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Abstract

Abstract.

Fibroblast growth factor-2 (FGF-2), a potent angiogenic growth factor, induces
the generation of plasmin which, in turn, regulates cell migration and growth factor
activity. FGF-2 acts on both primitive and committed haematopoietic progenitor cells,
directly and in concert with other haematopoietic growth factors, to induce their
proliferation and/or differentiation. FGF-2 is expressed by bone marow stromal cells
and in the bone marrow stromal microenvironment, is found bound to heparan
sulphate proteoglycans, forming a reservoir of biologically active growth factor
protected from proteolytic degradation.

To functionally characterise FGF-2 as a haematopoietic growth factor, I
investigated the role of FGF-2 in haematopoiesis in vitre in human stromal cell and
long-term bone marrow cultures. I focused my analysis on three aspects:

1. the effects of FGF-2 on the stromal compartment,

2. the effects of FGF-2 on haematopoietic cell production, and

3. the potential mechanism of FGF-2 action via the regulation of the

plasminogen activator/plasmin system.

I observed that FGF-2 had dramatic effects on the morphology, proliferation and
senescence of bone marrow stromal cells. Nanogram concentrations of FGF-2 greatly
accelerated the formation of the stromal layer and caused the cells to become spindle
shaped, to loose their contact inhibition, and to grow to high cell densities in
multilayered sheets. I also noted that bone marrow stromal cell senescence was
considerably delayed when the cells were cultured continuously in the presence of this
growth factor.

In human long-term bone marrow cultures, 1 found that FGF-2 significantly
increased the number of haematopoietic progenitor cells in both the adherent layer
and supernatant. This was due to an increase in the numbers of granulocyte-
macrophage-colony stimulating factor- and granulocyte-colony stimulating factor-
responsive progenitor cells.

In addition, I found that FGF-2, and two other growth factors relevant to
haematopoiesis, interleukin-1 and transforming growth factor-8, regulated the
production of plasminogen activators and, in some cases, their specific inhibitors,
plasminogen activator inhibitor-1 and -2, by bone marrow stromal fibroblasts. FGF-2
increased predominantly tissue-type plasminogen activator and, interleukin-1 and
transforming growth factor, urokinase-type plasminogen activator. Therefore, in the

vicinity of haematopoietic cells, plasmin can be generated which can modulate growth
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Abstract

factor activity via activation of latent or inactive growth factors, mobilisation of
growth factors from the cell surface/extracellular matrix, or the shedding of growth
factor receptors from cell surfaces. Thus, the plasminogen activator/plasmin system
can potentially regulate progenitor cell development.

In summary, my work indicates that FGF-2 has potent effects on both the
stromal and haematopoietic compartments. It regulates stromal cell morphology and
significantly stimulates stromal cell proliferation and myelopoiesis, the latter possibly
indirectly by regulating the plasmin- or t-PA-catalysed processing of growth factors
and/or receptors. I therefore conclude that FGF-2, as well as the proteolytic cascade of
plasminogen activation, have the potential to be wused clinically to enhance

haematopoiesis in vivo and deserves further investigation.
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Chapter 1: Introduction

Chapter 1.
Introduction.

The regulation of haematopoiesis is complex and involves cellular interactions
as well as a variety of growth factors. For my thesis I chose to investigate the role of
FGF-2 in haematopoiesis in vifro in human stromal cell and long-term bone marrow
cultures. I analysed on the effects of FGF-2 on the stromal compartment,
haematopoietic cell production in LTBM cultures, and the potential mechanism of

FGF-2 action via regulation of the plasminogen activator/plasmin system.

1. FGF-2 and the FGF family.
FGFs make up a large family of polypeptide growth factors, of which twenty-

three members in vertebrates have so far been described, ranging in molecular mass
from 17 to 34 kDa and sharing 13 - 71% amino acid identity (Ornitz and Itoh, 2001;
Galzie et al., 1997). FGF-2 and FGF-1 were the first to be isolated and were originally
named basic and acidic FGF, respectively, based on their isoelectric points (Ornitz and
Itoh, 2001; Galzie et al., 1997). Other members of the FGF family are described as
oncogene products (FGF-3 as int-2, FGF-4 as hst-1, FGF-5, and FGF-6 as hst-2) or
tissue-specific growth factors (e.g. FGF-7 as keratinocyte growth factor, FGF-8 as
androgen-induced growth factor, and FGF-9 as glia-activating factor)(Ornitz and Itoh,
2001; Galzie et al., 1997).

FGF-2, as well as FGF-1, were characterised over a decade ago as angiogenic
and pleiotropic factors involved in the regulation of the proliferation and
differentiation of numerous cell types (Schofield and Gallagher, 1994; Rifkin and
Moscatelli, 1989). In vivo, FGF-2 has been shown to initiate neo-vascularisation,
wound repair, and mesoderm formation during embryonic development (Rifkin and
Moscatelli, 1989). In vitro studies show FGF-2 to be a potent autocrine growth factor
for endothelial cells inducing cell migration, cell proliferation, PA and
metalloproteinase production (Sato and Rifkin, 1988). However, the recent generation
and characterisation of mice lacking FGF-1, FGF-2, or FGF-1 and FGF-2, which are
viable and fertile, has put question to the relevance of these two growth factors in
development and homeostasis (Miller et al., 2000; Ortega et al., 1998; Dono et al,,
1998; Ozaki et al., 1998). It has been suggested that FGF-2 and FGF-1 only play a role
in specific situations, such as following stress or injury (Pintucci et al., 2002; Pellieux
et al., 2001; Yoshimura et al., 2001; Miller et al., 2000), and a limited role in
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Chapter 1: Introduction

receptors (Schofield and Gallagher, 1994) as well as two isoforms with different
ligand-binding specificities. A single cell will express one of the membrane-bound
splice variants, FGFR-2-11Ib or FGFR-2-IlI¢, resulting in specific binding of FGF-7 or
FGF-2 respectively (Galzie et al., 1997; Schofield and Gallagher, 1994). Furthermore,
the secreted form of FGFR-1 binds FGF-2 but not FGF-1 with high affinity (Galzie et
al., 1997, Schofield and Gallagher, 1994). Nevertheless there is still considerable
overlap between the binding sites of the FGFs and the different FGFRs, and the

relevance therefore of the various FGFR isoforms is still unclear.

2. FGF-2 and haematopoiesis.

Although FGF-2 is expressed mostly in tissues of mesodermal and
neuroectodermal origin, the role of FGF-2 in regulating the haematopoietic system,
which is of mesodermal origin, is not fully understood (Moroni et al., 2002). FGF-2 is
produced by human primary BM stromal cells as well as haematopoietic cells (Yoon et
al., 2001; Brunner et al., 1993; Blotnick et al,, 1994).

FGF-2 can increase the number of primitive progenitor cells by acting as a
survival factor. Recently, haematopoietic progenitor cell lines derived from embryonic
stem cells (e.g. the multipotent haematopoietic progenitor cell line, A6) have been
isolated that are dependent on FGF-2 for their self-renewal (Faloon et al., 2000; Anzai
et al., 1999). In addition, FGF-2 increases the number of murine haematopoietic cells
in the spleen colony forming assays after 9 and 12 days of culture (Gallicchio et al.,
1991). FGF-2, although ineffective on its own, also enhances the colony stimulating

activity of GM-CSF and IL-3 on primitive haematopoietic progenitor cells with a

CD34+CD33- phenotype (Gabbianelli et al., 1990). Furthermore, FGF-2 synergises
with SCF to augment GM-CSF-mediated progenitor cell growth (Gabrilove et al.,
1994) and can also partially counteract the suppressive effects of TGF- on these cells
{Gabrilove et al., 1993). In addition, FGF-2 can enhance the differentiation of
primitive progenitor cells by acting in concert with other growth factors. For example,
FGF-2 synergises with SCF, IL-3, IL-6, IL-11, GM-CSF, and Epo to support the
megakaryocyte differentiation of embryonic stem cells (Berthier et al., 1997).
However, FGF-2 can also inhibit differentiation of progenitor cells. This growth factor
can antagonize transforming growth factor-beta mediated erythroid differentiation in
K562 cells (Burger et al., 1994).

FGF-2 can also influence specific lineage-derived haematopoietic progenitors.
For example, FGF-2 is a potent mitogen for the primitive erythroid cell line, EryP
(Yuen et al., 1998). FGF-2 acts synergistically with GM-CSF, Epo and Meg-CSF to

15



Chapter 1: Introduction

induce committed precursors giving rise to GM-colonies, erythroid bursts and
megakaryocyte colonies, respectively (Gallicchio et al., 1991). Further research has
shown that FGF-2 directly promotes megakaryocyte progenitor cell growth and, in
addition, stimulates BM accessory cells to release growth factors such as IL-3 and
GM-CSF which have megakaryocyte colony stimulating activity (Han et al., 1992;
Bikfalvi et al., 1992; Bruno et al., 1993). The enhancing effects of FGF-2 on
megakaryocytopoiesis may also involve the stimulation of IL-6 secretion by
megakaryocytes as well as the adhesion of these cells to the stromal fibroblasts
(Bikfalvi et al., 1992, Avraham et al., 1994).

Taken together, these findings show that FGF-2 in vitro acts on both primitive
and committed progenitor cells directly or in concert with other haematopoietic
growth factors to induce their proliferation and/or differentiation and, therefore, may
play a role in haematopoiesis.

Nevertheless, in vivo experiments suggest otherwise, since mice lacking FGF-1,
FGF-2, or FGF-1 and FGF-2, exhibit no significant haematopoietic defects (Miller et
al., 2000). However, mice lacking FGF-2 display impaired proliferation and
differentiation of their haematopoietic progenitor cells in culture which cannot be
compensated for by FGF-1 (Miller et al., 2000). This impairment appears to be due to
a defect in the stromal cell layer rather than in the haematopoietic cells (Miller et al.,
2000). In such mice, other FGFs may be compensating for the lack of FGF-1 and FGF-
2, or possibly another signal that is lost upon culture, since, tn vitro at least, FGF-4

stimulates haematopoiesis (Quito et al., 1996).

3. Haematopoiesis

The process of haematopoiesis generates the various types of cells found in
peripheral blood and in some tissues such as thymus, liver, spleen and lymph nodes.
These cells comprise macrophages, basophils, eosinophils, neutrophils,
megakaryocytes/platelets, erythrocytes and B- and T-lymphocytes, all of which arise
from a common, primitive, pluripotent stem cell (Fig. 1). In adult mammals,
haematopoiesis occurs almost exclusively in the intersinusoidal spaces of the marrow
cavity known as haematopoietic cords (Dorshkind, 1990). Mature blood cells have a
finite life span and, thus, must be constantly replaced throughout the lifespan of the
organism.

Pluripotent stem cells can either undergo self-renewal or differentiate into
myeloid or lymphoid stem cells (Fig. 1) (Markus et al., 2002; Weissman et al., 2001).

These stem cells differentiate further to give progeny that are lineage- restricted,
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Chapter 1: Introduction

committed progenitor cells (Weissman et al., 2001). Myeloid progenitor cells include
the erythroid burst forming unit (BFU-E), granulocyte macrophage colony forming
unit (CFU-GM), eosinophil colony forming unit (CFU-Eos), megakaryocyte colony
forming unit (CFU-Meg), and basophil colony forming unit (CFU-Bas) (Fig. 1).
Lymphoid stem cells give rise to pre-B-cells and prothymocyte progenitor cells (pre-T-
cells) (Fig. 1) (Kondo et al., 1997).

Myeloid and lymphoid progenitor cells continue to divide and differentiate and,
therefore, one pluripotent stem cell can give rise to thousands of mature blood cells.
However, the pluripotency of BM stem cells also allows these cells to give rise to
mature cells of multiple mesenchymal cell types. BM stem cells can also differentiate
into marrow stromal cells, endothelial cells, as well as osteoblasts, chondrocytes,
adipocytes, heart and skeletal myoblasts, and epithelial cells of the liver, lung, kidney,
skin and GI tract (Herzog et al., 2003; Jiang et al., 2002a and b; Reyes et al., 2002 and
2001; Krause, 2002; Stocum, 2001). Therefore, there may be a common stem cell
within the BM for stromal cells (see section 3.1), haematopoietic cells, as well as
epithelial cells, which has the potential to form functional tissue when engrafted into
other tissues such as the brain or cardiac muscle (Zhao et al., 2002; Stocum, 2001,
Goodell et al., 2001).

3.1. Stromal components involved in haematopoiesis.

A highly organised stromal component in BM supports the proliferation and
differentiation of the haematopoietic cells. The stromal component is comprised of two
major cell types: reticular cells (adventitial and fibroblastic) which are of
mesenchymal origin and macrophages which are of haematopoietic origin. Adipocytes
are also found in the marrow cavity and are thought to function as a 'flexible cushion/,
increasing when haematopoietic activity is low to prevent the empty cord space from
collapsing, and decreasing when haematopoiesis is stimulated (Tavassoli, 1989). The
reticular cells provide both nutrients as well as a scaffolding for developing
haematopoietic cells (Wilson and Tavassoli, 1994; Shaklai, 1989). Macrophages take
up and digest the extruded nuclei of developing erythroid cells as well as the remains
of megakaryocytes after the megakaryocytes have completely expelled their platelet-
rich cytoplasm into the circulation (Wilson and Tavassoli, 1994). Macrophages also
play a nutritive role in erythropoiesis, supplying iron and growth factors to the

erythroid progenitors (Wilson and Tavassoli, 1994).
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Chapter 1: Introduction

4. In yitro culture models of haematopoiesis.
The establishment of in vitro long-term BM (LTBM) cultures supporting

myelopoiesis (Dexter cultures) (Dexter et al.,, 1977a) and cultures supporting
B-lymphocyte production (Whitlock cultures) (Whitlock and Witte, 1982) have created
model systems that closely mimic haematopoiesis in its natural environment (see
Chapter 2, section 4 and Table 1 for the culture conditions). After culturing freshly
isolated BM mononuclear cells for ten to fourteen days, an adherent stromal cell layer
develops, initially with the appearance of long, spindle shaped cells forming
fibroblastic colonies (Colter et al., 2000 and 2001; Prockop et al., 2001). The
fibroblastic cells spread out over the tissue culture dish forming a “blanket” layer
comprising of fibroblasts with characteristics of vascular smooth muscle cells,
macrophages, endothelial cells and adipocytes, (Dennis and Charbord, 2002).
Primitive and committed progenitor cells become lodge in this layer to form
“cobblestone” colonies (Moore et al., 1997). Both mature cells and progenitor cells at

various stages of development are released into the supernatant.

4.1. Types of haematopotesis supported in LTBM cultures.

Dexter LTBM cultures primarily support the growth and differentiation of
progenitor cells of the granulocyte-macrophage lineages (Quesenberry, 1991).
Erythropoiesis and megakaryocytopoiesis also occur in Dexter LTBM cultures but to a
limited extent. The growth and differentiation of these lineages require the addition of
growth factors. Epo, in combination with SCF and IL-3, SCF and IL-11, FGF-4, or
HGF supports the growth and differentiation of primitive erythroid cells (Hassan et
al., 1996; Quito et al., 1996; Galimi et al., 1994). The addition of Tpo, the principal
regulator of megakaryocytopoiesis and platelet formation, augments megakaryocyte
production which is further enhanced in the presence of GM-CSF, IL-1, or SCF and
IL-3 (Ziegler et al., 1994; Banu et al., 1995; Angchaisuksiri et al., 1996; Dolzhanskiy et
al., 1997). Furthermore, human LTBM cultures treated with a neutralising anti-
TGF- antibody exhibit significant numbers of megakaryocytes suggesting a role for
TGF-8 in down-regulating CFU-Meg differentiation (Waegell et al., 1994).

Whitlock-Witte LTBM cultures support the growth and differentiation of
B-lymphocytes which is significantly enhanced by the addition of IL-7 (Winkler et al.,
1995; Moreau et al., 1993).

Thus, Dexter and Whitlock-Witte LTBM cultures permit studies on the role of

the stromal cells, extracellular matrix (ECM) and growth factors, which make up the
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haematopoietic microenvironment, in the growth and differentiation of primitive and

committed progenitor cells.

5. Regulation of haematopoiesis by the adherent laver.

The specific role of each stromal cell type in haematopoiesis is poorly
understood. It is known, however, that the stromal compartment produces growth
factors, cytokines, adhesion molecules, ECM molecules, and enzymes that support and
regulate the proliferation and differentiation of primitive and committed progenitor
cells (Sensebe et al., 1997a and b; Witte et al., 1993; Kittler et al., 1992; Eaves et al.,
1991). In some cases these factors are critical for haematopoiesis to occur. For
example, stromal cells that do not express growth arrest-specific gene-6 are unable to
support the growth of haematopoietic stem cells (Dormady et al., 2000). The
mechanism by which this occurs is unknown but contact between stromal cells and
haematopoietic cells producing the receptor Axl (Heide et al., 1998), is important
(Dormady et al., 2000).

