protein production following viral infection and mineral oil injection and they also
have a decreased ability to deal with bacterial infections (Kopf et a/ 1994, Dalrymple
et al 1995). Furthermore, another group examining IL-6 null mice observed that there
was a reduced level of leukocyte recruitment, which they suggested was due to the
reduced ability of these cells to produce chemokines (Romano et al 1997). The
various functions of the interleukin-6 family of cytokines on the haemopoietic and
lymphoid cell systems, and their ability to function extensively outside these systems
is thought to be due to the ubiquitous expression of the gp130 sub-unit (Saito et al
1992).

1.7.3.2 Interleukin-11 (IL-11)

An activity that was observed in conditioned media from a primate cell line, PU34
was reported to support the proliferation of an IL-6 dependent plasma cell line.
Subsequent studies demonstrated this activity was due to another gp130 signalling
cytokine namely IL-11 (Paul e a/ 1990). IL-11 like all the gpl130 signalling
cytokines is pleiotropic and displays diverse effects such as stimulation of myeloid,
erythroid and megakaryocyte differentiation, modulation of macrophage and T cell
inflammatory functions and induction of acute phase response proteins, such as
fibrinogen and C reactive protein (Baumann 1991). The coding region of Interleukin-
11 (IL-11) predicts a polypeptide of 199 amino acids in length which contains a 21

amino acid signal peptide and upon cleavage produces a secreted protein of IL-11 that
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has a molecular mass of 19 kDa. Human and murine IL-11 share 88% identity at the
primary amino acid level (Morris ef al 1996), and interestingly IL-11 is unlike the
other human gp130 proteins in that it does not have any cysteine residues in its

primary aa sequence and has no glycosylation sites.

IL-11 has been detected in fibroblasts from various tissues and can also be produced
by bone marrow stromal cells, chondrocytes and osteoblasts and cytokines such as IL-
la, TNF-a, TGF-B and EGF can further induce these cells to produce IL-11 (Elias ez
al 1994a, b).

In the context of the haemopoietic system, Musashi et a/ observed that IL-11 could
induce the formation of blast cell colonies in-vitro but only in combination with other
early acting growth factors such as IL-3, IL-4 or SCF (Musashi e a/ 1991a, b). IL-11
in combination with SCF or IL-3, not only maintains the levels of primitive
progenitors in liquid culture it also promotes their growth in methylcellulose (Neben
et al 1994). IL-11 like IL-6, in the presence of SCF, can also induce primitive
quiescent stem cells to exit Go and enter the G1/S phase of the cell cycle and this
function has been exploited by several groups in ex-vivo expansion protocols (Neben
et al 1994, Holyoake et al 1996). As well as displaying activities on primitive parts of
the haemopoietic system, IL-11 alone has been observed to have direct effects on
more mature cells. Weich et al observed that IL-11 can not only enhance the
formation of megakaryocyte colonies (Weich et al 1997), it can also induce the
differentiation and maturation of megakaryocytes and their precursors in combination
with IL-3. In-vivo administration of rhIL-11 was observed to increase the number of
platelets in animals (Neben ef a/ 1993) and more importantly in humans and myelo-
suppressed patients (Tepler et al 1996), further suggesting the role for IL-11 in
megakaryopoiesis. These observations lead to the approval of rhIL-11 as a treatment
for chemotherapy induced thrombocytopenia (Gordon 1996). The megakaryocyte
lineage is not the only lineage that IL-11 is involved in, it has also been observed that
IL-11 plays a role in erythropoiesis as IL-11 in combination with SCF and EPO can
stimulate the growth BFU-E and CFU-E colonies (Quesniaux et a/ 1992, Lemoli et al
1993, Rodriguez et al 1995). The administration if IL-11 to mice resulted in an
increase in the number of CFU-GM progenitors within the bone marrow and an
increase in the cycling rate of these progenitors and that of the CFU-GEMM
progenitors (Hangoc et al 1993).
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Similar to the IL-6 receptor the IL-11 receptor consists of two sub-units. The ligand
specific non-signalling sub-unit IL-11Ra, which can exist in a membrane, bound form
or a soluble form, and the signal transducing sub-unit gp130 (Taga et al 1997). The
IL-11Ro sub-unit consists of an extracellular domain, which contains two N linked
glycosylation sites, a transmembrane domain and a small non-signalling cytoplasmic
tail (Hilton ez al 1994). Studies that knockout the IL-11Ro sub-unit have indicated
that these animals are healthy and have normal levels of peripheral blood
lymphocytes, erythrocytes, platelets, multipotential stem cells (CFU-S) and
committed progenitors (CFU-GM, BFU-E and CFU-Meg) (Nandurkar et al 1997).
Thus suggesting that IL-11 is not essential for regulating haemopoiesis and in its
absence its functions are replaced by other growth factors. A further study Robb et a/
observed a similar non-effect in haemopoiesis however, these mice did have an
obvious phenotype in that the removal of the IL-11Ra sub-unit renders the female

mice infertile (Robb et al 1998).