In vivo, stem cells and maturing haematopoietic cells exhibit distinct and
consistent lineage-specific spatial locations (Nilsson et al., 2001; Jacobscen and
Osmond, 1990; Shaklai, 1989). It is hypothesised that the heterogeneous nature of the
stromal cells allows "niches" to be created in which haematopoietic stem cells are
maintained and, in which progenitor cells can differentiate along a certain lineage
defined by the microenvironment of that niche (Whetton and Graham, 1999; Craddock
et al., 1997, Wang and Sullivan, 1993). The microenvironment of a niche would be
created by the stromal production of specific molecular signals that mediate
haematopoiesis (Nilsson et al., 1998; Gupta et al., 1998; Simmons et al., 1994,
Crittenden et al., 1992). Thus, while most stromal cell lines support mutilineage
progenitor cells (Wineman et al., 1996; Li et al., 1997; Kameoka et al., 1995), this
appears to be less efficient than heterogenous cultures as niches supporting stem cells
are not provided (Koller et al., 1997). Indeed, stromal cell lines that maintain stem
cells in vitro for prolonged periods of time are rare (Wineman et al., 1996; Miller-
Sieburg and Deryugina, 1995) indicating that stem cells interact selectively with

distinct stromal cell types.

5.1. Regulation of haematopoiesis through cell-cell, cell-matrix, and growth factor-

matrix interactions.
Multiple types of ECM macromolecules (including collagen I, III, IV and V,

fibronectin, laminin, haemonectin, thrombospondin, vitronectin, tenascin, and
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CD164), CAMs, (including intercellular-CAM-1, vascular-CAM-1, haematopoietic-
CAM) as well as proteoglycans, and integrins such as the very late antigens (VLA)-4
and -5 (or CD49d/CD29 and CD49e/CD29, respectively), and lymphocyte function-
related antigen-1 (LFA-1 or CD11a/CD18) have been identified in in vitro culture
systems (Simmons et al., 1994 and 1997; Ohta et al., 1998; Nilsson et al., 1998;
Campbell et al.; 1987; Zannettino et al., 1998; Gu et al., 2003; Dittel et al., 1993;
Vainio et al., 1996; Siczkowski et al., 1992; Liesveld et al., 1993; Simmons et al., 1994)
Some ECM molecules play a dual role in haematopoiesis by acting as a
stimulator/inhibitor in addition to providing anchorage. For example, fibronectin
stimulates erythroid progenitor proliferaton (Weinstein et al., 1989), thrombospondin
inhibits megakaryocytopoiesis (Chen et al., 1997), and CD164 (sialomucin) suppresses
progenitor cell proliferation (Zannettino et al., 1998).

Similarly, proteoglycans also play an important role in the presentation of
growth factors and cytokines that regulate stem cell and progenitor cell proliferation
and differentiation apart from regulating cell adhesion (Table 1). Studies have
identified multiple chondroitin/dermatan sulphates, heparan sulphates, and
hyaluronic acid glycosaminoglycans involved in this process (Gupta et al., 1998;
Nilsson et al., 1998; Zuckerman et al., 1989). Growth factors or cytokines bound to
proteoglycans in the ECM or on the cell surface form reservoirs of biologically activity
and, are thus presented to target cells at an effectively higher local concentration than
soluble growth factors (Ruoslahti and Yamaguchi, 1991; Gordon et al., 1987a; Roberts
et al., 1988), and are also protected from proteolytic degradation as has been shown
for FGF-2 (Saksela et al., 1988).

Furthermore, membrane-bound or ECM-associated growth factors and
cytokines (Table 1) are thought to act as "anchor factors”, i.e. to mediate cell adhesion
between stromal and primitive progenitor cells in addition to being biologically active
growth factors for the latter (Bruno et al., 1995; Anklesaria et al., 1990; Lowry et al.,
1992; Cui et al., 1997; Richard et al., 1995; Avraham et al., 1992 and 1994, Uemura et
al., 1993).

The expression of certain CAMs by haematopoietic cells is dependent on their
stage of maturation suggesting that these molecules facilitate the attachment/release
of primitive/mature cells to/from the marrow stroma (Craddock et al., 1997; Mohle et
al., 1997; Arroyo et al., 1996; Liesveld et al., 1993). For example, the binding of
erythrocytes to fibronectin is mediated by VL.A-5. When erythrocytes differentiate into
reticulocytes, VLA-5 is lost accompanied by the parallel loss of their adhesion to
fibronectin (Patel and Lodish, 1987; Virtanen et al., 1987). Similarly, myeloid stem
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cells adhere to BM stroma via specific haematopoietic progenitor-CAMs expressed on
their cell surface which are absent on lineage-restricted progenitor cells (Gordon et al.,
1990; Campbell et al., 1987).

Table 1. Membrane-bound, cell surface- and
ECM-associated forms of growth factors and cytokines.

Growth factors or cytokines that are produced in| TNF-o (1)
a membrane bound form:| pro-TGF-c. (2)

Growth factors or cytokines that are produced in| M-CSF (3

a secreted and membrane bound form:| SCF @
flk-2 ligand (5)
EGF ()

Secreted growth factors or cytokines that can| FGF-2 (7)
associate with cell surfaces or the ECM:| LIF 8
1L-3 (9
GM-CSF (9
TGF-8 (10}
TGF-o (11)
MIP-18 (22
-1 aay
M-CS¥ 19
IGF (15
HGF (16
Tpo (17)
IL-6 (18)

(1) Kriegler et al., 1988; (2) Bringman et al., 1987; Massagué, 1990; (3) Heard et al., 1987,
Cerretti et al., 1988; (4) Anderson et al., 1990; Huang et al., 1992; (56} Lisovsky et al., 1996; (6)
Mroczkowski et al., 1988: Higashiyama et al 1993; (7) Vlodavsky et al., 1987; Saksela et al.,
1988; Brunner et al., 1991; (8) Rathjen et al., 1990b; (9) Gordan et al., 1887a; Roberts et al.,
1988; (10) Ruoslathi and Yamaguchi, 1991; McCaffrey et al., 1992; (11) Massagué, 1991; (12)
Tanaka et al., 1993, (13) Kurt-Jones et al., 1985; Conlon et al., 1887, (14) Price et al,, 1892;
(15) Remacle-Bonnet 1997; (16) Lyon et al., 1994 and 1998; Schuppan et al., 1998, (17) Cui et
al., 1997, (18) Mumimery and Rider, 2000.

5.2. Regulation of haematopoiesis by growth factors and cytokines.

The regulation of haematopoiesis by growth factors and cytokines is a complex
process involving the effects of both stimulatory and inhibitory factors on proliferation,
differentiation and survival of stem cells and progenitor cells. Stromal cells and
mature haematopoietic cells are thought to form part of an intercellular network in
which mature haematopoietic cells produce and secrete the growth factors or cytokines

that regulate haematopoiesis either directly or indirectly by inducing/inhibiting the
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production of growth factors or cytokines by BM stromal cells. In this way, the body
can meet the changing requirements for cells of a particular lineage of haematopoietic
cells.

The stromal cells constitutively produce haematopoietic growth factors and
cytokines such as granulocyte-colony stimulating factor (G-CSF), granulocyte-
macrophage-CSF (GM-CSF), M-CSF (or CSF-1), FGF-2, stem cell factor (SCF),
interleukin (IL)-1, -2, -3, -4, -6, and -7, leukaemic inhibitory factor (LIF), transforming
growth factor (TGF)-B, nerve growth factor (NGF), insulin growth factor (IGF), f1k-2
ligand, hepatocyte growth factor (HGF), erythropoietin (Epo), and thrombopoietin
(Tpo) (Fibbe et al., 1988; Sensebe et al., 1997a and b; Brunner et al., 1993; Witte et al.,
1993; Wetzler et al., 1991, 1994; Kittler et al., 1992; Eaves et al., 1991; Gutierrez-
Ramos et al., 1992; Heinrich et al, 1993; Lisovsky et al., 1996; Takai et al., 1997,
Auffray et al., 1996; Weimar et al., 1998; Sungaran et al., 1997).

Of the CSFs, IL-3 and GM-CSF act on the broadest range of cell types
(Heyworth et al., 1990). Both promote proliferation and differentiation of pluripotent
and myeloid stem cells as well as committed progenitor cells. The other CSFs are more
specific in their function. M-CSF stimulates macrophage formation (Stanley et al.,
1983) and G-CSF neutrophil formation from CFU-GM (Heyworth et al., 1990). In
addition, G-CSF and M-CSF potentiate the biological function of their respective
mature target cells.

Other cytokines and growth factors that are specific in their function are IL-7,
Tpo and Epo. Tpo is expressed in very immature haematopoietic cells and promotes
the differentiation and maturation of stem cells into megakaryocytes and pro-platelets
(Ziegler et al., 1994; Banu et al., 1995). Indeed, mice deficient in Tpo or c-Mpl (the
receptor for Tpo) display thrombocytopenia (Kaushansky et al., 2002; Alexander,
1999). Similarly, Epo is required for erythrocyte formation. Epo acts on the committed
progenitor cells, BFU-E and erythroid colony forming units (CFU-E) and promotes
their proliferation and differentiation (Broxmeyer, 1990). IL-7 stimulates B- and T-
progenitor cell proliferation but does not promote differentiation (Winkler et al., 1995;
Gibson et al., 1993; Dorshkind, 1990).

Most growth factors or cytokines (permissive as well as inhibitory) act directly
in synergy with CSFs and other haematopoietic growth factors or cytokines to
promote/inhibit the proliferation of progenitor cells. SCF on its own has a negligible
capacity to stimulate the proliferation of stem and progenitor cells but is a potent
stimulator when used in combination with normal or subliminal levels of M-CSF, G-
CSF, GM-CSF, IL-1, IL-3, IL-4 or IL-7 (Tsuji et al., 1992; Metcalf and Nicola, 1991;
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Lowry et al., 1992; Briddell et al., 1991; Keller et al., 1994b; Fahlman et al., 1994).
Likewise, Flk-2 ligand in combination with IL-3, IL-6, or G-CSF, and IL-1 in synergy
with GM-CSF, M-CSF, or IL-3 are potent stimulators of primitive progenitor cell
proliferation (Namikawa et al., 1996; Shapiro et al., 1996).

Inhibitory growth factors or cytokines include TGF-83, IFNs, TNF, and MIPs and

mostly inhibit haematopoiesis by diminishing the proliferation and differentiation of

stem cells and primitive (non-differentiated) progenitor cells (Waegell et al., 1994;
Eaves et al., 1991; Graham et al., 1990; Broxmeyer et al., 1990; Khoury et al., 1994;
Eliason and Vassalli, 1988). IFNs inhibit myeloid progenitor growth and
differentiation {Galvani and Cawley, 1990; Coutinho et al., 1986). TNF, at subliminal
levels, can also synergise with low levels of IFN to suppress myeloid progenitor cell
growth (Broxmeyer et al., 1986). However, some inhibitory growth factors are
stimulatory for differentiated progenitors. For example, TGF-f} in the presence of GM-
CSF, or MIP-18 as well as MIP-2, enhances the differentiation of granulocyte and/or
macrophage progenitor cells. (Keller et al., 1991; Broxmeyer et al., 1990).

6. Regulation of growth factor activity.

Haematopoiesis is thus a highly complex process that is regulated by a variety
of both stimulatory and inhibitory growth factors and cytokines. The activity of these
factors in the BM microenvironment will determine the net effect on stem cell
proliferation and differentiation. Apart from transcriptional regulation, the activity of
growth factors and cytokines can be regulated by various posttranscriptional local
mechanisms involving proteolytic processing mediated by serine proteases,
metalloproteinases and phospholipases. (Whitelock et al., 1996; Falcone et al., 1993a;
Taipale et al., 1992; Rich et al., 1996; Brunner et al., 1994 and 1991; Metz et al.,
1994). Although not well studied, it is possible that proteases, such as the serine
protease plasmin, whose generation can be increased by FGF-2-stimulation of
plasminogen activators (Mignatti et al., 1990), may have a role in regulating growth

factor/cytokine activity in the BM microenvironment.

6.1. Activation of latent growth factors.

Certain factors including IL-18, TGF-8, and HGF, are synthesised as inactive
precursor molecules which require activation to be biologically active. For example,
plasmin converts inactive IL-18 precursor and latent TGF-8 into active molecules
(Hazuda et al., 1991; Harpel et al., 1992), and pro-HGF is converted by urokinase,
HGF activator, or kallikrein into active HGF (Naldini et al., 1992; Kataoka et al.,
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2001; Peek et al., 2002). Activation of latent or inactive growth factors effectively
increases the concentration of these molecules in the cell's vicinity.

In a similar manner, protease-activated receptors (PARs) induce signalling
events after activation by proteolytic cleavage of the extracellular domain of the
receptor (Mackie et al., 2002). PAR-1, -3, and -4, are activated by thrombin, and PAR-
2, by plasmin or elastase (Mackie et al., 2002). Blood cells (platelets, monocytes,
macrophages) differentially express PARs which mediate platelet activation and

inflammatory responses (Ofosu, 2003; Colognato et al., 2003).

6.2. Mobilisation of cell surface/ ECM bound growth factors.

The activity of other growth factors or cytokines can be regulated through their
enzymatic mobilisation from cell surfaces or ECM, e.g. by proteases or phospholipases
(Ehlers and Riordan, 1991). The release of membrane-bound or membrane/ECM-
associated growth factors or cytokines (see Table 1) not only reduces the concentration
of these factors at specific sites in the cell's microenvironment, but also allows them to
interact with their receptors on cells at adjacent sites. Furthermore, the release of
“anchor factors” from the cell surface may leads to a decrease in cell-cell interactions.

Active FGF-2-HSPG complexes are released from the cell surface by plasmin or
phospholipase D (Saksela and Rifkin, 1990; Brunner et al., 1991; Falcone et al., 1993a
and b) and may represent one of the mechanisms regulating the local availability of
this growth factor in the BM microenvironment (Falcone et al., 1993b) since TGF-8-
induced u-PA in macrophages results in the increased release of FGF-2 from the ECM
(Falcone et al., 1993b). Active TGF-f itself binds to the ECM via interactions with the
core proteins of decorin and biglycan, and to cell surfaces via endoglin or betagylcan
(Fortunel et al., 2000; Robledo et al., 1996; Ruoslahti and Yamaguchi, 1991; Massagué,
1991). The binding of TGF-B to decorin and biglycan neutralises its activity which can
be restored after its release from decorin (Yamaguchi et al., 1990; Ruoslathi and
Yamaguchi, 1991), thus representing an additional mechanism by which TGF-§
activity can be regulated via proteolytic processing events. Latent TGF-B is also
released from the ECM by serine proteases including plasmin (Falcone et al., 1993a;
Taipale et al., 1992).

Other examples include the cleavage of transmembrane pro-TGF-o by elastase-
like enzymes to form soluble TGF-o (Massagué, 1990) and the release of membrane-

bound IL-1a by plasmin (Matsushima et al., 1986; Conlon et al., 1987).
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6.3. Shedding of membrane bound growth factor receptors.

The response of a cell to a growth factor is also influenced by the number of
receptors on its surface, the higher the number of a particular receptor the greater the
respons. Certain membrane-bound receptors including FGFR, TNFR, M-CSFR, IL-1R,
II-4R, IL-5R, IL-6R, EGF-R isoforms, CD117 (¢-kit), and nerve growth factor (NGF)-R,
can be proteolytically cleaved generating soluble receptors (Levi et al., 1996; Porteu et
al., 1991, Downing et al., 1989, Penton-Rol et al., 1999; Jung et al., 1999; Liu et al.,
2002; Montero-Julian, 2001; Chang et al., 2003; Lévesque et al., 2003; Kanning et al.,
2003). Soluble receptors can prolong the half-life of the factors they bind by protecting
them from degradation but, at the same time, soluble receptors can reduce ligand
activity by competing with membrane bound receptors for the ligand (Jones and Rose-
John, 2002). Similarly, soluble co-receptors (e.g. HSPG for FGF-2, betaglycan for TGF-
B3, or IGF-binding protein-4) can regulate growth factor activity.

7. Aims

The first aim of this thesis was to explore the effects of FGF-2 on
haematopoiesis, which were poorly understood at the time that this project was
started. To approach this, I studied the effects of FGF-2 on BM stromal cells (Chapter
2). 1 added FGF-2 to BM stromal cells and noted its effects on proliferation,
senescence, and morphology of the BM stromal cells. I also investigated the role of
FGF-2 in stimulating haematopoiesis in vitro in LTBM Dexter cultures (Chapter 3).
FGF-2 was added to LTBM cultures and I determined the number of progenitor cells
in the adherent stromal layer as well as the supernatant of these cultures.