1.7.3.3 Leukaemia Inhibitory Factor (LIF)

Leukaemia inhibitory factor (LIF) was previously known as differentiation inducing
factor (D-factor or DIF) and macrophage/granulocyte inducer type 2 (MGI-2)
(Tomida et al 1984, Hilton et al 1988). LIF, like the other gpl130 cytokines, is
multifunctional and has been observed to inhibit the differentiation of embryonic stem
cells, promote the survival and proliferation of primitive haemopoietic precursors and
primordial germ cells; induce the expression of acute phase proteins; and is involved
in adipocyte differentiation, bone formation and survival of neuronal and muscle cells
(Piquet-Pellorce et al 1994, Hamilton et al 1993, Marshall et al 1994, Thaler et al
1994, Austin et al 1992). LIF is a 180 amino acid glycoprotein whose molecular
weight ranges from 38-67 kDa and this heterogeneity has been ascribed to extensive

glycosylation (Gough et a/ 1989).

Although LIF is almost undetectable in-vivo it has been reported to be expressed by a
number of cell types but only after induction with various stimuli. Indeed, the
expression of LIF in human bone marrow stromal cells can be induced by phorbol

esters, LPS, epidermal growth factor, interleukin-1o and 8, TNF, TGF-f3 and SCF but
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not by M-CSF, G-CSF and GM-CSF (Lorgeot et al 1997, Gollner et al 1999). LIF
was originally defined by its ability to induce monocyte differentiation and suppress
the differentiation of the murine monocytic leukaemia cell line M1 (Gearing et al
1987). On its own LIF has little or no effect on the proliferation or differentiation of
primitive haemopoietic progenitors however, in combination with IL-3 or M-CSF,
LIF can enhance the proliferation of blast-CFCs, megakaryocyte colonies and CFU-M
colonies (Metcalf et al 1988, Warren et al 1993, Keller et al 1996). Furthermore, LIF
acts in combination with IL-3, GM-CSF, M-CSF and SCF to promote the colony
formation of partially purified lineage negative (Lin") bone marrow progenitors
(Keller et al 1996). However, the most interesting function of LIF is its ability to
prevent differentiation commitment of murine embryonic stem cells (ES). These ES
cells are normally totipotent and can give rise to all tissues of a mature mouse when
injected into the blastocyst, however, in the absence of LIF these ES cells differentiate
and lose their totipotency. This activity of LIF in particular has allowed the
development of ES based methods such as those used in the production of transgenic
and knockout animals (Capecchi 1994). Interestingly, this ability of LIF to inhibit the
differentiation has also been observed for some of the other gp 130 signalling
molecules such as IL-6, IL-11 and CNTF (Yoshida ez a/ 1994).

The receptor for the cytokine leukaemia inhibitory factor (LIF) comprises of a
transmembrane protein with low affinity for the cytokine known as gp190 and the gp
130 signal transducing chain (Taga et a/ 1997). Upon LIF binding to gp 190, gp 130
can now interact with this complex and produces a fully functional signalling
complex. OSM, CNTF and CT-1 also use gp190 (LIFR) as part of their high affinity
receptor complexes. Both sub-units of the LIFR are members of the haemopoietin
receptor family however, unlike IL-6 and IL-11R alpha sub-units the low affinity
LIFRo chain contains 2 haemopoietin domains separated by an immunoglobulin
domain and three fibronectin domains. Recent studies have elucidated that the
membrane distal haemopoietin domain along with the Ig domain is essential for LIF
binding (Taupin et a/ 1999). Similar to other members of the gp 130 cytokine family,
the LIF receptor also has a soluble isoform (Layton et a/ 1992). On examining cross
species reactivity it can be observed that murine LIF does not bind to human LIFR
whereas, human LIF can bind to murine LIFRq and interestingly human LIF has a

higher affinity for murine LIFR complex than murine LIF.

34



LIF null mice were produced to examine the in-vivo role of LIF, these null mice
initially appeared to develop and behave normally however, upon further examination
they were shown to have a reduced number of stem and progenitor cells in their
spleens and bone marrow. Furthermore, it was observed that female mice are unable
to produce pups, this was due to the inability of the blastocyst to implant into the
uterus. Other LIF null mice have been reported and these mice have been observed to
reduce levels of CFU-S stem cells (Escary et al 1993). These various reports indicate
that LIF is involved in regulating differentiation, haemopoiesis and also plays a role in

implantation of the developing blastocyst.

1.7.4 Homo-Dimerising Signalling Growth Factors

1.7.4.1 Granulocyte Colony Stimulating Factor (G-CSF)

Granulocyte colony stimulating factor (G-CSF) is a growth factor that acts on the
neutrophil lineage to stimulate the proliferation of committed progenitor cells and
functionally activates mature neutrophils. The human gene is located on chromosome
17 whereas, the murine gene is clustered on chromosome 11 with the genes for GM-
CSF and IL-3 (Nagata et al 1989, Platzer 1989).

The G-CSF protein is approximately 18.6 kDa in size and can be produced by a
variety of cell types including; macrophages, fibroblasts, endothelial cells and stromal
cells, and this expression is further enhanced by IL-1, LPS and phorbol esters
(Kothari et al 1995).

In-vitro G-CSF has been observed to induce the formation of neutrophilic colonies
from the CFU-G progenitors, and enhance the formation of CFU-GM colonies but
only at high concentrations (Metcalf and Nicola 1993). In synergy with other growth
factors G-CSF can stimulate the survival and proliferation of human myeloid and
erythroid progenitor cells (McNiece ef al 1991). Furthermore, G-CSF can enhance
the differentiation and activation of mature neutrophils it also primes these cells to

release cytokines and increases their cytotoxicity (Begley 1986).
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G-CSF exerts these activities through a single, high affinity, specific receptor which
has an approximate mass of 140 kDa and is a member of the haemopoietin receptor

family or the cytokine receptor type I superfamily (Demetri and Griffin 1991).

The in-vivo role of G-CSF was investigated by Lieshcke et al who produced mice that
were homozygous for a null mutation of G-CSF. These mice are fertile, viable and
have a 70% reduction in the numbers of circulating neutrophils. This indicated that
G-CSF is an important regulator of neutrophil production under steady state
conditions and emergency situations. Interestingly, these mice also were observed to
have a reduced level of progenitors from all lineages suggesting that G-CSF may play
a direct role in regulating progenitor levels (Lieshcke et al 1994). Indeed, G-CSF and
SCF have been observed to enhance the formation of progenitor cells of multiple
lineages in developing blast cell colonies (Metcalf e al 1991a) and this action may
also explain the elevation of multiple lineage elevation of stem and progenitor cells in
the blood after G-CSF administration (Roberts and Metcalf 1994). Alternatively, the
loss of lineage progenitors may be linked to the decrease in neutrophil levels, as it is
possible that neutrophils produce growth factors that are needed for the survival

and/or the proliferation of these progenitors.

Numerous reports indicating that G-CSF is the major growth factor involved in
neutrophil differentiation lead to the analysis of recombinant G-CSF as a candidate
therapy of the neutropenia associated with chemotherapy and radiotherapy. Indeed,
G-CSF or Filgrastim as it is clinically known has been observed to decrease the
incidence, severity and duration of neutropenia and this has allowed the increase in
dose of certain chemotherapy regimes. A further clinical utility of G-CSF was
discovered when G-CSF alone or in combination with chemotherapy or chemokines
was reported to mobilise progenitors to the peripheral blood. Interestingly these
mobilised progenitor cells were observed to be more effective than bone marrow in
accelerating platelet and neutrophil recovery in lymphoma patients (Schmitz et al
1996).

1.7.4.2 Thrombopoietin (TPO)

Thrombopoietin affects all levels of megakaryocyte development, it not only

stimulates haemopoietic stem cells into cycle, it can also support the proliferation of
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multipotent and committed megakaryocytic progenitors and induces the expression of
various molecules that are needed for platelet formation (Ku et al 1996, Broudy et a/
1995, Papayannopoulou 1996 a, b). Thrombopoietin (TPO) was cloned by a number
of groups and was observed to be the ligand for the c-mp! receptor. Thrombopoietin
mRNA has been detected in the liver, the kidney and to a lesser extent in the bone
marrow and spleen (Kuter et a/ 1994, Kaushansky ez al 1995).