The second aim of this thesis was to determine if the proteolytic cascade of
plasminogen activation in the BM stromal microenvironment could be modulated by
FGF-2. Plasminogen activators (PAs) directly control the level of plasmin which may
indirectly regulate haematopoietic growth factor activity. This can occur, for example
through the proteolytic activation of latent forms of growth factors, the mobilisation of
active growth factors from cell surfaces and/or extracellular matrix reservoirs, or
through the shedding of growth factor receptors from the cell surface. In Chapter 4, 1
therefore investigated whether urokinase-type PA or tissue-type PA activity,
expressed by BM stromal cells, could be modulated by haematopoietic growth factors
such as FGF-2 as well as IL-1 or TGF-. In addition, the effects of these growth factors
on the inhibitors, PA inhibitor-1 (PAI-1) and -2 (PAI-2), were also determined.

In summary, my work indicates that FGF-2 has potent effects on both the

stromal and haematopoietic compartments. It regulates stromal cell morphology and
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is a potent mitogen for BM stromal cell proliferation, significantly delaying their
senescence. Furthermore, FGF-2 significantly stimulates myelopoiesis, possibly
indirectly by regulating the plasmin-catalysed processing of growth factors and/or
receptors. Thus, FGF-2 has the potential to be used clinically to enhance

haematopoiesis in vivo and therefore deserves further investigation.
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Chapter 2.

FGF-2 induces morphological changes, delays senescence, and is
mitogenic for human BM stromal cells.

Introduction.

In this chapter I have analysed the effects of FGF-2 on the stromal cell
compartment of in vitro BM cultures. I have also investigated the contribution of the
culture medium supplements for Dexter LTBM cultures on the growth of primary and
passaged human BM stromal cells in the presence or absence of FGF-2. Little is known
about the growth factors and cytokines that regulate the growth and differentiation of
the non-haematopoietic cells in LTBM cultures or in vive. Since FGF-2 is a potent
mitogen for a variety of cells of mesenchymal origin (Lindner and Reidy, 1993; Gitter
and Koehneke, 1991), it may be involved in the regulation of BM stromal cells.

1. The stromal cell laver.

Both myelopoietic and lymphopoietic LTBM cultures are dependent on the
establishment of an adherent layer of stromal cells for the growth and differentiation of
stem cells and progenitor cells (Dexter et al., 1977a and b; Whitlock and Witte, 1982).
These cells are believed to arise from mesenchymal stem cells (MSCs)(Dennis and
Charbord, 2002; Simmons et al., 2001). A subgroup of MSCs, referred to as recycling
stem cells (RS) since they are rapidly self-renewing, appear to represent the most
earliest progenitor cells (as suggested by the expression of cell surface receptors and
proteins) isolated from colonies of BM stromal cells (Colter et al., 2001 and 2000;
Prokop et al., 2001). Like MSCs, RS cells are negative for CD34, CD45, and c-kit (Colter
et al., 2001 and 2000; Majumdar et al., 2000). Unlike MSCs, RS cells are negative for
STRO-1, PDGF and EGF and are positive for Flk-1, TRK (a NGF receptor), transferrin
receptor, and annexin I1 (Colter et al., 2001; Gronthos and Simmons, 1995). RS cells
also have a greater capacity for multilineage differentiation than MSCs {Colter et al,,
2001; Prokop et al., 2001).

2. Growth factor regulation of BM stromal cell growth and differentiation.

There are a number of reports in the literature showing several growth factors

and cytokines that regulate haematopoiesis may also be involved in the regulation of
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BM stromal cell proliferation.

Oliver et al. (1990) have shown that low concentrations of FGF-2 stimulate the
growth of BM stromal cells, that this effect is reversible, that significant stimulation of
growth is also obtained when the BM cells were exposed to FGF-2 for brief periods of
time, and that the addition of heparin substantially potentiates the growth observed
with low concentrations of FGF-2. Brunner et al. (1993), subsequently, showed that BM
stromal cells produce FGF-2. Therefore, it appears that FGF-2, an endogenous stromal
growth factor, may function in the autocrine growth regulation of BM stromal cells.
Further evidence for the involvement of FGF-2 in BM stromal cell growth comes from
the murine preadipocyte cell line, PA6, which requires either FGF-2 or EGF for its
maintenance when grown in defined media (i.e. medium without serum)(Nishikawa et
al, 1994). Sensebe et al. (1995) have established a method for developing non-
transformed human BM stromal cell "lines” with high proliferative potential by
stimulation with FGF-2 (Sensebe et al., 1995) suggesting a role for this growth factor in
the growth of stromal precursor cells.

Other growth factors and cytokines involved in the proliferation of BM stromal
precursor cells include platelet derived growth factor (PDGF), EGF, IL-1, IL-2, IL-3, IL-
6, TNF-a, TGF-8, M-CSF, SCF, and IFN-a (Sensebe et al, 1995; Gronthos and
Simmons, 1995; Andrades et al., 1999; Satomura et al., 1998; Kuznetsov et al., 1997;
MacDonald et al., 1990; Carron and Cawley, 1991; Galvani and Cawley, 1990; Wang et
al.,, 1990, 1992). Which of these factors play a role in stromal cell differentiation in
addition to growth is not yet known. VSMC differentiation is modulated by TGF-8 and
PDGF (Dennis and Charbord, 2002; Yamashita et al., 2000) and may involve ECM
molecules (Dennis and Charbord, 2002). Thrombospondin-1 stimulates the expression of
o-smooth muscle actin in fibroblasts which might be mediated via TGF-B as
thrombospondin is an activator of latent TGF-B (Dennis and Charbord, 2002). Since
TGF-8 is produced by stromal cells (Sensebe et al., 1997b) it might act in an autocrine
manner to regulate stromal cell growth and differentiation. Other cytokines involved in
stromal differentiation include IL-18, IL-11, IL-6, and IFN-o which inhibit adipocyte
formation (Delikat et al., 1993; Kawashima and Takiguchi, 1992; Gimble et al., 1994).

The ability to isolate and expand MSCs and RS cells ex vivo (Colter et al., 2001
and 2000; Prokop et al., 2001) should now make it possible to characterise the factors
that control the growth and differentiation of BM stromal cells.

3. Medium requirements for LTBM cultures.
The culture conditions for the two types of LTBM cultures, Dexter and Whitlock-
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Table 1. Culture conditions for LTBM cultures supporting
myelopoiesis or lymphopoiesis.

Myelopoiesis Lymphopoiesis
Murine® Human? Murine® Humand
Medium DMEM McCoy's BA RPMI Opti-MEM
Horse Serum 25 % 12.5 % s —
Fetal Calf Serum — 125 % 25 % 10%
Hydrocortisone 106107 M 106107 M — —
B-Mercaptoethanol 104 M — 104 M 5x10°%M
Glutathione — 5x 104 M - —
Temperature 3300 330C 3700 3700

b: Gartner and Kaplan, 1980
d: Moreau et al., 1993

a: Greenberger et al., 1978
c: Whitlock and Witte, 1982

Witte cultures, are depicted in Table 1 and are important for the successful
maintenance of the progenitor cells. However, the effect of the supplements on the

growth of the stromal cells is not known.

3.1. Hydrocortisone.

The survival of haematopoietic cells in murine LTBM cultures, originally
described by Dexter, appeared to be dependent on the batch of horse serum used
(Greenberger et al., 1978). Supplementing the culture medium with hydrocortisone,
however, allowed the successful long-term maintenance (over one year) of murine
LTBM cultures even with the use of "poor" batches of horse serum (Greenberger et al.,
1978). It was concluded that horse serum contains a corticoid(s) which is important for
the generation and proliferation of myelopoietic cells. Hydrocortisone is also added to
human myelopoietic cultures. Nevertheless, the culture conditions for human LTBM
cultures support myelopoiesis for only 2 to 3 months.

Hydrocortisone which inhibits the differentiation of lymphocytes by altering the
calmodulin pathway (Hyden-Martinez et al., 2000; Balakumaran et al.,, 1996; Evans-
Storms and Cidlowski, 1995), as well as horse serum are therefore omitted from the
culture medium of lymphopoietic LTBM cultures (Whitlock and Witte, 1982). With
some strains of mice, lymphopoietic LTBM cultures can be successfully maintained for
over one year, but attempts to mimic such culture conditions with human BM have
been less successful (LeBien, 1989; Wolf et al., 1991). Human lymphopoietic cultures
that support the proliferation and differentiation of B-cell precursor cells for

approximately 3 weeks can be established by seeding human fetal BM (which is highly
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enriched for lymphoid precursors compared to adult BM) onto preformed human

stromal cell layers (Moreau et al., 1993).

3.2. Anti-Oxidants.

An anti-oxidant is also added to the culture medium of LTBM cultures to prevent
oxidative damage to the haematopoietic cells. Human myelopoietic cultures are
normally cultured in "Gartners" medium (Gartner and Kaplan, 1980) which uses
McCoy's 5A medium that contains glutathione as an anti-oxidant. The culture medium
of lymphopoietic cultures and murine myelopoietic cultures are supplemented with 8-

mercaptoethanol to prevent oxidative damage.

4. Aims and findings.
The effects of FGF-2 on BM stromal cell growth had not, prior to the studies in our

laboratory (Oliver et al., 1990), been described. To further characterise the role of FGF-
2 on the stromal compartment of BM cultures, I studied the effect of this growth factor,
as well as the contribution of the culture medium supplements, on the growth of
primary and passaged human BM stromal cells, and my findings are described in this
chapter. I noted that FGF-2 greatly accelerated the formation of the adherent layer
following inoculation of primary BM buffy coat cells into tissue culture dishes, that in
the presence of FGF-2, the stromal cells lost their contact inhibition and grew to high
cell densities in multilayered sheets, and that the senescence of the stromal cells was
delayed considerably when cultured continuously in the presence of FGF-2.

In addition, I noted that horse serum was a supplement important for the optimum
growth of primary BM stromal cells and that the stimulation of primary, but not
passaged, BM stromal cell growth by FGF-2 was dependent on hydrocortisone.

These findings suggest that FGF-2 may play a functional role in the growth of BM
stromal cells, which may be important for supporting the proliferation and
differentiation of BM progenitor cells. Indeed, Miller at al. (2000) have demonstrated
that BM stromal cells deficient in FGF-2 display diminished support for haematopoiesis
in vitro due to a defect in the stromal layer, although in vivo normal haematopoiesis
was observed. Nevertheless, understanding the factors and mechanisms that regulate
the BM stromal cell compartment may provide additional insight into the role of the BM
microenvironment in haematopoiesis and, in addition, the use of MSCs or RS cells could
potentially be used to treat BM stromal cell disorders such as myelofibrosis in patients
with chronic myeloid leukaemia, B-cell lymphocytic leukaemia, and aplastic anaemia
(Van Damme et al., 2002; Aman et al., 1993; Lagneaux et al., 1993).
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Methods and Results.

1. BM collection and establishment of cultures.

In order to establish cultures of adherent BM stromal cells, BM cells were

aspirated from healthy volunteers after they had given informed consent and were
collected in sterile syringes containing preservative-free heparin. Twenty to forty ml of
BM were obtained from ten to twenty separate "first-pull" aspirates. Two to three ml
aliquots of BM were added to 5-ml polystyrene tubes and then centrifuged at 600 x g for
5 minutes. The BM buffy coat cells (BM cells at the interface of the plasma and red
blood cell layer) were collected and seeded into 35-mm dishes at 3 x 106 cells/dish in 2 ml
of "stromal medium" (e¢MEM containing 12.5% horse serum, 12.5% fetal calf serum, 10-
6 M hydrocortisone, 10-4 M B-mercaptoethanol, 2 mM glutamine, 500 U/ml penicillin and
200 pg/ml streptomycin) or into 75-cm? flasks at 20 x 106 cells/flask in 20 ml of this
medium. Parallel cultures were treated with FGF-2 at concentrations indicated in each

section.

2. The effect of FGF-2 on the establishment of the adherent BM stromal laver.
To determine the effect of FGF-2 on the morphology and growth of BM stromal

cells in developing cultures, the growth factor was added to BM buffy coat cells seeded

into 35-mm dishes.

2.1. Morphology

BM buffy coat cells (8 x 108) were seeded into 35-mm dishes as described above,
in the absence or presence of 0.2, 2, or 20 ng/ml FGF-2, and the developing adherent cell
layer was observed microscopically. Three to five days after inoculation, clusters of
fibroblast-like cells with a spindle shaped morphology appeared in all culture dishes.
Eight days after inoculation, the colonies of fibroblastic cells in cultures that had not
been treated with FGF-2 consisted of large, well-spread cells (Fig. 1A). In contrast, the
cultures to which 20 ng/ml FGF-2 had been added continued to exhibit spindle-shaped
cells at a higher cell density than the control cultures (Fig. 1D). Lower concentrations of
FGF-2, 0.2 ng/ml (Fig. 1B) and 2 ng/ml (Fig. 1C), also induced a spindle-shaped
morphology of the fibroblastic cells and increased cell their density. The effect was not
as marked as noted with 20 ng/ml FGF-2. Sparser cultures of BM stromal cells treated
with low concentrations of FGF-2 also displayed morphological changes.

Thus, FGF-2 was observed to induce morphological changes in primary human

BM stromal cells and to increase the density of the cultures.
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In each experiment, untreated BM stromal cells stopped growing after

approximately two to three passages. In contrast, BM stromal cells treated with 20

ng/ml FGF-2 only ceased growing after eight to twelve passages (Fig. 3). At each 10 to

13 day interval the number of cell generations that had arisen was calculated. A

generation was defined as a doubling in the cell population that arose due to each cell

dividing and giving rise to two daughter cells. The total number of generations calculated

for untreated and FGF-2 treated cultures is presented in Table 2. In the absence of

FGF-2, stromal cells gave rise to approximately 2 generations before they senesced.

However, in the presence of FGF-2 cells could be passaged for approximately 26

generations before senescing.

The addition of FGF-2 to BM stromal cells therefore resulted in considerable cell

expansion and greatly delayed their senescence.

Table 2. The Effect of FGF-2 on the senescence of BM stromal cells.

Generations
Exp. No. Control 20 ng/m! FGF-2
1 3.1 21.8
2 0.8 18.8
3 1.4 39.5
4 1.8 24.7
Average 1.8+09 25,7+ 9.8%

BM buffy coat cells (2 x 107) were seeded into 75-cm? flasks in stromal medium in
the absence or continuous presence of 20 ng/ml FGF-2. At 10 to 13 day intervals
the number of adherent cells in duplicate flasks was determined and 1.3 x 106
cells were reseeded into new flasks in the absence or continuous presence of
FGF-2. The process was repeated until cell growth ceased. The number of
generations were calculated from the total number of population doublings that
occurred prior to senescence.

* the average number of generations was significantly different to the control

value, p < 0.005.

36



Chapter 2: Methods and Results

3. The contribution of stromal medium supplements to the growth of BM stromal cells

in the absence or presence of FGF-2.

The medium used to culture human BM in Dexter LTBM cultures contains fetal
calf serum, horse serum, hydrocortisone, and the anti-oxidant, B-mercaptoethanol, as
medium supplements. I was interested in determining:

(1) which culture medium supplements were important for the growth of the stromal
cells, and
(2) if the mitogenic effect of FGF-2 on stromal cell growth was dependent on the
presence of one or more of these supplements.
I therefore investigated the effect of FGF-2 on the growth of both primary and
passaged stromal cells in complete medium or medium lacking one or more of the

supplements.

3.1. Primary BM stromal cultures

To determine which culture medium supplements were important for the growth
of primary stromal cells, BM buffy coat cells were seeded into 35-mm dishes at 3 x106
cells/dish in 2 ml of stromal medium, or in stromal medium that lacked either horse
serum, hydrocortisone, 3-mercaptoethanol, or all three supplements. Cultures were also
grown in the absence or continuous presence of 20 ng/ml FGF-2 in order to determine if
the mitogenic effect of this growth factor on stromal cell growth was dependent on the
presence of one or more of these supplements. After one week, the supernatant was
replaced at three to four day intervals with fresh medium with or without FGF-2. Cell
numbers in triplicate dishes were determined after 18 days of culture to ensure
adequate development of the stromal layer. The results are presented in Table 3.
Control cultures are defined as BM stromal cell cultures grown in complete stromal
medium in the absence of FGF-2. The #-test was used to test the significance of the
results. As an example for further illustration, the results of Exp. 3 are presented in Fig.
4 as the average cell number/35 mm dish.