TPO functions primarily as a differentiation factor with limited ability to promote
CFU-Meg formation however, in combination with SCF or IL-3, TPO can enhance
the formation of these colonies in semisolid media (Broudy et a/ 1995). Further
evidence for the role of TPO in megakaryopoiesis was observed in-vivo, as the
administration of TPO to various animals and humans was shown to increase the
number of bone marrow megakaryocytes and peripheral blood platelets (Harker et a/
1996). As well as TPOs activity on the megakaryocyte lineage, TPO has also been
observed to expand cell numbers in mouse long-term cultures and these cells can
competitively repopulate a lethally irradiated recipient (Yagi et al 1999).
Furthermore, the numbers of granulocyte macrophage progenitors (Kaushansky et a/
1996) and neutrophils is increased upon TPO administration (Sawai et al 2000). In-
vitro in combination with erythropoietin TPO can stimulate the growth of erythroid
progenitor cells (Kaushansky ef al 1995).

These activities of TPO are mediated through its receptor c-mpl, which is a member
of the cytokine receptor type I superfamily of receptors and requires homo-
dimerisation for activation (Bazan 1990). The cytoplasmic domain of Mp/ is 121
amino acid in length and contains two membrane proximal motifs (box 1 and box 2),
these domains are conserved among most members of the cytokine receptor
superfamily and are critical for receptor function and signalling via JAKs (Drachman
et al 1997). A more recent study also provided evidence that TPO is involved in early
haemopoietic events, this group isolated early haemopoietic stem cells and further
subdivided this population by the expression of c-mpl. Upon examining the
repopulating ability of these cells it was observed that the c-mpl” population
essentially contained all of the haemopoietic activity as assessed at 24 week (Solar et
al 1998).
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Although TPOs main function is in the megakaryocyte lineage the haemopoietic
defects in mice lacking TPO or its receptor are not restricted solely to cells of the
megakaryocyte lineage. In-vitro assays have revealed that these TPO null mice
display a modest effect on multi-lineages within the haemopoietic system, as
indicated by the decrease in the number of CFU-Meg, CFU-GM and BFU-E
progenitor cells (Alexander et al 1996, Gurney et a/ 1994). Examination of c-mpl-/-
mice indicated that they have almost no CFU-S stem cells and a reduced level of blast
colony forming cells further suggesting a role for TPO in early haemopoiesis as well

as regulating megakaryopoiesis (Kimura et a/ 1998).

Platelets are necessary for blood clotting and when numbers are very low individuals
are at risk of death from haemorrhage. In-vivo data has suggested that the Mp/ ligand
can ameliorate the thrombocytopenia associated with chemotherapy and clinical trials.
Indeed, the administration of a pegylated megakaryocyte growth and development
factor (PEG-MGDF), which consists of the N terminal region of TPO conjugated to
polyethylene glycol, reduces the time the patient is thrombocytopenic and also
induces leukocyte and erythrocyte recovery, further suggesting a role for TPO as an
adjuvant in transplantation, chemotherapy or radiotherapy. However, care must be
taken as TPO receptor c-mpl is expressed in some disorders such as acute myeloid
leukaemia (AML), and cells from these patients have been observed to proliferate in

response to TPO (Matsumura et al 1995, Bouscary et al 1995).

1.7.4.3 Erythropoietin (Epo)

Erythropoietin promotes the growth, differentiation and survival of erythroid
progenitors and is essential for the terminal stages of erythrocyte development. EPO
is an approximately 30 kDa glycoprotein and animal studies have indicated that EPO
is primarily produced in the kidney during adult life and in the liver in fetal
development (Krantz 1991). Further evidence for the kidney being the primary
source of EPO in humans was observed as individuals with renal disease are generally
anaemic and this anaemia can be reversed by the administration of EPO. EPO has
been observed to be produced by murine bone marrow macrophages (Rich et al 1982)
however, a more recent report indicated that EPO could not be detected in CFU-GM
colonies derived from human bone marrow and human peripheral blood macrophages
(Stpoka et al 1998).
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EPO acts mainly on the erythroid progenitor cells, it prevents apoptosis, stimulates
proliferation and induces the differentiation of these cells into mature erythrocytes
(Kirby et al 1996, Liboi et al 1993, Kelley et al 1993). In addition to erythropoietic
activities, EPO has been observed to be involved in the megakaryocyte lineage, and
can increase the production of CFU-Meg progenitors from CD34" bone marrow cells
in conjunction with TPO (Papayannopoulou ez al 1996a). Further evidence for EPOs
role in the megakaryocyte lineage in mice was indicated by the increase in platelets
and their precursor, megakaryocytes, after EPO administration (Tsukada et al 1990).
Evidence to suggest that EPO plays a role out with the haemopoietic system was
described by Carlini et al, they observed that EPO could induce endothelial cell
proliferation and protect these cells from LPS induced apoptosis (Carlini et al 1999).
Furthermore, a previous report also indicated that EPO receptors are expressed in
human umbilical vein endothelial cells (HUVEC) (Anagnostou et al/ 1990, 1994) and
neurones (Morishita et al 1997).