Table 3 and Fig. 4 show that in the absence of FGF-2, the number of cells in the
developing primary cultures was significantly decreased by the omission of horse serum
from the medium in two out of three experiments (p < 0.001 in each experiment)
whereas, the omission of B-mercaptoethanol had either no effect (p > 0.05) or stimulated
cell growth (p < 0.001 in this experiment). The omission of hydrocortisone from the
medium did not significantly alter the number of cells in three out of four experiments (p
> 0.05, Table 3 and Fig. 4). When all three medium supplements, horse serum, 0-

mercaptoethanol and hydrocortisone, were omitted from the medium of control cultures,
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the number of stromal cells was significantly reduced (p < 0.01 in all four experiments)
(Table 3 and Fig. 4).

As noted previously (Fig. 2), FGF-2 is mitogenic for primary BM stromal cells.
Therefore, as expected, the addition of 20 ng/ml FGF-2 to stromal cells grown in stromal
medium significantly increased the number of cells in the cultures. Table 3 and Fig. 4
show that this concentration of FGF-2 increased cell number by 5 to 14-fold (p < 0.01 in
all four experiments).

The addition of FGF-2 to BM stromal cells grown in stromal medium lacking
horse serum increased the number of cells by approximately 2 to 8-fold above control (p
< 0.02 in each of the three experiments). It should be noted, however, that in the
presence of FGF-2 and absence of horse serum, the cell number was still lower than
that determined in cultures grown in complete medium and FGF-2 (Table 3 and Fig. 4).
This indicated that horse serum was required for the optimal growth of BM stromal cells

and that FGF-2 could only partially compensate for its absence.

Table 3. The contribution of stromal medium supplements to the growth of
primary BM stromal cells in the absence or presence of FGF-2.

Stromal Medium

without
Stromal Medium |  Stromal Medium | Stromal Medium Horse Serum,
without without without Hydrocortisone and

Stromal Medium | Horge Serum | B-Mercaptoethanol | Hydrocortisone | B-Mercaptoethanol

Exp.| -FGF-2 +FGF-2| -FGF-2 +FGF-2| -FGF-2 +FGF-2 | -FGF-2 +FGF-2] -FGF-2  +FGF-2

1 100%  1427% | 142% 805% ND ND 82% 36% 25% 31%
P4 100% 462% 54% 351% ND ND 54% 56% 18% 14%
3 100% 735% 31% 183% 117% 655% 104% 52% 58% 61%
4 100% 455% ND ND 257% 1177% 122% 64% 19% T%

BM buffy coat cells (3 x 109 cells/dish) were seeded into 35-mm dishes in stromal medium or
stromal medium lacking either horse serum, hydrocortisone, 3-mercaptoethanol, or all three
supplements, in the absence or presence of 20 ng/ml FGF-2. After one week the
supernatant was replaced with fresh medium with or without FGF-2 at three to four day
intervals. The number of cells in triplicate dishes was determined after 18 days of culture.
This experiment was repeated four times with BM taken from four different donors. The cell
numbers obtained in each experiment are expressed as a percentage of the cell number
noted in control dishes. Control cultures were defined as those cultures containing BM
stromal cells grown in complete stromal medium in the absence of FGF-2. The mean
number of cells determined in control cultures on day 18 in each experiment was: Exp. I =
1.4 + 0.4 x 104 cells/dish; Exp. 2 = 40.7 + 3.2 x 104 cells/dish; Exp. 3 = 16.9 + 3.5 x 104 cells/dish;
and Exp. 4 = 4.7 + 0.8 x 104 cells/dish. ND = not determined.
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the requirement for the latter. Most intriguingly FGF-2 is not mitogenic for primary BM
stromal cells in the absence of hydrocortisone suggesting that hydrocortisone is required

for the biological action of FGF-2 in these cultures.

3.2. Passaged BM stromal cultures

In order to determine whether passaged BM stromal cells differed from primary
stromal cells in their requirement for culture medium supplements, cultures of such
cells were established by removing the non-adherent progenitor and mature
haematopoietic cells from two to three week old primary BM cultures by extensive
washing with phosphate buffered saline (PBS). The adherent stromal cells were
removed from the flasks by adding 8 ml of a 0.5% trypsin/0.02% EDTA solution for 5
minutes at 37°C. An equal volume of cMEM containing 10% FCS was added to each
flask to neutralise the effect of the trypsin. The cells were then washed twice by
centrifugation with stromal medium and reseeded at 5 x 104 cells/35-mm dish in 2 ml of
stromal medium. The following day the supernatant was replaced with 2 ml of complete
stromal medium, or stromal medium lacking either horse serum, hydrocortisone, B3-
mercaptoethanol, or all three supplements, in the absence and continuous presence of
20 ng/ml FGF-2. After four days the culture supernatant was replaced with fresh
medium with or without FGF-2, and cells were counted in duplicate dishes on day 7.

The results presented in Table 4 show the cell numbers obtained in each
experiment expressed as a percentage of control. Control cultures are defined as BM
stromal cells grown in complete stromal medium in the absence of FGF-2. The ¢-test
was used to perform statistical analysis on the data. Absolute cell numbers from Exp. 2
are presented in Fig. 5 for further illustration.

As limited stromal growth was noted in the absence of FGF-2 (Table 4 and Fig. 5),
it was not possible to determine the effects of the supplements (horse serum,
hydrocortisone, or 3-mercaptoethanol) on the growth of passaged BM stromal cells.

As noted previously in Fig. 3 and shown by Oliver et al. (1990), FGF-2 is
mitogenic for passaged BM stromal cells. As expected, Table 4 and Fig. 5 show that the
addition of 20 ng/ml FGF-2 to stromal cultures significantly increased the number of
cells by 3 to 17-fold (p < 0.01 in all four experiments).
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Table 4. The contribution of stromal medium supplements
to the growth of passaged BM stromal cells in the absence or presence of FGF-2.

Stromal Medium

Stromal Medium

Stromal Medium

Stromal Medium

without

Stromal Medium
without

Horse Serum,

without without without Horse Serum and Hydrocortisone and

Stromal Medium Horse Serum B-Mercaptoethanol Hydrocortisone Hydrocortisone -Mercaptoethanol

Exp.| -FGF-2 +FGF-2 | -FGF-2 +FGF-2 | -FGF-2 +FGF-2 | -FGF-2 +FGF-2 | -FGF-2 +FGF-2 | -FGF-2 +FGF-2
1 100% 1741% 89% 603% 116% 1058% 149% 691% 107% 662% 69% 324%

2 100% 924% 105% 581% 119% 1307% 137% 1108% 154% B33% 133% 792%
3 100% 288% 86% 218% 92% 268% 95% 408% 81% 362% 91% 220%

4 100% 341% T2% 236% 47% 173% 123% 414% 109% 275% 76% 108%

Primary BM cultures that had been washed extensively with PBS to remove non-adherent haematopoietic cells, were trypsinised and
seeded onto 35-mm dishes at 5 x 104 cells/dish in 2 ml of stromal medium. The following day the number of adherent cells was
determined by counting the cells in duplicate dishes. These values were as follows: Exp. I = 3.6 + 0.1 x 104 cells/dish; Exp. 2 = 3.9 £ 0.3
x 104 cells/dish; Exp. 3 = 2.9 + 0.2 x 104 cells/dish; Exp. 4 = 3.9 £ 0.3 x 104 cells/dish. The supernatant in the remaining dishes was
replaced with complete stromal medium or stromal medium lacking either hydrocortisone, horse serum, B-mercaptoethanol; horse
serum and hydrocortisone, or all three supplements, with or without 20 ng/ml FGF-2. After 4 days, the culture supernatant was
replaced with fresh medium with or without FGF-2. Cell numbers on duplicate dishes were determined on day 7. This experiment was
repeated four times with BM from four different donors. The cell numbers obtained in each experiment are expressed as a percentage
of the cell number noted in control dishes. Control cultures were defined as those cultures containing BM stromal cells grown in
complete stromal medium in the absence of FGF-2. The number of cells determined on day 7 in control cultures was: Exp. I =59+ 0.5
x 104 cells/dish; Exp. 2 = 6.9 + 1.1 x 104 cells/dish; Exp. 3 = 4.9 £ 0.4 x 104 cells/dish; Exp. 4 = 6.1 + 0.8 x 104 cells/dish.
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Discussion.

1. Summary of results.
The establishment of an adherent layer of BM stromal cells is important for the

proliferation and differentiation of haematopoietic cells in LTBM cultures. Considerable
effort has been directed towards elucidating the manner by which the stromal layer
supports myelopoiesis and lymphopoesis. A large number of cytokines produced by
stromal cells and acting on haematopoietic cells have been described (Quesenberry et
al., 1991; Kittler et al., 1992; Eaves et al., 1991). In contrast, not much is known about
the growth factors that regulate the proliferation and differentiation of the stromal cells.

A previous student in Dr Wilson's laboratory demonstrated that FGF-2, is mitogenic for

BM stromal cells (Ohver et al, 1990). 1 therefore chose to extend these studies,

especially as it was noted that FGF-2 is produced by BM stromal cells (Brunner et al.,

1993) and could therefore act in an autocrine manner to stimulate stromal proliferation.

I added FGF-2 to BM buffy coat cells seeded in culture and observed that this
growth factor:

(1) accelerated the formation of the stromal layer by acting as a mitogen for primary
human BM stromal cells;

(2) significantly delayed the senescence of BM stromal cells which normally cease
growing after approximately two to three passages. This resulted in considerable
expansion of the stromal cells in culture.

(3) induced morphological changes in the developing adherent stromal layer;

I also observed that:

(4) horse serum is an important medium supplement for the establishment of the
stromal layer in primary BM cultures whereas B-mercaptoethanol may be inhibitory
for the growth of these cells;

{5) the mitogenic effect of FGF-2 on primary BM stromal cells was significantly
inhibited by the omission of hydrocortisone from the culture medium. In contrast,

this inhibition was not noted with passaged BM stromal cells.

2. Morphological changes induced by FGF-2.
The addition of FGF-2 to primary human BM cultures altered the morphology of

the adherent stromal layer. The cells lost their contact inhibition and formed densely
packed layers of spindle shaped cells. Similar morphological changes have also been
observed in other cell types such as 3T3 fibroblasts, skin fibroblasts, vascular

endothelial cells, and smooth muscle cells, to which FGF-2 has been added
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(Gospodarowicz and Moran, 1974; Gospodarowicz et al., 1987a and b). These
morphological features, elongation, criss-cross patterns, and high cell density, are
typical of transformed cells. The similarity in the phenotype of transformed and FGF-2-
treated cells suggests that FGF-2 may induce cellular transformation. Indeed, several
groups have demonstrated that FGF-2 promotes the growth of normal cells in soft agar,
a characteristic of transformed cells (Jaye et al., 1988; Rogelj et al., 1989; Sasada et al.,
1988). In addition, FGF-2-transfected 3T3 fibroblasts exhibit transformed morphology
and are tumorigenic (Quarto et al, 1991). Furthermore, a number of tumour cell lines
produce FGF-2 and their clonogenic growth is dependent upon its expression (Morrison
et al., 1993). Transformation of rat kidney fibroblasts by the simian sarcoma virus and
the spontaneous immortalisation of rabbit smooth muscle cells are also associated with
increased expression of FGF-2 (Milner, 1991; Winkles et al., 1993). Thus, in addition to

its mitogenic activity, FGF-2 may also be a transforming factor.

3. FGF-2 is a mitogen for primary BM stromal cells.
My work shows that FGF-2 is a mitogen for BM stromal cells and significantly

promoted the development of the primary stromal cell layer.

3.1. BM stromal cell types that respond to FGF-2,

The stromal layer consists of a number of cell types arising from a common
stromal precursor cell (MSC). Since FGF-2 is mitogenic for numerous cells of
mesodermal origin (Gospodarowicz et al., 1987b), as well as passaged BM stromal cells
(Oliver et al., 1990), it is likely that a number of cell types in the primary BM stromal
cultures respond to FGF-2.

FGF-2 could therefore enhance the formation of the adherent layer m LTBM
cultures by stimulating the growth of differentiated stromal cells. In addition, FGF-2
could increase stromal cell numbers by initially acting on RS cells and MSCs to
potentiate their survival and/or proliferation since some, but not all, of these cells
express FGFRs (Colter et al., 2001). This could be tested by determining the number as
well as the size of CFU-Fs in four to seven day old primary cultures treated with or
without FGF-2. An increase in the number of CFU-Fs in FGF-treated cultures would
indicate that FGF-2 enhances the survival of stromal precursor cells. An increase in the
size of the CFU-F colonies size would indicate that this growth factor stimulates the
proliferation of stromal precursor cells.

In keeping with this it has been observed that RS cells plated at low cell density
(1.5 - 3 cells/cm?) exhibit a log phase of rapid growth whereas cell plated at high cell

44



Chapter 2: Discussion

densities (6 cells/em®) do not (Colter et al., 2000). Colter et al. (2000) suggest that the
slow growth of RS cells at high cell densities might be due to either cell-cell contact or
factors that the cells secrete into the medium. Presumably therefore, RS cells either
grow slowly or even cease to grow in LTBM cultures. Since I have shown that FGF-2
delays the senescence of BM stromal cells (see section 4), it could be speculated that
FGF-2 could overcome this slow rate of growth at high cell densities thus allowing RS
cells to continue contributing to the development of the stromal cell layer. RS cells could
therefore be isolated as described by Colter et al. (2000) and seeded in culture at

different cell densities in the presence or absence of FGF-2 to compare growth rates.

3.2. BM stromal cell types that produce FGF-2.

The vast majority of cells in stromal cell cultures have been shown to express
FGF-2 (Brunner et al., 1993). FGF-2 is therefore likely to act in an autocrine manner to
promote the proliferation of MSCs and their progeny.

However, FGF-rich niches may be created by the selective expression of FGFR
isoforms. For example, one cell type within the adherent layer might express the FGFR-
2-Illc splice variant, while another might express FGFR-2-I1Ib, which selectively bind
FGF-2 and FGF-7 respectively (Galzie et al., 1997, Schofield and Gallagher, 1994).
Selective expression of FGFR-isoforms by the different cell types within the BM stromal
cell layer could be determined by sorting the stromal cells according to type by FACS.
The mRNA synthesis of the various FGFR-isoforms as well as different FGFs could

then be analysed on the different stromal cell fractions.

3.3. Comparison of FGF-2 with other BM stromal cell mitogens.

Other growth factors described in the literature as mitogens for BM stromal cells
are PDGF, EGF, and TNF (Rosenfield et al., 1985; Rogalsky et al., 1992; Kimura et al.,
1988). PDGF is the most effective of these three growth factors and is also produced by
a BM stromal cell line, MBA-2 (Abboud, 1993). PDGF stimulates the growth of CFU-Fs
as well as passaged human marrow fibroblasts and murine marrow endothelial cells
(Abboud, 1993; Fontenay et al., 1992; Bryckaert et al., 1988; Hirata et al., 1985;
McIntyre and Bjornson, 1986; Rosenfeld et al., 1985). The relative mitogenicity of FGF-
2 and PDGF is unknown, as I and the other authors have used different assays. I have
studied the stimulatory effects of FGF-2 on stromal cell growth by determining cell
numbers. The other authors have investigated the effect of PDGF on the proliferation
and survival of MSCs by determining the number and size of stromal colonies formed

after seeding BM buffy coat cells in the absence or presence of PDGF (Hirata et al,

45



Chapter 2: Discussion

1985; MclIntyre and Bjornson, 1986). These results showed that 3 ng/ml PDGF
increased the size of the colonies and increased the number of colonies by 8-fold (Hirata
et al., 1985; McIntyre and Bjornson, 1986). The effect of PDGF on the proliferation of
passaged BM stromal cells was determined by measuring the amount of radioactive
thymidine incorporated into DNA. These studies showed that with concentrations
between 6 - 100 ng/ml PDGF the amount of 3H-thymidine incorporated into the DNA of
human marrow fibroblasts was increased by 3 to 6-fold (Rosenfeld et al., 1985; Kimura
et al., 1988; Bryckaert et al., 1988), and into the DNA of a murine marrow endothelial
cell line the increase was 5 to 8-fold (Abboud, 1993). I have observed that 2 - 20 ng/ml
FGF-2 induced a 3 to 17-fold increase in the number of stromal cells in primary human
BM cultures. Therefore, both PDGF and FGF-2 are potent mitogens for BM stromal
cells but their relative potencies are still unknown. It is also not known whether BM
stromal cells stimulated by PDGF are functionally the same as those stimulated by
FGF-2. However, studies indicate that PDGF stimulates haematopoiesis indirectly by
inducing BM stromal cells to produce GM-CSF, IL-3, and IL.-6 (Yang et al., 2001).

4. Senescence of BM stromal eells.

My observation that the number of cell generations obtained from human BM
stromal cells cultured in the presence of 20 ng/ml FGF-2 (26 generations) greatly
exceeded that of control cultures (2 generations) indicated that FGF-2 significantly
delayed the senescence of these cells. The mechanism for this is not clear. Senescence
of normal somatic cells is characterised by cessation of cell proliferation after a finite
number of population doublings known as 'limited replicative life-span’ (Wynford-
Thomas, 1999; Goldstein, 1990). One underlying clock driving the arrest of cell growth
involves the progressive erosion of chromosome telomeres which occurs with each round
of DNA replication (Wynford-Thomas, 1999; Reddel, 1998a and b). Reduction beyond a
critical length is a signal for cellular senescence. Other mechanisms inducing
senescence involve the repression of genes promoting proliferation with the reciprocal
expression of anti-proliferative genes (Wynford-Thomas, 1999; Reddel, 1998a and b;
Garkavtsev et al., 1998; Goldstein, 1990; Phillips et al., 1992).

4.1. Mechanisms by which FGF-2 might delay senescence.
4.1.1. Inhibition of telomere shortening.

One of the cellular mechanisms used to overcome proliferative restriction, as in
many tumour cells, is the activation of the enzyme telomerase (Allsopp et al., 2003).

Telomerase is a ribonucleoprotein enzyme that stably maintains telomere length by the
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addition of the sequence of TTAGGG repeats to telomeres. Activation of telomerase
appears to involve the suppression of a telomerase repressor gene (Tanaka et al., 1998)
and thus, might represent a mechanism by which FGF-2 delays the senescence of BM
stromal cells. However, some immortalised human cells avoid telomeric shortening by
non-telomerase mechanisms which may include the replacement of telomeric DNA by

recombination and copy switching, or retrotransposition (Reddel, 1998a).

4.1.2. Expression of genes promoting proliferation.

One of the genes that has been implicated in the promotion of cell proliferation is
the proto-oncogene, c-fos, and its expression has been shown to be an early and
essential prerequisite for the initiation of DNA synthesis in dividing fibroblasts (Holt et
al., 1986; Nishikura and Murray, 1987). In senescent fibroblasts, the c-fos gene appears
to be under specific transcriptional repression (Seshadri and Campisi, 1990; Phillips et
al, 1992). Proteins such as insulin-like growth factor binding protein-3, statin, PAI-1,
W53-10, and terminin, which are highly abundant in senescent but not in proliferating
cells, have been implicated in the inhibition of transcription of growth-promoting genes
(Goldstein et al., 1993; Wang et al., 1989 and 1996; Mu et al., 1998; Grigoriev et al,,
1996; Wang and Tomaszewski, 1991). Thus, FGF-2 may delay the senescence of BM
stromal cells by inhibiting the expression of proteins that block the transcription of
growth promoting genes or by inducing the expression of growth promoting genes.
Indeed, FGF-2 upregulates c¢c-fos mRINA and protein levels in adrenal cells (Lotfi and
Armelin, 2001; Viard et al., 1993; Puchacz et al.,, 1993). While it is unknown whether
this is due to a direct stimulation of ¢-fos transcription or to a decreased expression of
inhibitors of c-fos transcription, it indicates that FGF-2, at least in certain cell types,
may shift the transcriptional balance of these factors towards growth promotion.
Therefore, the effect of FGF-2 on the mRNA or protein levels of c-fos or possible
inhibitors of the transcription of growth-promoting genes such as insulin-like growth
factor binding protein-3, statin, PAI-1, W53-10, and terminin could be determined on

senescent BM stromal cells.

4.1.3. Repression of anti-proliferative genes.

Genes such as tumour suppressor genes (e.g. the retinoblastoma (Rb) gene and
the p&3 gene), the GADD45 gene (Kastan et al., 1992) and the WAF1/CIP1 gene (El-
Deiry et al., 1993) encode proteins that inhibit cell growth. The protein products of
tumour suppressor genes arrest cell proliferation in response to DNA damage (Hinds

and Weinberg, 1994). However, their role in the regulation of normal cell growth is not
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well understood although the Rb and p53 gene are constitutively activated during
senescence (Garkavtsev et al, 1998; Gire et al.,, 1998). Phosphorylation of the Rb
protein product (pRb), which is carried out by complexes of cyclins and cyclin dependent
kinases (Cdks)(Dulic et al,, 1992; Hinds et al.,, 1992; Ewen et al., 1993a; Kato et al,,
1993), is important for regulating its function. In its active form (i.e. when the cell is
dormant}, pRb is hypophosphorylated and becomes hyperphosphorylated when the cell
begins to cycle (Hinds and Weinberg, 1994). Indeed, FGF-2 has been shown to increase
the expression of the hyperphosphorylated form of pRb in a number of non-
haematopoietic cells (Liu et al., 2001; Nath et al., 1999; Takuwa et al.,, 1993). Thus,
FGF-2 may delay the senescence of BM stromal cells by inhibiting the expression of
anti-proliferative genes such as pb3, and WAF1/CIP1 which could be determined by
measuring the mRNA synthesis of these gene products in stromal cells treated with or
without FGF-2. The expression of hyper- and hypo-phosphorylated forms of pRb could
also be assessed by Western blot analysis.

There is also evidence suggesting a link between the inhibitory effects of TGF-3
and a block in hyperphosphorylation of pRb. TGF-§ has been shown to block
hyperphosphorylation of pRb by inhibiting the complex formation between cyclin E and
its partner kinase, Cdk 2 (Koff et al., 1993), as well as the expression of Cdk4 (Ewens et
al., 1993b). Thus, one possible mechanism by which FGF-2 may delay the senescence of
BM stromal cells is through the inhibition of TGF-8 action. Indeed, FGF-2 has been
shown to overcome the suppressive effect of TGF- on myeloid progenitor cell growth
(Gabrilove et al.,, 1993), although the mechanism by which TGF-f inhibits myeloid
growth is unknown.

4.1.4. Inhibition of differentiation inducing factors.

Another mechanism by which FGF-2 might delay senescence is by inhibiting the
activity of growth factors that induce cell differentiation, e.g. TGF-8. Indeed, FGF-2 has
been shown to inhibit the TGF-§ induced differentiation of the leukaemic cell line, K562
(Burger et al., 1994), and of muscle cells (Rosenthal et al., 1991; Olwin and Rapraeger,
1992). In synergism with PDGF, FGF-2 also inhibits the differentiation of
oligodendrocyte-type 2 astrocyte progenitor cells (Bogler et al., 1990; Wolswijk and
Noble, 1992), and together with SCF and LIF, FGF-2 promotes the proliferation and
survival of primordial germ cells (Matsui et al., 1992; Resnick et al., 1992).

The inhibition of cell differentiation could be achieved by a variety of mechanisms
such as inhibition of growth factor synthesis, activation and/or presentation, signalling

in the downstream pathway, or inhibition of growth factor receptor synthesis and/or
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5. Contribution of medium supplements to the growth of BM stromal cells.

As described before, human Dexter LTBM cultures are grown in medium
containing FCS supplemented with horse serum, hydrocortisone and an anti-oxidant. In
order to determine which supplements were important for stromal cell growth, I
determined their effects on the growth of passaged and primary stromal cells. The
results showed that horse serum is an essential medium supplement for the
establishment of the stromal layer in primary BM cultures. This suggests that horse
serum contains a factor(s) that may act on stromal progenitor cells to stimulate their
proliferation which can only be partially compensated for by the addition of FGF-2. In
contrast to primary cultures of stromal cells, passaged stromal cells displayed
relatively little to no growth over a one week period even when grown in stromal medium
with all three supplements added which was most likely due to these cells senescing.
Thus, it was not possible to determine which of the medium supplements were
important for the growth of passaged stromal cells.

I also attempted to determine if FGF-2 was mitogenic for stromal cells cultured in
stromal medium lacking one or more of the medium supplements. The most intriguing
observation from these studies was that the omission of hydrocortisone from the
culture medium, although not affecting stromal growth in the absence of FGF-2,
completely abolished the mitogenic effect of FGF-2 on primary BM stromal cells but not
on passaged stromal cells. The reason for this difference is unknown. It may be
explained if a subpopulation of stromal or haematopoietic cells in primary BM cultures
produce a factor(s) that specifically inhibits FGF-2 mitogenicity and whose own activity
is inhibited by glucocorticoids such as hyrocortisone. This subpopulation of cells may no
longer be present in the adherent layer of passaged BM cultures. This inhibitory factor
could antagonise FGF-2 action by interfering with FGF-2 mobilisation or receptor
presentation, or with FGF-2 receptor signalling (Grazul-Bilska et al., 2002; Sheffield,
1998; Chaidarun et al., 1994; Grieb and Burgess, 2000; Blanquaert et al., 2000).

Such a regulatory system may well exist because glucocorticoids decrease the
expression of TGF-f3 (Wen et al., 2002; Danielpour et al., 1991; Ayanlar-Batuman et al.,
1991), as well as diminishes the activation of latent to active TGF-B (Rowley, 1992).
TGF-8 itself, inhibits the mitogenic effects of PDGF on BM fibroblasts (Bryckaert et al.,
1988; Fontenay et al., 1992). Since TGF-B has been shown to antagonise the effects of
FGF-2 on myelopoiesis and K562 differentiation (Gabrilove et al., 1993; Burger et al,,
1994), it is a likely candidate factor to counteract FGF-2 effects on stromal growth and
to be inhibited by hydrocortisone. Indeed, in Chapter 4 I show that hydrocortisone

inhibits TGF-8 induced urckinase plasminogen activator synthesis. Interestingly, the
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catalytic domain of urokinase is required for the mitogenic activity of FGF-2 (Padré et
al., 2002). Nevertheless, factors which block the mitogenic effect of FGF-2 on BM
stromal cells and that are inhibited by hydrocortisone still need to be identified.

6. Conclusions.

The results presented in this Chapter indicate that FGF-2 may be an important
cytokine for promoting the growth of the adherent stromal layer in LTBM cultures and
thus may play a role in the growth of BM stromal cells as well as their progenitor cells
in vivo. Indeed, FGF-2 protects mice from the toxic effects of irradiation by rapidly
restoring the architecture of the BM (Okunieff et al., 1996; Ding et al., 1996 and 1997).
Furthermore, the optimal concentration of FGF-2 required for radioprotection does not
increase the rates of tumour growth or metastasis, nor does it decrease the
radiosensitivity of the tumours (Ding et al., 1996). Thus, FGF-2 may prove useful in the
treatment of cancer patients with radiotherapy by offering them protection against the
high doses of radiation needed to ablate their tumours without promoting further
tumour growth and dissemination.

My results also provide further insight into the mechanisms of regulation of FGF-
2 and stromal cell growth. The requirement of horse serum for successful establishment
of LTBM cultures appears to be due to the presence of factors in the serum which are
essential for stromal cell growth and which can only be partially replaced by FGF-2. In
addition, heterogeneous primary BM cultures, in contrast to the more homogeneous
passaged stromal cell cultures, appear to produce an activity that specifically interferes
with FGF-2 action without affecting stromal cell growth and that is down-regulated by
hydrocortisone. This activity is possibly TGF-8.
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Chapter 3.

FGF-2 stimulates myelopoiesis in human LTBM cultures.

Introduction.
In this chapter I have focused my analysis on the effects of FGF-2 on the
haematopoietic compartment. I have analysed the number of progenitor cells in the

supernatant and adherent layer of LTBM cultures treated with and without FGF-2.

1. FGF-2 action on haematopoietic cells.

Although in vivo studies indicate otherwise (Ortega et al., 1998; Dono et al.,
1998; Ozaki et al., 1998; Miller et al., 2000), a large body of evidence from in vitro
studies suggests that FGF-2, although not essential, may be relevant in regulating
haematopoiesis. In vitro, FGF-2 acts on both primitive and committed progenitor cells
directly or in concert with other haematopoietic growth factors to induce their
proliferation and/or differentiation and, therefore, may function in the survival and
differentiation of haematopoietic cells. FGF-2 is a survival factor for embryonic stem
cells (Faloon et al., 2000; Anzai et al., 1999; Yuen et al., 1998) and acts in concert with
SCF, GM-CSF, and IL-3 to stimulate the growth of primitive, multipotent

haematopoietic progenitor cells with a CD34+CD33- phenotype (Gabbianelli et al.,
1990; Gabrilove et al., 1994). FGF-2 can also influence specific lineage-derived
haematopoietic progenitors. FGF-2, by synergising with GM-CSF, Epo and Meg-CSF,
can induce committed precursors to give rise to GM-colonies, erythroid bursts and
megakaryocyte colonies, respectively (Gallicchio et al., 1991; Han et al., 1992; Bikfalvi
et al., 1992; Bruno et al., 1993).

2. In vitro assavs to study haematopoiesis.

2.1. Soft-agar colony forming assays.

Before long-term liquid BM culture systems were developed, in vitro studies on
stem cell differentiation were performed with freshly isolated BM cells seeded in soft-
agar colony assays in the presence of an exogenous supply of factors stimulating
colony growth (Bradley and Metcalf, 1966; Pluznik and Sachs, 1966). Colony forming
assays are still used extensively in haematopoietic research and can also be utilised to

identify primitive BM cells. Some of the BM cells seeded in soft agar give rise to very
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large colonies (the colonies contain an average of 50 000 cells and have a diameter
greater than 5 mm). These cells are called high proliferating potential-CFCs (HPP-
CFCs) and are capable of differentiation into multiple haematopoietic lineages in
response to growth factors (McNiece et al., 1990; Stewart et al., 1993). The limitations
of the CFC-assay are: (1) the cultures do not allow the study of stem cell and
progenitor cell interactions with the stromal cell microenvironment in which they
exist in vivo, and (2) the differentiation and proliferation of the haematopoietic cells

are dependent on the exogenous supply of CSFs which are expensive to buy.

2.2. LTBM cultures.

The development by Dexter and colleagues of an in vitro long-term liquid
culture system that supports the renewal and differentiation of murine myeloid stem
cells was a major advancement for studying the regulation of haematopoiesis (Dexter
et al., 1977a).

A significant advantage of Dexter LTBM cultures and Whitlock-Witte LTBM
cultures (developed subsequently to study the differentiation of B-lymphocytes) is that
the differentiation and proliferation of the progenitor cells is driven by the stromal
cells thus obviating the need for exogenously added growth factors (Dexter et al.,
1977a). A second advantage is that primitive progenitor cell self-renewal is also
supported and, therefore, cultures can be maintained for extended periods of time. A
third advantage is that since the differentiation and proliferation of myeloid and
lymphoid stem cells is mediated by an adherent layer of stromal cells, studying the
interactions of these primitive haematopoietic cells and their progenitors with the
stromal cells is possible.

Dexter LTBM cultures can also be utilised to identify human primitive BM
cells. A subpopulation of low density (< 1.068 g/ml) BM progenitor cells is capable of
initiating long-term haematopoiesis (more than five weeks) on pre-established,
irradiated stromal cell layers (Sutherland et al., 1990). These cells, referred to as long-
term culture-initiating cells (LTC-ICs), have similar characteristics to HPP-CFCs (are
predominantly non-cycling, give rise to multiple haematopoietic lineages, CD34", ¢-
kit") and may represent one and the same cell type (Sutherland et al., 1993, Zandstra
et al., 1997).

In comparison to murine LTBM cultures, human LTBM cultures tend to be
relatively short lived and produce few multipotential progenitor cells (Quesenberry et
al., 1991). A number of investigators have tried to improve the output of primitive

progenitor cells and, thereby the longevity of human LTBM cultures, by adding
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growth factors important for haematopoiesis. SCF, IL-3, IL-4, GM-CSF, G-CSF, and
FGF-4 added to human LTBM cultures enhance the expansion of haematopoietic
progenitor cells (Quito et al., 1996; Keller et al., 1994b; Firkin et al., 1993; Countinho
et al., 1990; Platzer et al., 1988). However, only FGF-4 was found to increase the
longevity of human LTBM cultures suggesting that this growth factor may act on
primitive progenitor cells within the culture and that SCF, IL-3, IL-4, GM-CSF, and

G-CSF are acting on progenitor cells at a more differentiated stage of development.

3. Human BM stem cells.

A major challenge in haematopoiesis has been the identification and

purification of human BM stem cells. The hemangioblast, derived from an embryonic
stem cell, is a pluripotent stem cell that can give rise to haematopoietic cells as well as
endothelial cells (Robb and Elfanty, 1998). However, the use of human embryonic cells
in research and for clinical applications is limited because of ethical considerations. It
is also unknown whether the hemangioblast exists in postnatal life. Therefore, the
challenge has remained to isolate BM stem cells from postnatal sources. The ability to
identify and purify human BM stem cells is not only useful for studying the
mechanisms that regulate their growth and differentiation, but is also important for
clinical applications such as BM transplants, gene therapy, or diseases.