The ability of erythroid cells to respond to EPO is due to their expression of the EPO
receptor. The EPO-R is a member of the cytokine receptor type I superfamily and
like most of its members require homo-dimerisation for activation (Livnah et al
1996). Further evidence for the need for homo-dimerisation for activation of EPO
signalling was observed by Schneider et al, they indicated that monoclonal antibodies
could mimic the homo-dimerisation of the EPO-R and induce proliferation and
differentiation of erythroid precursors (Schneider ef a/ 1997). The initial steps in the
signalling transduction process upon activation of the EPO-R are the activation of
JAKs (JAK2) and STAT phosphorylation (STATS) and this is similar to the other
members of the cytokine receptor type I superfamily (Wojchowski et al 1999).

The in-vitro role of EPO in erythropoiesis was confirmed in-vivo as mice lacking the
EPO gene or its receptor fail to develop beyond day 13 in utero, due to failure of
erythropoiesis at the CFU-E stage in the fetal liver. These mice die of a severe
anaemia due to the absence of red blood cells, thus indicating that EPO is crucial for
survival, proliferation and differentiation of the late committed progenitors (CFU-E)
but not the early progenitors (BFU-E) (Wu ef a/ 1995). Further examination of EPO
and EPOR null embryos have indicated that these embryos also have a heart defect
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and therefore, it seems that EPO signalling system may be involved in heart

morphogenesis (Wu ef al 1999).

The observation that EPO is essential for the terminal differentiation of red blood
cells has lead to it being used as a therapy in a number of conditions that are
associated with blood loss. Indeed, EPO is used to treat anaemia in renal failure,
cancer and HIV patients. It also has also been used to increase platelet number in

patients with chronic liver disease (Goodnough et al 1997).

1.8  Growth Factor Signal Transduction

1.8.1 Protein Tyrosine Kinase Receptor Signalling

The SCF receptor c-kit is a tyrosine kinase receptor (RTK) which is closely related to
the receptors for platelet derived growth factor, macrophage colony stimulating factor
and Flt ligand. As there is a plethora of data on signalling pathways activated by the
numerous tyrosine kinase receptors it was decided to provide a brief overview of the
role of ¢-kit/SCF signalling as an example of how intricate and intertwined the protein

tyrosine kinase signalling pathways are.

The c-kit receptor contains five Ig like domains in its extracellular domain the first,
three of which are involved in SCF binding. The fourth Ig domain may play a role in
receptor dimerisation and the function of the Sth Ig domain has yet to be discovered.
The organisation of the cytoplasmic domain of c-kit is similar to c-fms, in that both
cytoplasmic domains contain a catalytic domain, which is separated by a kinase insert
domain. The first catalytic domain contains the ATP binding site and the second site
has potential autophosphorylation sites. Before examining the signalling pathways it
is worth realising that there are two isoforms of SCF, a soluble and a membrane
associated form, and that each has a different effect on the tyrosine kinase activity of
c-kit. The membrane anchored form induces a prolonged autophosphorylation of c-kit
compared to the soluble SCF, and this may be due to a slower rate of down regulation

via receptor internalisation (Miyazawa et al 1995).

40



SCF

0,0

SHP-1 and 2 PKC PLC Grb-2/SOS PI3 JAK2 Src Family

¢ ¢ ¢ Kinases
(Lyn, Fyn)

Ras/Raf PIP STAT

V

MAPK

Fig 1.3 An overview of tyrosine kinase receptor signalling pathways

Brief summary of the multiple signalling pathways activated by SCF. SCF induces homodimerisation and
auto-phosphorylation of c-kit on various tyrosine residues. Various proteins which contain SH2 domains bind
to these phosphotyrosines and lead to the recruitment and activation of a number of other proteins e.g. src
family members, PI3 K, Grb-2, Ras, Raf-1, MAP kinases, JAKs and STATs. Interaction between different
components of these pathways occurs at multiple points and the negative regulators such as SHP-1,

2 and PKC play a role in controlling the signalling pathways.