Murine stem cells have been successfully identified and purified due to the
availability of an in vivo assay system. In the 1960’s murine stem cells were identified
and named CFU-spleen (CFU-s) because of their ability to repopulate the
haematopoietic and lymphoid organs of lethally irradiated mice after intraveneous
injection of BM nucleated cells (Till and McCulloch, 1961). The frequency of stem cells
in this cell fraction (about 0.05% of murine BM cells) was determined by quantitating
the number of cells capable of forming colonies in the spleen of irradiated mice (Till
and McCulloch, 1961). Murine stem cells are Thy-1*, Sca-17, c-kit" and CD34" and
negative for haematopoietic lineage markers [CD45R (B-cells), TER119 (erythroid
cells}, CD11b/CD18 (macrophages), or Ly-6G (granulocytes)] (Krause et al., 1994; Orlic
et al., 1993).

A major obstacle in isolating and characterising human stem cells has been the
lack of an in vive assay, equivalent to the CFU-s, to identify them. Only in the last
decade has an in vivo method been developed that identifies primitive human
haematopoietic cells. Following intravenous injection, human haematopoietic cells are
able to repopulate the BM of non-obese diabetic (NOD)/severe combined immuno-

deficient (SCID) mice with both myeloid and lymphoid human cells (Larochelle et al.,
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1996; Cashman et al., 1997). The engrafting cells have thus been called SCID
repopulating cells (SRCs) and represent approximately 1 in 3 x 106 human BM cells
(Larochelle et al., 1996; Wang et al., 1997). SRCs are more primitive than HPP-CFCs
and LTC-ICs since, in contrast to HPP-CFCs and LTC-ICs, they are rarely transduced
with retroviruses (an indication of their quiesent state)(Larochelle et al., 1996), their
maintenance is not supported by BM stromal cells in LTBM cultures (Gan et al.,
1997), and they have a higher repopulating capacity than HPP-CFCs and LTC-ICs
(Gan et al., 1997).

Multipotent progenitor cells (MAPCs) have now been isolated from human and
murine BM and represent approximately 1 in 10° BM cells, (Reyes et al., 2000 and
2001; Jiang et al., 2002a and b). MAPCs are CD34, CD44, CD45, ckit, HLA-DR, and
HLA-class I negative; express low levels of Flk-1, AC133, and Fit-1; and higher levels
of CD13 (Reyes et al., 2002; Jiang et al., 2002b). MAPCs can give rise to
haematopoietic cells in vivo but no culture conditions for their differentiation into

blood cells have yet been found (Jiang et al., 2002b). Human stem cells that generate
haematopoietic cells in culture, are characterised as being CD34*, HLA-DR", c-kitt,

CD38-, CD33", Thy-1low Flk-1*, and AC133"; lack lineage-specific markers [e.g. CD19
(B-cells), CD41a (megakaryocytes), and CD11b (granulocytes and monocytes)]
(Briddell et al.; 1992a; Andrews et al., 1986; Graig et al., 1993; Miraglia et al., 1997);

give rise to long-term cultures in LTC-IC assays; and have multilineage potential

(Berardi et al., 1995a).

4. Aims and findings.
In Chapter 2 1 showed that FGF-2 has significant effects on the stromal

compartment of BM cultures. A small number of CD34" haematopoietic progenitor
cells express FGFRs (Berardi et al., 1995; Testa et al., 1996; Le Bousse-Kerdiles et al.,
1996; Burger et al., 1998) and because FGF-2 has both synergistic and direct effects on
progenitor cell proliferation, and promotes the self-renewal of primitive
haematopoietic cell lines (Gabbianelli et al., 1990; Gabrilove et al., 1994; Gallicchio et
al., 1991; Bruno et al., 1993; Anzai et al., 1999; Yuen et al., 1998), it may be a relevant
growth factor in early blood cell development.

Therefore, in this chapter I have investigated the effect of this growth factor on
the proliferation and differentiation of haematopoietic cells in both the supernatant
and the adherent layer of LTBM cultures. My results show that:

(1) low concentrations of FGF-2 (0.2 to 2 ng/ml) increase the total number of

haematopoietic cells in the supernatant of LTBM cultures, in particular the
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number of GM- and G-CSF-responsive progenitor cells;

(2) low concentrations of FGF-2 increase the number as well as the size of cobblestone
foci of haematopoietic cells in the adherent layer by increasing the number of GM-
CSF responsive progenitor cells in this layer.

Since FGF-2 is produced by BM stromal cells and is present in haematopoietic
cells in vivo (Brunner et al., 1993), my results suggest that FGF-2, in vivo, may form

part of the complex cytokine network that regulates haematopoiesis.
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Methods.

LTBM cultures were established and cultured in the absence and presence of
FGF-2 and the effect of this growth factor on the proliferation and differentiation of
haematopoietic cells in the supernatant and the adherent layer was determined using

soft agar colony forming assays.

1. Establishment of LTBM cultures.
LTBM cultures were established as previously described in Chapter 2. The BM

buffy coat cells were seeded at 2 x 107 cells/75-cm? tissue culture flask in 20 ml
Gartner’s medium (McCoy’s 5A medium supplemented with 10 % heat-inactivated
FCS, 10% heat-inactivated horse serum, 0.8 mM sodium pyruvate, 0.6% (vol/vol) of a
50x stock solution of essential amino acids, 0.3% (vol/vol) of a 100x stock solution of
nonessential amino acids, 1.5 mM L-glutamine, 10-7 M hydrocortisone, 77 U/ml

penicillin and 31 pg/ml streptomycin) and incubated in 5% COy incubators at either

33°C or 37°C as indicated in the text (Gartner and Kaplan, 1980). The total number of
BM buffy coat cells collected from each donor ranged between 3 - 7 x 108 cells, thus
allowing between 15 and 35 LTBM flasks to be established for each experiment. After
4 days, all non-adherent cells were removed and layered over Ficoll-Hypaque (1.077
g/cm3) to remove red blood cells (Greenberg et al., 1981) and mature granulocytes (this
procedure was done on day 4 rather than at the start of the experiment so as to allow
the stromal cell to adhere to the flask). The tubes were centrifuged for 30 minutes at
1, 000 x g. The low density cells were collected and washed twice with McCoy’s 5A
medium containing 1% FCS and returned to their original flasks in 20 ml of Gartner’s
medium. The number of cells recovered corresponded to 45% + 9% of the 20 x 106
mononuclear cells originally seeded. Cultures were then supplemented with different

concentrations of FGF-2 as indicated in the text.

2. Feeding of LTBM cultures.
The schedule for feeding the LTBM cultures is shown in Table 1. At week 1, the

protocol differed slightly between LTBM cultures established to determine the effect of
FGF-2 on the number of haematopoietic progenitor cells in the supernatant and those
established to determine the effect of FGF-2 on the adherent layer. At this time point,
the stromal layer in the cultures was not well formed and therefore, the number of
adherent progenitor cells was not determined. At week 1, the cultures established to

determine the numbers of progenitor cells in the adherent layer were left undisturbed
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(indicated in italics in Table 1). Beginning at week 3, two thirds of the supernatant of
each LTBM culture was removed once a week (day 1). Fresh Gartner’s medium and

the respective concentration of FGF-2 were added to the cultures twice a week (day 1
and day 4).

Table 1. Schedule for feeding the LTBM cultures.

Supernatant Medium Total Volume

Week Day Removed (ml) Added (ml} per Flask (ml)
0 12 - 20 20
4b 20 20 20
1 1 10 (0)* 10 (0)* 20
4 0 10 30
2 1 15 15 30
4 0 15 45
3-11 1 30 15 30
4 0 15 45

a: Initiation of cultures

b: Separation of low density cells from red blood cells on Ficoll-Hypaque

*LTBM cultures established to determine the number of haematopoietic cells in
the adherent layer (indicated in italics) differed in the protocol from LTBM
cultures established to determine the number of progenitor cells in the
supernatant.

3. Determining progenitor cell number in the supernatant.

The number of progenitor cells recovered each week from the supernatant of
each LTBM culture was determined using soft agar colony forming assays. An aliquot
of the cells in supernatant was diluted in 3% glacial acetic acid in PBS (to lyse any
contaminating red blood cells), and the total number of haematopoietic cells was
determined using a Neubauer haemocytometer. The supernatant cells were then
seeded in colony forming assays which were done in collaboration with Dr Janice
Gabrilove, an expert haematologist, at Memorial Sloan Kettering Cancer Center, New
York. The cells were plated at 105 haematopoietic cells/dish in 1 ml of 0.3% agar in
McCoys BA medium containing 10% FCS, in the absence and presence of 10 ng/ml
GM-CSF or 100 ng/ml G-CSF. The number of clusters (3 to 40 cells) and colonies (>40

cells) was determined after 7 and 14 days of incubation at 37°C and 5% CO,. After 7
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days of culture, clusters develop in colony forming assays and reflect a mixture of both
primitive and more differentiated progenitor cells in the assay sample. The more
primitive progenitor cells have greater proliferative capacities than the more
differentiated progenitor cells. Thus, the latter stop dividing because of their limited
proliferative capacity, whereas the primitive progenitor cells continue to divide giving
rise to colonies which are larger after 14 days of culture. The colony forming assay,
therefore, provides a measure of the number of GM- and G-CSF-responsive progenitor

cells in the haematopoietic cell population collected each week.

4. Identification of progenitor cell types.

To determine the lineage composition of the non-adherent haematopoietic cells,
differential morphological counts were performed by Dr Gabrilove on cytospin
preparations stained with Diff Quik stain. Differential counts were made based on the

morphology of the nucleus and the cytoplasm.

5. Determining progenitor cell number in the adherent layer.

The number of haematopoietic progenitor cells recovered from the adherent
stromal layer of each LTBM culture was also determined using soft agar colony-
forming assays. Since the stromal layers required approximately 10-14 days to become
established, the adherent layers were usually harvested from week 3 onwards,
although in some experiments the adherent layers were removed at week 2. Sets of
cultures were removed at weekly intervals, and the cells in the supernatant were
collected. The remaining stromal cell layers were washed once with serum-free
medium. Ten ml of 0.25% trypsin in a versene-containing buffer (Appendix 1.8) was
added to the cultures. After 5 minutes at 37°C all the adherent cells were detached
and an equal volume of medium containing 10% FCS was added to the flasks. (The
FCS provided a competing substrate for the trypsin thereby quenching the effects of
this enzyme on the cells). The cells were washed twice by centrifugation with McCoy’s
5A medium containing 10% FCS. An aliquot of the cells in medium was diluted in 3%
glacial acetic acid in PBS (to lyse any contaminating red blood cells), and the total
number of cells was determined using a Neubauer haemocytometer.

Two types of cells were observed in the adherent layer. One cell type was small,
round, with smooth edges and was assumed to represent haematopoietic cells. The
other type of cell was larger, round, with rough edges. These cells were assumed to
represent the stromal cells. The total number of haematopoietic cells present in the

stromal layer was calculated based on these criteria so that each condition in the
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colony-forming assay would contain the same number of "haematopoietic" cells,
namely 10%/35-mm dish. To prevent stromal cells from adhering to the culture dish, a
feeder layer of 1 ml of 0.3% agar in McCoys 5A medium containing 10% FCS was first
added to the culture dishes. The number of clusters (3 to 40 cells) and colonies (> 40
cells) was determined 7 and 14 days after plating the cells in agar in the presence of
10 ng/ml GM-CSF.

6. Determining the number of foci in the adherent layer.

The establishment and appearance of the adherent stromal layers was
monitored weekly by examination under an inverted phase microscope. The number of
“cobblestone” foci of haematopoietic cells in the adherent layer of LTBM cultures
(Moore et al., 1997) was determined at weekly intervals. The foci were counted by
placing the flask on a 75 x 38 mm glass slide etched with a grid. The results obtained
from 4 flasks for each condition were then adjusted to represent the mean number of
foci + the SD/flask.

7. Statistical analysis.
The statistical significance of differences between the FGF-2-treated and control

cultures was determined using the ¢ test for paired samples (Quito et al., 1996).

Statistical values were considered significant with p < 0.05 value.
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Results.

1. The effect of FGF-2 on the generation of haematopoietic cells in the supernatant of
LTBM cultures.

LTBM cultures were established by inoculating freshly isolated BM cells into

tissue culture flasks, and the effect of FGF-2 on the production of haematopoietic
progenitor cells in the supernatant was determined. At weekly intervals the total
number and lineage composition of the haematopoietic cells, as well as the number of

GM-CSF and G-CSF responsive progenitors, were determined in the supernatant.

1.1. The effect of FGF-2 on the total number of non-adherent cells.
To determine the effect of FGF-2 on the total number of haematopoietic cells in

the supernatant of LTBM cultures, LTBM cultures were established as described in
the Methods. Cultures were incubated at 37°C (Exp. 1) or 33°C (Exp. 2 - 5) [In the

latter experiments I was primarily interested in investigating the effect of FGF-2 on

the number of haematopoietic cells in the adherent stromal layer, and the literature
(Platzer et al., 1988; Cashman et al., 1990; Eaves et al., 1991) indicates that 33°C, as
opposed to 37°C, is the optimal temperature for studying this]. On day 4, after the red

blood cells and mature granulocytes had been removed, different concentrations of
FGF-2 (0.2, 1, 2, or 20 ng/ml of FGF-2 in Exp. 1 and 2, and 1 ng/m] of FGF-2 in Exp. 3,
4, and 5) were added to quadruplicate flasks. The number of haematopoietic cells in
the supernatant of these cultures was determined at various time points and
compared to control cultures.

In Fig. 1, Exp. 1, it can be noted that after 1 week of culture the total number of
cells in the supernatant of all cultures had decreased and continued to do so until
week 3. The decrease in the number of cells in the supernatant may be explained by
death of the mature cells and attachment of the haematopoietic cells to the developing
adherent stromal cell layer. The cell number in the supernatant of LTBM cultures
treated with 1 and 0.2 ng/ml FGF-2 decreased more rapidly than those in control
cultures or cultures treated with higher concentrations of FGF-2 (Fig. 1, Exp. I). The
reason for this effect is not understood, but may possibly occur if FGF-2 at 0.2 and 1
ng/ml stimulates the attachment of the progenitor cells to the stromal cells and/or if
the death of mature progenitor cells is faster in these cultures.

Furthermore, it can be seen in Fig. 1, Exp. 1 that at week 4, the number of cells

in the supernatant of control LTBM cultures and those to which 20 ng/ml of FGF-2

had been added continued to decrease reaching approximately 2 x 10° haematopoietic
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cells/flask at week 6. From weeks 7 through 11 these two cultures yielded
approximately 1.5 x 10° cells/ flask/ week (Fig. 1, Exp. I). In contrast, the cell number
in the supernatants of LTBM cultures, to which 0.2, 1, or 2 ng/ml of FGF-2 had been
added, increased by approximately 9-fold compared to control cultures between weeks
6 and 7, reaching a maximum of 1 x 106 haematopoietic cells/flask (p < 0.001 at week
6, Fig. 1, Exp. 1). After week 7, the number of cells in the supernatant of these LTBM
cultures also decreased. At weeks 9 and 10, however, these cultures still contained 2-
fold (p < 0.005 at week 9) and 3-fold (p < 0.05 at week 10) more cells in the
supernatant than control cultures or cultures treated with 20 ng/ml of FGF-2 (Fig. 1,
Exp. 1).

Thus, from weeks 4 through 10, low concentrations of FGF-2 (0.2, 1 or 2 ng/ml)

increased the total number of haematopoietic cells in the supernatant of LTBM

cultures compared to control cultures incubated at 37°C.

In contrast to Exp. 1, the total number of non-adherent cells in both control and

FGF-2-treated cultures incubated at 33°C decreased at approximately the same rate
during the first 3 weeks (see Fig. 1, Exp. 2 - 5). In addition there was no significant
difference at weeks 4 through 6 in the total number of non-adherent cells between
control cultures and those treated with 1 ng/ml of FGF-2 in Exp. 3 - 5 (Fig. 1).

In summary, the experiments demonstrate that low concentrations of FGF-2
increase the total number of haematopoietic cells in the supernatant of LTBM cultures
incubated at 37°C but not in those incubated at 33°C. The reason for the latter might
be due to a decreased rate in the establishment and development of the cultures as a
result of the lower incubation temperatures of the flasks. Due to the limited amount of
material and the nature of the experiments, i.e. the adherent layers were removed to
determine progenitor number in them, I did not investigate the effects of FGF-2 on the
number of haematopoietic cells in the supernatant of the LTBM cultures incubated at
33°C (see Exp. 2 — 5) beyond week 6. Therefore, I could not determine whether similar
increases in the total number of haematopoietic cells in the supernatant such as those

observed in Exp. 1 would also have been noted at later time points in cultures

incubated at 33°C.
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Fig. 1. The effect of FGF-2 on the number of haematopoietic cells in the supernatant
of LTBM cultures. BM buffy coat cells (2 x 10") were inoculated into 75-cm® flasks. After 4
days, the non-adherent cells were removed and layered onto Ficoll-Hypaque to remove red
blood cells. The low density cells were collected, washed and returned to their original flasks
in 20 ml of Gartner’s medium to which different concentrations of FGF-2 were added as
indicated. The cultures in Exp. I were incubated at 37°C, whereas the cultures in Exp. 2 - 5
(see over the page) were cultured at 33°C. The total number of haematopoietic cells in the
supernatant of each LTBM culture was determined at weekly intervals. Results shown
represent the mean number of cells £ SD of four flasks for each condition. At some time points
the error bars are too small to be observed.
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Fig. 1 continued.
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Fig. 1 continued.
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1.2. The effect of FGF-2 on the lineage composition of the non-adherent haematopoietic
cells.

The lineage composition of the haematopoietic cells in the supernatant of
control and FGF-2 treated LTBM cultures in Exp. I were determined on cytospin
preparations stained with Diff Quik as described in the Methods. There were
significant differences in the cell types of the non-adherent cells between control
cultures and those to which 0.2, 1, 2, or 20 ng/ml of FGF-2 had been added.

During the first 2 weeks of culture, 50 to 70% of the supernatant cells of all
cultures were progenitors and mature cells of the granulocyte/neutrophil lineage
(consisting mainly of bands and segmented neutrophils) (Fig. 24). This decreased to
40 to 50% during weeks 3 to 5 in both control and FGF-2 treated cultures and
remained so through weeks 6 to 10 in LTBM cultures treated with either 0.2 or 1
ng/ml of FGF-2. At weeks 8 through 10, LTBM cultures treated with 20 ng/ml of FGF-
2 had mainly monocytes in the supernatant (Fig. 2B).

Control cultures and those treated with 2 ng/ml of FGF-2 showed a
predominance of lymphocytes in the supernatant at weeks 8 through 10 (Fig. 20C).
Other investigators have also reported a change in the composition of the supernatant
cells in control cultures from granulocytic to either lymphocytic or monocytic (Gartner
and Kaplan, 1980: Hocking and Golde, 1980). The reasons for this are unknown since
Dexter LTBM cultures do not support the development of mature B- and T-cell
lymphocytes (Shibita and Inoue, 1986; Touw and Lowenberg, 1984). It is most likely
that the presence of lymphocytes in these cultures is due to spontaneous Epstein Barr
virus (EBV) transformation of pre-B-cells since it has been shown that B-cell lines can
be established in LTBM cultures when BM from EBV-positive donors are used
(Pavlova et al., 1995; Novotny et al., 1990). Only 10 to 15% of the non-adherent cells in
control cultures and those treated with 2 ng/ml of FGF-2 were myeloid.

In addition, it was noted that in LTBM cultures treated with 0.2 or 1 ng/ml of
FGF-2, a greater percentage of the non-adherent cells were early progenitor cells
(promyelocytes, myelocytes, and metamyelocytes) compared to control cultures (Fig.
2D).
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The lineage composition of the non-adherent cells was also determined in Exp. 5

in which control or FGF-2 (1 ng/ml) treated LTBM cultures were incubated at 33°C
(Fig. 3). Since I did not detect any significant difference in the total number of non-
adherent cells between control and FGF-2 treated cultures (see Fig. 1, Exp. 5), I did
not expect to observe any differences in the composition of the cells in these cultures.
It was however noted, as in Exp. 1, that FGF-2 treated cultures in Exp. 5 contained a
higher percentage of early progenitor cells (11% at week 4) than control cultures (2%
at week 4) which were of the granulocyte/neutrophil lineage (p < 0.05, Fig. 3). Control
LTBM cultures in Exp. 5 also became predominantly lymphocytic after week 4, which,
may have been due to EBV transformation of the pre-B-cells.

Thus, based on the morphology of the cells, the results suggest that LTBM

cultures treated with FGF-2 at either 33°C or 37°C contain a higher number of
primitive progenitor cells of the granulocyte/neutrophil lineage compared to control

cultures.
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Fig. 3. The effect of FGF-2 on the lineage composition of the haematopoietic cells in
the supernatant. BM buffy coat cells (2 x 10") were inoculated into 75-cm” flasks. After 4
days, the non-adherent cells were removed and layered onto Ficoll-Hypaque to remove red
blood cells. The low density cells were collected, washed and returned to their original flasks
in 20 ml of Gartner’s medium and then cultured in the absence or presence of 1 ng/ml FGF-2.
The cultures were incubated at 33°C. To determine the lineage composition of the cells in the
supernatant, the cells were removed at weekly intervals and cytospin preparations, stained
with Diff Quik, were prepared. One flask/point was used to prepare the cytospin preparations.
Differential morphological counts were performed on the stained cells and the results
expressed as a percentage of the total number of cells.
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1.3. The effect of FGF-2 on the number of non-adherent primitive progenitor cells.

In addition to determining the effect of FGF-2 on the total number and
composition of the haematopoietic cells in the supernatant of LTBM cultures, I also
investigated the effect of this growth factor on the number of progenitor cells in this
fraction. Haematopoietic cells from the supernatant of control and FGF-2 treated
cultures were seeded at weekly intervals in colony-forming assays in the presence of
GM-CSF or G-CSF. The number of colonies of the granulocyte-macrophage or
granulocyte lineage, respectively, were scored 14 days after seeding the cells in the
agar.

The results presented in Fig. 4 show the effect of FGF-2 on the number of

primitive progenitor cells in the supernatant of control and FGF-2 treated cultures

incubated at 37°C (Exp. 1). During the first 3 weeks of culture the number of GM-CSF
responsive progenitor cells in the supernatant of control LTBM cultures and those
treated with 0.2, 1, 2, or 20 ng/ml of FGF-2 decreased (Fig. 4A). At the time of
initiation of the LTBM cultures, there were 2.1 x 104 colonies/flask which decreased to
200 - 400 colonies/flask by week 3. The number of GM-CSF responsive progenitors
continued to decrease in control LTBM cultures and those treated with 20 ng/ml of
FGF-2, such that, by week 5, there were no GM-CSF responsive progenitor cells in the
supernatant of these cultures (Fig. 4A). LTBM cultures treated with 0.2, 1, or 2 ng/ml
of FGF-2, however, contained significant numbers of GM-CSF responsive progenitors
at weeks 4 through 8 (FFig. 4A). At weeks 4 through 7, these cultures contained 350 -
550 colonies/flask (p < 0.001 at week 8), which, decreased to approximately 50
colonies/flask by week 8. Thus, these results show that low concentrations of FGF-2
dramatically increased the number of GM-CSF responsive progenitor cells in the
supernatant of LTBM cultures compared to control cultures or LTBM cultures treated
with higher concentrations of FGF-2 (20 ng/ml).

The number of G-CSF responsive progenitors in the supernatant of control
LTBM cultures and those to which 0.2, 1, 2, or 20 ng/ml of FGF-2 had been added
(Exp. 1) decreased during the first 3 weeks of culture in a similar manner to that
noted for GM-CSF responsive progenitors. At the time of initiation, the cultures
contained 9 x 103 colonies/flask (Fig. 4B). By week 3, control LTBM cultures and those
to which 20 ng/ml of FGF-2 had been added, had approximately 80 colonies/flask,
whereas LTBM cultures to which 0.2, 1, or 2 ng/ml of FGF-2 had been added,
contained 200 - 350 colonies/flask (p < 0.02). The number of G-CSF responsive
progenitors in the supernatant continued to decrease in control LTBM cultures and
those treated with 20 ng/ml of FGF-2, such that by week 5 there were no G-CSF
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responsive progenitor cells in the supernatant of these culture. The number of G-CSF
responsive progenitors in the supernatant of LTBM cultures treated with 0.2, 1, or 2
ng/ml of FGF-2 was also increased through weeks 4 to 6 compared to control LTBM
cultures (Fig. 4B). At weeks 4 through 6, these cultures had 100 - 250 G-CSF (p <
0.001) colonies/flask which decreased to less than 50 colonies/flask by week 8.

This experiment shows that in cultures incubated at 37°C, low concentrations of
FGF-2 increased the number of GM-CSF as well as G-CSF responsive progenitor cells
in the supernatant of LTBM cultures compared to control LTBM cultures or those
treated with a higher concentration of FGF-2 (20 ng/ml). This suggests that low
concentrations of FGF-2 increase the total number of haematopoietic cells in the
supernatant of LTBM cultures by increasing the number of primitive progenitor cells.
In Exp. 1, the total number of haematopoietic cells in the supernatant of control
LTBM cultures and those treated with 20 ng/ml of FGF-2 was low at week 6 (see Fig.
1, Exp. 1) and contained no detectable GM-CSF or G-CSF progenitors (see Fig. 4). In
contrast, LTBM cultures treated with low concentrations of FGF-2 contained up to 1 x
106 haematopoietic cells/flask (see Fig. 1, Exp. 1) with 350 - 550 GM-CSF responsive
progenitor cells/flask as well as 100 - 2560 G-CSF responsive progenitors/flask. The
reason for the higher proportion of GM-CSF responsive progenitor cells as compared
to G-CSF responsive progenitor cells is most likely that GM-CSF acts on non-
differentiated progenitors as well as lineage committed progenitors, whereas, G-CSF

acts predominantly on the latter type (Heyworth et al., 1990).
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Fig. 4. The effect of FGF-2 on the number of primitive progenitor cells in the
supernatant of LTBM cultures. BM buffy coat cells (2 x 10”) were inoculated into 75-cm’
flasks. After 4 days, the non-adherent cells were removed and layered onto Ficoll-Hypaque to
remove red blood cells. The low density cells were collected, washed and returned to their
original flasks in 20 ml of Gartner’s medium to which 0, 0.2, 1, 2 or 20 ng/ml of FGF-2 was
added. The cultures were maintained at 37°C. Haematopoietic cells were removed from the
supernatant at weekly intervals and cultured in soft-agar at 10° haematopoietic cells/ml in the
presence of (A) 10 ng/ml of GM-CSF or (B) 100 ng/ml of G-CSF. Results shown are the mean
number of colonies + SD from 4 dishes scored on day 14. At some time points the error bars
are too small to be observed.
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2.2. The effect of FGF-2 on the number of cobblestone foct of haematopotetic cells in the
adherent layer.

I observed that typical cobblestone foci of haematopoietic cells formed in the
adherent layer of control and FGF-2 treated LTBM cultures. Since I had noted that

LTBM cultures cultured at 37°C contained more progenitor cells in the supernatant of
FGF-2 treated cultures compared to control cultures and that these haematopoietic
cells presumably were shed into the supernatant from the adherent layer, I
determined if there were differences in the number of foci of haematopoietic cells in
the adherent layers of these cultures. The number of cobblestone foci of
haematopoietic cells in the adherent layer was determined at weekly intervals as
described in the Methods.

In Exp. 1, LTBM cultures (maintained at 37°C) were treated with 0, 0.2, 2, 1, or
20 ng/m] of FGF-2. The foci in the stromal layers of these flasks were counted from
weeks 2 through 11. LTBM cultures treated with FGF-2 had significantly more foci in
the stromal layer during this time period than control cultures (Fig. 7, Exp. 1). LTBM
cultures treated with 1 or 2 ng/ml of FGF-2 had approximately 10-fold more foci of
haematopoietic cells at week 6 (420 foci/flask) than untreated cultures (40 foci/flask; p
< 0.001 at week 6) (Fig. 7, Exp. 1). In addition, the size of the foci in FGF-2-treated
cultures was larger than those noted in control dishes.

The number of foci of haematopoietic cells in the stromal layer was also
determined in LTBM cultures maintained at 33°C. As shown in Fig. 7, LTBM cultures
treated with 1 ng/ml of FGF-2 in Exp. 3 had 4-fold more foci of haematopoietic cells
than control cultures at week 5 (p < 0.001). This increase was lower than that noted
for cultures treated with 1 ng/ml of FGF-2 and maintained at 37°C, which, may be due
to the slower rate of establishment and development of the adherent layer in cultures
incubated at lower temperatures. As noted before, the size of the foci in FGF-2-treated
cultures was larger than those noted in control dishes.

These results show that FGF-2 increased the number as well as the size of the
cobblestone foci of haematopoietic cells in the stromal cell layers of LTBM cultures.
This finding suggests that FGF-2 increases the number of progenitor cells in the
adherent layer by enhancing their adherence to the stromal cell layer (leading to an
increase in the number of foci) as well as stimulating progenitor cell proliferation

(leading to an increase in the size of the foci).
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Fig. 7. The effect of FGF-2 on the number of foci of haematopoietic cells in the
adherent layer of LTBM cultures. BM buffy coat cells (2 x 10”) were inoculated into 75-cm’
flasks. After 4 days, the non-adherent cells were removed and layered onto Ficoll-Hypaque to
remove red blood cells. The low density cells were collected, washed and returned to their
original flasks in 20 ml of Gartner’s medium to which 0, 0.2, 1, 2, or 20 ng/ml (Exp. 1), or 0 and
1 ng/ml of FGF-2 (Exp. 3) were added. The cultures in Exp. I were incubated at 37°C, whereas
the cultures in Exp. 3 at 33°C. At weekly intervals, the number of foci of round, refractile
haematopoietic cells present in the stromal layer was counted. Results shown represent the
mean of foci £ SD of three flasks (Exp. 1) and five flasks (Exp. 3) for each condition. At some

time points the error bars are too small to be observed.
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2.3. The effect of FGF-2 on the total number of cells in the adherent layer of LTBM
cultures.

The total number of cells (stromal plus haematopoietic) in the adherent layers
of LTBM cultures treated with or without FGF-2 was determined. This was done
because colony-forming soft-agar assays were used to determine the effect of FGF-2 on
the number of primitive progenitor cells in the adherent layers and [ wanted to access
whether colony growth might be affected if different numbers of stromal cells were co-
seeded with the "haematopoietic” cells in the assays.

Therefore, the total number of adherent cells as well as the number of
haematopoietic cells in the adherent layer (identified morphologically, by arbitrarily
defining these cells as small, round cells with smooth edges), were determined using a
haemocytometer (the results for Exp. 2 - 6 are shown in Table 2). It is assumed that
any error in the morphological identification of the haematopoietic cells remained
constant between experiments.

In Chapter 2 I showed that FGF-2 is a mitogen for the adherent layer of
primary LTBM cultures. Therefore, I expected to see significant differences in the
total number of adherent cells (stromal plus haematopoietic) between control and
FGF-2 treated cultures. Concentrations of 1, 2, or 20 ng/ml FGF-2 were most effective
in stimulating the total number of adherent cells. The increase, however, was not
dependent on the amount of FGF-2 added as previously noted in Chapter 2. The
number of adherent cells was increased by approximately 2.5-fold at week 3 (an
average of 12.1 x 106 cells/flask for the three FGF-2 concentrations, p < 0.001), and, by
approximately 2.9-fold at week 4 (an average of 16.8 x 106 cells/flask for the three
FGF-2 concentrations, p < 0.001) compared to control cultures (Table 2, Exp. 2). [The
reason that the increase in adherent cell numbers appears to be independent of FGF-2
concentration is most likely due to cell numbers being determined in LTBM cultures
with confluent adherent layers. In Chapter 2 I determined the rate of growth of
sparsely plated cells after 15 days.] The average mediated increase in cell number by 1
ng/ml FGF-2 in Exp. 3, 4, and 5 was 3.7+ 0.8 at week 2 (p < 0.05), 3.2 £ 1.4 at week 3 (p
<0.02),4.5+1.2 at week 4 (p < 0.01), and 4.9+ 0.8 at week 5 (p < 0.01)(Table 2).

Because FGF-2 stimulates the proliferation of stromal cells, colony-forming
assays established with haematopoietic cells from FGF-2-treated LTBM cultures may
have contained a different number of stromal cells than colony forming assays
established with cells from control LTBM cultures. However, this would only occur if
the increase in stromal cell number by FGF-2 is independent of the increase in

haematopoietic cell number by this growth factor or, in other words, if the ratio of
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Table 2. The ratio of stromal to “haematopoietic” cells in the adherent layers of LTBM cultures.