41



SCF activates multiple signalling components. = Upon ligand binding auto
phosphorylation of various tyrosine residues occurs within the c-kit molecule and this
allows various signalling adapter molecules to interact with these phosphotyrosine via
their SH2 domains, such as Crkl and c-Cbl, (Sattler e a/ 1997). Indeed, a number of
kinases have been observed to bind to these phosphotyrosines on the c-kit receptor
such as PI-3 kinase, JAK-2 and members of the src family of kinases such as lyn, c-
Src and Fyn (Lev et al 1992, Serve et al 1994, Weiler et al 1996, Deberry et al 1997,
Blume-Jensen et al 1994, Linnekin et al 1997).

Through the actions of these kinases SCF can activate signalling pathways such as the
Ras-RAF-MAP kinase cascade and the JAK/STAT pathway (Tsai et al 1993). These
various SCF stimulated pathways need to be controlled, and this may be down to
negative regulators such as SHP-1. SHP-1 and SHP-2 are SH2 containing protein
tyrosine phosphatases that have been observed to act as negative regulators of SCF
activity in haemopoietic cells (Kozlowski ef a/ 1998). Although it may be easier to
examine each of these pathways individually one needs to remember that many of
these signalling components can interact with multiple pathways induced upon SCF /
c-kit interaction and therefore, the end results of c-kit activation is a result of various

signalling pathways.

1.8.2 Glycoprotein 130 (gp130) Signalling

The first step in signalling by members of the IL-6 cytokine family is the specific
binding of the particular cytokine to the soluble or transmembrane receptor o sub-
unit. The alpha sub-unit is inert in terms of signalling and requires the interaction
with the gp130 sub-unit to produce a signal. Ligand binding stimulates homo or
hetero dimerisation of gp130 (Timmerman et a/ 2000) and although gp130 possesses
no intrinsic tyrosine kinase activity, the dimerisation of gpl30 leads to the
phosphorylation of gp130. This phosphorylation of gpl30 occurs through the
activation of a number of the Janus kinase (JAK) family members e.g. JAK1, JAK2
and TYK which have been observed to be associated with gp130 via the membrane
proximal box 1 motif in the cytoplasmic domain of gp130 (Tanner et a/ 1995). The
tyrosine phosphorylation of gp130 provides a docking site for the SH2 containing
proteins such as STAT3 and PI-3 kinase (Zhong et al 1994, Minami et al 1996, Chen
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Fig 1.4 Gp 130 signalling pathways

Brief summary of the multiple signalling pathways activated by gp 130 family members e.g. IL-6. IL-6 induces
heterodimerisationof the IL-6c« and gp130 receptor sub-units, this in turn leads to the phosphorylation of the
gp130 sub-unit by associated tyrosine kinases. Various proteins which contain SH2 domains bind to these
phosphotyrosines and lead to the activation of src family members, PI3 K,the Ras-Raf-MAP kinase cascade

and the JAK/STAT pathway. Interaction between different components of these pathways occurs at multiple
points and the negative regulators such as SHP-1 and 2 and PKC play a role in controlling the signalling pathways.
Interaction between different components of these pathways occur at multiple points and the negative regulators
such as SHP-1 and 2, PKC and SOCS play a role in controlling the signalling pathways.
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et al 1999). Besides using the JAK/STAT signalling pathway, several lines of
evidence have been observed that suggest that gpl130 stimulation can activate the
RAS/MAPK signalling pathway. Indeed, IL-6 can increase the proportion of GTP-
bound RAS compared to GDP-bound RAS (Nakafuku et al 1993), c-Raf-1 a serine
threonine kinase known to interact with RAS is also activated by tyrosine
phosphorylation (Boulton et al 1994). Furthermore, mitogen activated protein kinase
(MAPK) becomes hyperphosphorylated thus activating its serine / threonine kinase
activity that can then induce phosphorylation of NF-IL6 that can lead to transcription
(Nakajima et al 1993).

1.8.3 Beta Common (Bc) Sub-Unit Signalling

The mechanism of activation of the GM-CSF/ IL-3/ IL-5 receptor system exhibits
features that are similar to other members of the cytokine superfamily. Indeed, the fc
sub-unit is functionally analogous to the gp130 and IL2Ry and the common sub-unit
of the IL-4 and IL-13 receptors (Zurawski et al 1993, Bagley et al 1997).

The receptors for IL-3, GM-CSF and IL-5 all lack any intrinsic tyrosine kinase
activity (Watanabe et al 1996, Itoh ez al 1996) however, they can upon stimulation via
their respective ligands produce a rapid tyrosine phosphorylation of various cellular
proteins, these include PI-3 kinase, Shc and the B¢ sub-unit itself. This is through the
action of a number of kinases, which have been reported to be associated with the Bc
sub-unit /yn, fes and JAK2 (Thompson et a/ 1995, Linnekin et al 1995, Brizzi et al
1996, Al-Shami et al 1997, 1998). JAK-2 is a member of the Janus kinase family
(Quelle et al 1994) and has been observed to be associated with Bc sub-unit via the
membrane proximal box 1 motif in the cytoplasmic domain of the cytoplasmic tail of
the Bc sub-unit. Upon activation, JAK2 phosphorylates the membrane distal region of
Bc and STAT 5 a member of the signal transducer activated transcription family of
DNA binding proteins. Phosphorylation of STAT 5 induces dimerisation, which
results in translocation to the nucleus where it is involved in gene transcription (Ihle
1996, Itoh et al 1998).

As well as tyrosine phosphorylation of Bc allowing the activation of the JAK/ STAT
pathway it also allows binding of adapter proteins containing src homology 2 (SH2)
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Fig 1.5 Beta common signalling pathways

Brief summary of the multiple signalling pathways activated by GM-CSF. GM-CSF induces heterodimerisation

of the a and fc GM-CSF receptor sub-units, this in turn leads to the phosphorylation of the Bc sub-unit by associated
tyrosine kinases. Various proteins which contain SH2 domains bind to these phosphotyrosines and lead to the activation
of src family members, PI3 K, the Ras-Raf-MAP kinase cascade and theJAK/STAT pathway. Interaction between differe:
components of these pathways occurs at multiple points and the negative regulators such as SHP-1 and 2 and PKC play a
role in controlling the signalling pathways. Interaction between different components of these pathways occurs at multiple
points and the negative regulators such as SHP-1 and 2 and PKC play a role in controlling the signalling pathways.
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domains. Shc is one such example and it has been observed to recruit grb2 (Gale et a/
1998), the further recruitment of SOS forms a complex, which activates p21 ras
nucleotide exchange. This leads to the activation of ras and downstream partners on
the mitogen activated protein (MAP) kinase pathway, including Raf (Okuda et
al1997).  Other studies have demonstrated that it is not only the tyrosine
phosphorylation that is important for GM-CSF signalling. Indeed, a serine
phosphorylation sequence was found in the Pc sub-unit that can be serine
phosphorylated on activation with GM-CSF and can interact with an adapter protein
14-3-3  therefore, serine phosphorylation may also play a role in regulating the
signalling of GM-CSF (Stomski ef a/ 1999).

1.9 Growth Inhibitors

As well as positive growth regulators there are also negative growth regulators that
may interact with stem and progenitor cells within the bone marrow to control the
proliferation of these cells. The major inhibitors of stem cell proliferation include the
tetrapeptide (AcSDKP), the pentapeptide (pEEDCK), TNF-0, IFN-y, MIP-1a and
TGF-B (Bonnet et al 1995, Frindel and Guigon 1977, Laerum and Maurer 1973,
Zhang et al 1995, Snoeck et al 1994, Graham et al 1990, Keller et al 1994). A brief
description of each of these inhibitors and the part of the stem cell compartment that
they exert their inhibitory effect on is outlined below however for further information
on these inhibitory molecules see Graham and Wright 1997a, Graham 1997b.

1.9.1 The Tetrapeptide (AcSDKP)

The tetrapeptide Acetyl-N-Ser-Asp-Lys-Pro (AcSDKP) was initially isolated from
fetal calf bone marrow and is now chemically synthesised and known as Goralatide
(Lenfant et al 1989). The AcSDKP sequence has been found in a number of larger
proteins such as Thymosin-B4 (TB4) and TNF-a (Grillon et a/ 1990) and has been
observed to be present in human plasma from healthy individuals (Ezan et al 1994).
AcSDKP has been observed to be constitutively produced in-vitro by bone marrow
cells in murine long-term cultures (Wdzieczak et a/ 1990) and a more recent report

indicated that the macrophage is the major AcSDKP producing cell (Li et a/ 1997).
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In-vitro AcSDKP can reversibly inhibit the proliferation of CFU-GM, CFU-Meg and
BFU-E progenitor cells, it can also inhibit the proliferation of more primitive
haemopoietic cells such as HPP-CFC and human LT-CIC. Furthermore, AcSDKP
has been observed to inhibit the proliferative response of purified human CD34" cells
to a cocktail of growth factors (Jackson et al 1996, Aidoudi et al 1998, Robinson et a/
1992, Bonnet et al 1993). Although, the sequence SDKP has been observed in TNF-
o both these molecules regulate the proliferation of human CD34" cells differently
(Bonnet et al 1995) and unlike TGF-f, TNF-0,, MIP-1at and pEEDCK all of which
exhibit bi-directional growth activities, AcCSDKP has never been observed to exert any
positive growth signals.

These inhibitory activities of AcSDKP in-vitro were confirmed in-vivo as
administration of AcSDKP was observed to prevent the recruitment of the colony
forming unit-spleen (CFU-S) into S-phase and increase the rate of survival of mice
which have been treated with cytosine-arabinoside (Ara-C) (Bogden ef a/ 1991). As
well as protecting cells from Ara-C, AcSDKP has also been observed to protect stem
cells and progenitor cells from various agents such as cyclophosphamide, 5-
fluorouracil (5-FU), doxorubicin, ionising radiation and hypertherapy or phototherapy
(Bogden et al 1991, Aidoudi et al 1996, Masse et al 1998, Watanabe et al 1996,
Wierenga et al 1997, Coutton ef al 1994). The inhibitory properties of AcSDKP as
well as its inability to inhibit leukaemia cells (Bonnet et a/ 1992) suggested that it
may have a therapeutic role as a myeloprotective agent during chemotherapeutic
treatment of cancer. This was confirmed as AcSDKP in association with a
chemotherapeutic regimen in cancer patients reduces the period of neutropenia (Carde
et al 1992). However, its use is limited due to its short half-life and this was observed
to be due to its breakdown by an enzyme normally associated with regulating blood
pressure, angiotensin-converting enzyme (ACE). A potential role for angiotensin
converting enzyme (ACE) in the regulation of haemopoiesis was observed as
administration of Captopril, an inhibitor of ACE, was observed to increase the plasma
concentrations of AcSDKP by 5-6 fold (Azizi et al 1996, Rousseau et al 1995, Li et al
1997). These studies indicate that the tetrapeptide (AcSDKP) displays inhibitory
properties on a range of cells in the stem cell compartment from mature progenitor

cells to immature progenitor/stem cells.
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1.9.2 The Pentapeptide (pEEDCK)

The pentapeptide pGlu-Glu-Asp-Cys-Lys (pEEDCK) is produced in granulocytes,
(Paukovitis et al 1983) and its sequence has been observed in the alpha sub-units of
G-proteins (Pfeilstocker ef al 1996). pEEDCK has been observed to reversibly inhibit
the proliferation of bone marrow progenitor cells and has been reported to protect
mice from the myelotoxicity associated with Ara-C (Paukovitis ez al/ 1990).
Paukovitis also observed that pEEDCK could not only inhibit the formation of CFU-
GM colonies, it could also inhibit the proliferation of CFU-S stem cells in-vivo
(Paukovitis et al 1993). Furthermore, the addition of pEEDCK to long term bone
marrow cultures inhibits progenitor production from LTC-ICs (Paukovitis et al 1995).

Interestingly, the oxidation of the thiol group of pEEDCK leads to the formation of a
disulphide bonded dimer which has been observed to increase the production of CFU-
GM in long term bone marrow cultures and has no inhibitory activity (Laerum et al
1998, Paukovitis et al 1995). Activated granulocytes can rapidly oxidise monomeric
pEEDCK to the dimeric form in-vitro (Paukovitis et al 1998) and the administration
of (pEEDCK), to mice lead to an increase in myeloid progenitors, megakaryocytes,
mature leukocytes and platelets (Paukovitis et a/ 1995). The growth promoting and
inhibitory activities of this pentapeptide suggest this one molecule alone could control

the regulation of stem cell proliferation.

1.9.3 Tumour Necrosis Factor-alpha (TNF-o)

TNF-a is 2 member of a family that consists of TNF-f or lymphotoxin alpha (LT-ot)
and lymphotoxin beta (LT-B). Although there are several cell types that produce
TNF-0, the main source of the cytokine are the monocytes and macrophages and
these cells can be further induced to produce TNF-o. by LPS and IL-1. TNF-a is a
pleiotropic cytokine and has a number of functions on a variety of cell types; it can
induce cytokine expression in T cells, fibroblasts, monocytes and endothelial cells;
TNF-a can induce the express of adhesion molecules on endothelial cells and it can
also induce the expression of antibodies in B cells and acute phase protein production

in hepatocytes.

48



TNF-a is a bi-directional cytokine as it can stimulate or inhibit cell growth (Backx et
al 1990). Indeed, TNF-o has been observed to potentiate human progenitor cell
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