Total number Number of Number of Ratio of
Exp. of cells/ “haematopoietic” | stromal cells/ stromal to
No | Week Condition 75-cm? flask | cells/75-cm® flask | 75-cm® flask | haematopoietic
(x 105 {x 105 {(x 10% cells
2 3 Control 4.9+0.7 0.9 4.0 4.6:1
0.2 ng/ml FGF-2 8.1+ 10 1.5 6.6 4.3:1
1 ng/ml FGF-2 12.6 +0.1* 2.8 9.8 3.6:1
2 ng/ml FGF-2 11.6 £0.3* 2.3 8.3 3.6:1
20 ng/ml FGF-2 12.0 + 1.0* 2.8 9.2 3.3:11
4 Control 58+0.5 1.4 4.3 3.0:1
0.2 ng/ml FGF-2 9.8+18 2.0 7.8 3.9:1
1 ng/ml FGF-2 16.3 + L.0* 3.7 12.8 3.4:1
2 ng/ml FGF-2 188+ 1.2% 3.3 10.6 321
20 ng/ml FGF-2 15.2 £ 2.2%* 4.1 11.2 2.7:1
3 3 Control 4.8+0.0 1.2 3.5 2.9:1
Ing/ml FGF-2 9.2 +0.7% 14 7.8 5.6:1
4 Control 6.040.2 1.4 46 3.3:1
Ing/ml FGF-2 | 20.7+0.3* 3.2 17.5 5.4:1
5 Control 82+13 15 6.7 451
lng/ml FGF-2 | 345 +4.8% 6.9 21.5 40:1
4 3 Control 38+02 1.1 2.7 251
Ing/ml FGF-2 186+ 1.0* 4.1 14.5 3.5:1
4 Control 28+03 0.7 2.1 2.9:1
Ingfml FGF-2 16.1+ 1.5% 4.6 11.5 2.5:1
5 Control 358+04 0.7 2.8 4.2:1
Ing/ml FGF-2 20.2 +1.4% 5.2 145 2.9:1
5 3 Control 6.2+05 1.3 3.8:1
Ing/ml FGF-2 23.1+ 1.8% 5.3 17.8 3.4:1
4 Control 62104 0.9 5.3 581
Ing/ml FGF-2 26.3 +2.2* 6.7 19.6 2.9:1
5 Control 52+08 0.9 4.3 5.0:1
1ng/ml FGF-2 24.2+0.2* 6.8 174 2.6:1

BM buffy coat cells (2 x 107) were inoculated into 75-cm” flasks. After 4 days, the non-adherent
cells were removed and layered onto Ficoll-Hypaque to remove red blood cells. The low density
cells were collected, washed and returned to their original flasks in 20 ml of Gartner’s medium
and cultured in the absence or presence of FGF-2. At weekly intervals the adherent layers were
removed and the numbers of stromal cells and “haematopoietic” cells in the layer were
determined morphologically using a haemocytometer. Haematopoietic cells were defined as
small, round cells with smooth edges and stromal cells were defined as large, round cells with
rough edges. Results represent the mean number of cells + SD of duplicate flasks for each

condition.
*p <0.001, ** p <0.005, § p < 0.02
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stromal to haematopoietic cells in FGF-2-treated cultures was different from that in
control cultures. The effect of the stromal cells on the haematopoietic cells in the
colony forming assays is unknown. Stromal cells could have no effect, or, they could
alter the number and/or size of the colonies by either (a) producing growth factors that
stimulate/inhibit progenitor cell growth, or by (b) depleting the medium of nutrients,
or by (¢) releasing toxic substances after cell death.

It is possible that a certain number of stromal cells are required to support the
growth and development of a particular number of haematopoietic cells. Therefore, in
order to determine whether there was a statistically significant change in the ratio of
stromal to "haematopoietic” cells in FGF-2-treated LTBM cultures compared to control
cultures, these ratios were tabulated as shown in Table 2. Statistical analysis of the
data (Table 3) indicated that there was no significant difference in the ratio of stromal
to "haematopoietic" cells between control and FGF-2 treated LTBM cultures. This
suggests that the number of stromal cells co-seeded with the haematopoietic cells in
the colony forming assays did not vary significantly from one experimental condition
to another. Thus, the effects of the stromal cells on the growth and development of the
colonies would have been similar for each experimental condition.

These findings also imply that a specific number of stromal cells is required to
support the growth and development of a specific number of "haematopoietic” cells
suggesting that the effects of FGF-2 on haematopoietic cell numbers in LTBM cultures
might be indirect, i.e. stromal-cell mediated. From Table 3 it can be noted that
approximately 4 stromal cells are required to generate 1 "haematopoietic" progenitor
cell at any given time point. While, this suggests that the density of the stromal cells
alone may account for an increase in progenitor cell numbers, my results (see Tables 4
and 5) clearly indicate that FGF-2 acts on haematopoietic cells, most likely by

maintaining them in a more primitive state which can lead to their expansion.
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Table 3. Statistical significance of the stromal to haematopoietic cell ratios (from
Table 2) between 1 ng/ml FGF-2-treated and control LTBM cultures,

Week 3 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Average
Control 4.6 2.8 2.5 3.8 3.5+09
FGF-2 3.6 5.6 3.5 3.4 4.0+ 1.1%
Week 4 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Average
Control 3.0 3.3 2.8 5.8 38£14
FGF.-2 3.4 5.4 2.5 2.9 3.6+ 1.3%
Week 5 Exp 2 Exp. 3 Exp 4 Exp. 5 Average
Control ND 4.5 4.2 5.0 46+04
FGF-2 ND 4.0 2.9 2.6 3.2+£0.7*

ND: not determined
¥ p > 0.05, 1.e. no significant difference to control LTBM cultures.

2.4. The effect of FGF-2 on the number of haematopoietic progenitor cells in the
adherent layer.

Haematopoietic progenitor cells in the adherent layer of LTBM cultures are
continuously shed into the supernatant as they mature. I observed that the addition of
FGF-2 to LTBM cultures (maintained at 37°C) increased the number of progenitor
cells in the supernatant. This finding, combined with the observation that FGF-2
stimulated the number of foci of haematopoietic cells in the stromal layer of these
LTBM cultures, suggested that FGF-2 increased the number of haematopoietic
progenitor cells in the adherent layer of LTBM cultures. I therefore investigated the
effect of FGF-2 on the number of haematopoietic progenitor cells in the adherent
layers of LTBM cultures. Since the literature indicated that incubating LTBM
cultures at 33°C was more effective than 37°C for studying haematopoietic progenitor
cells in the stromal cell layer (Platzer et al., 1988; Cashman et al., 1990; Eaves et al.,
1991), the LTBM cultures in these experiments were maintained at the lower

temperature.
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The adherent layers were removed from LTBM cultures and the number of
"haematopoietic" cells was determined by identifying them morphologically as
described in the Methods. The number of GM-CSF responsive progenitor cells in the
adherent layers of control and FGF-2 treated LTBM cultures were then determined
using colony-forming assays as described in the Methods.

In Exp. 2, sufficient BM cells were collected to establish 25 flasks of cells. This
allowed me to determine the number of progenitor cells in the adherent layer at two
time points from duplicate (and in some cases from triplicate) LTBM flasks treated
with different concentrations of FGF-2 (0.2, 1, 2, or 20 ng/ml FGF-2).

Table 4 shows the number of GM-CSF responsive progenitor cells/flask
determined at weeks 3 and 4 for Exp. 2, in which LTBM cultures were treated with 0,
0.2, 1, 2, or 20 ng/ml of FGF-2. Results are expressed as the mean *+ the standard
deviation of four dishes for each condition. Table 4A shows that the number of
progenitor cells in the stromal layer calculated from cluster counts made on day 7 was
increased by all concentrations of FGF-2 used. Control LTBM cultures had 299 + 106
progenitors/flask at week 3, and, 187 + 86 progenitors/flask at week 4 (Table 44).
Concentrations of 1 or 2 ng/ml FGF-2 stimulated the number of progenitor cells in the
adherent layer at both weeks 3 and 4 by approximately 14-fold above control cultures
(Table 44, p < 0.001 in each case).

Similarly, Table 4B shows that all concentrations of FGF-2 used stimulated the
number of progenitors in the adherent layer calculated from colony counts made on
day 14. Control LTBM cultures had 484 + 70 progenitors/flask at week 3 and 230 £ 72
progenitors/flask at week 4 (Table 4B). At week 3, LTBM cultures treated with 1, 2, or
20 ng/ml of FGF-2 contained on average 6.3-fold more GM-CSF responsive progenitors
than control cultures (Table 4B, p < 0.001). At week 4, concentrations of 1 or 2 ng/ml
FGF-2 were the most effective at stimulating the number of progenitor cells in the
adherent layer. LTBM cultures treated with these concentrations of FGF-2 contained

on average 14 times more progenitor cells than control cultures (Table 4B, p < 0.001).
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Table 4. Total number of GM-CSF responsive progenitor cells in the adherent layer
or supernatant of LTBM cultures cultured in the absence or presence of FGF-2,

FGF-2-mediated FGF-2-mediated
increase in the increase in the
Number of number of Number of progenitor | number of progenitor
progenitor cells in | progenitor cells in cells in the cells in the
FGF-2 the adherent the adherent supernatant / supernatant /
Week | (ng/ml} | layer/75-em® flask | layer/75-cm’ flask 75-cm® flask 75-cm” flask
A 3 0 299 + 106 - 4576 = 1888 -
0.2 1920 + 240 6.4% 11792+ 414 2.6*
5713+ 1187 19.0% 23496 £ 3234 B.1*
2 4508 * 456 15.0% 14388 + 2046 3.1%
20 2296 + 420 7.7* 22836 £ 4752 4.9%
4 0 187 + 86 . ND
0.2 1160 + 150 6.2+ ND
1 2686 + 699 14.3% ND
2 3280 + 689 17.5% ND
20 1102 + 408 5.9%* ND
j 24 3 0 484 + 70 - 1296+ 176 -
0.2 1560 £ 270 3.2% 1360 £ 350 1.1 N8
3091 + 331 6.4% 3278+ 1122 2.5%
2 3146 + 342 6.5% 1716 £ 594 1.8 N8
20 2940 + 252 6.1% 4191 £ 1254 3.9%
4 0 230+72 - ND
0.2 1320 £ 340 B.T* ND
3422 + 552 14.9* ND
2 2854 164 12.4* ND
20 1632 + 530 7.1% ND

BM buffy coat cells (2 x 107) were inoculated into 75-cm” flasks. After 4 days, the non-adherent
cells were removed and layered onto Ficoll-Hypaque to remove red blood cells. The low density
cells were collected, washed and returned to their original flasks in 20 ml of Gartner’s medium
to which 0, 0.2, 1, 2, or 20 ng/ml of FGF-2 was added. At weeks 3 and 4, the supernatant and
the adherent layers were removed and the cells seeded in colony forming assays in the
presence or absence of 10 ng/ml GM-CSF. Clusters (3-40 cells) and colonies (> 40 cells) were
scored 7 (A) and 14 (B) days after seeding the cells in agar. Results shown are the total
number of progenitors/75-cm® flask and are the mean + the SD of four dishes for each
condition.

*p < 0.001, **p < 0.005 with respect to the control.

NS: not significant with respect to the control.

ND = not determined
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In addition, the results show that at weeks 3 and 4 the number of colonies/flask
determined on day 14 in control LTBM cultures and those treated with 0.2 or 20 ng/ml
of FGF-2 was either greater than, or approximately equal to, the number of
clusters/flask determined on day 7 for these cultures. This suggests that the clusters
were formed from primitive progenitor cells which continued to grow to form colonies.
In contrast, the number of colonies/flask was lower than the number of clusters/flask
in LTBM cultures treated with 1 or 2 ng/ml of FGF-2 at week 3. This suggests that the
clusters were formed from a mixture of primitive and differentiated progenitor cells
and that it was the former cell type, with the greater proliferative potential, that
continued to grow and form colonies. Therefore, the adherent layers of LTBM cultures
treated with 1 or 2 ng/ml of FGF-2 appear to contain a mixture of primitive and more
differentiated progenitor cells, whereas control LTBM cultures and those treated with
0.2 or 20 ng/ml of FGF-2 contained mainly primitive progenitor cells.

Furthermore, it can be noted from Table 44 and B, that the FGF-2-mediated
increase in the number of progenitor cells was greater in the adherent layer than in
the supernatant (the number of progenitor cells determined in the supernatant of
LTBM cultures at week 3 were discussed earlier in section 1.3 and Fig. 5). This most
likely reflects the primitive nature of the progenitor cells in the adherent layer.

These results therefore demonstrate that FGF-2 increased the number of GM-
CSF responsive progenitors in the adherent layer of LTBM cultures with low
concentrations of FGF-2 (1 or 2 ng/ml) being the most effective. Higher concentrations
of FGF-2 (20 ng/ml) were significantly less effective and, although the reasons for this
are not understood, it may reflect the biphasic nature of growth factor action.

This experiment was repeated several times using one concentration of FGF-2
to determine its effect on the number of progenitor cells in the adherent layers of
LTBM cultures over a longer period of time rather than at 2 time points as in Exp. 2.
A concentration of 1 ng/ml FGF-2 was chosen, as it was noted in Exp. 2 that this
concentration of FGF-2 was more effective than higher concentrations at stimulating
the number of progenitor cells in the stromal layer (Table 4). The adherent layers of
Exp. 3, 4, 5, and 6 were removed at weeks 2 through 6 and seeded into colony forming
assays as described for Exp. 2. The results are shown in Table 5. For easier
visualisation, the results of Exp. 3, 4, and 5 are shown in graph form in Fig. 8.

As noted before, 1 ng/ml of FGF-2 significantly stimulated the number of GM-
CSF responsive progenitor cells in the adherent layers compared to control LTBM
cultures, particularly at weeks 4 and 5 (Table 5A and B and Fig. 8A and B). Table 54

shows that at week 4 the FGF-2-mediated increase in the number of progenitors/flask,
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calculated from cluster counts scored on day 7 of the colony forming assay, ranged
from 156-fold to > 1766-fold. Likewise, Table 5B shows that the FGF-2-mediated
increase in the number of progenitors/flask, calculated from colony counts scored 14
days after seeding the cells in agar, ranged from 95-fold to > 804-fold. The reason why
the FGF-2-mediated increases are higher than those noted in Table 4 is most likely
due to the lower colony counts obtained with control cultures which reflects the
variation in growth from one BM sample to another.

The number of progenitor cells/flask found in the supernatant of these LTBM
cultures (discussed earlier in section 1.3 and Fig. 5) are also shown in Table 5A and B
as well as Fig. 84 and B. As noted before the most striking observation is that FGF-2
was more effective at increasing the number progenitor cells in the adherent layer
than in the supernatant.

A further observation noted in Table 5B is that the primitive progenitor cells in
FGF-2-treated LTBM cultures are more persistent in the adherent layers than in the
supernatant. In contrast, in control LTBM cultures, haematopoietic cells appear to be
more persistent in the supernatant than in the adherent layer. For example, Table 5B
shows that in Exp. 3 the number of progenitor cells in the supernatant of control
LTBM cultures was greater than the number of progenitor cells in the adherent layer
at week 4 (245 * 34 progenitor cells/flasks vs. 42 *+ 36 progenitor cells/flask,
respectively). In contrast, FGF-2 treated LTBM cultures contained 4013 *+ 1361
progenitor cells in the adherent layer as compared to 420 + 175 progenitor cells in the
supernatant (see also Fig. 8 B). Since there is a spatial sequence in which progenitor
cells proliferate and mature in the adherent layer and then move into the supernatant
of LTBM cultures (mimicking the in vivo egress of haematopoietic cells from the BM
into the circulation), this observation suggests that low concentrations of FGF-2 may
inhibit the differentiation of primitive progenitor cells, thus decreasing the rate at
which these cells are shed from the adherent layer into the supernatant compared to
control LTBM cultures.

In summary, the addition of low concentrations of FGF-2 to human Dexter
LTBM cultures significantly stimulates the number of haematopoietic cells in the
adherent layer and to a lesser extent in the supernatant and appears to do so by
increasing the percentage of immature progenitor cells of the granulocyte-macrophage

lineage.
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Table 5A. Number of progenitor cells in the adherent layer and supernatant of control LTBM cultures
or cultures treated with 1 ng/ml FGF-2 (calculated from clusters scored on day 7 of the colony forming assay).

FGF-2-mediated increase in the FGF-2-mediated increase in the
Exp Number of progenitor cells in the number of progenitor cells in the Number of progenitor cells in the number of progenitor cells in
No Week adherent layer/75-cm? flask adherent layer/75-cm? flask supernatant /75-cm? flask the supernatant/75-cm? flask
Con 1 ng/ml FGF-2 Con 1 ng/ml FGF-2
3 2 1832 £ 433 1804 £ 449 s 12719 + 1797 8224 + 2990 0.6™
3 303 £ 48 958 £ 51 3% 2622 £ 281 3266 £ 7060 1.2M
4 4+7 626 £ 196 156* 427 + 146 464 + 98 e
5 0 504 £ 103 > 504* ND ND -
4 2 68 + 57 460 + 145 7* 13081 + 2286 7928 + 1737 0.6}
3 76 +£27 3362 £ 1804 44% 1235 + 154 2998 + 578 o g
4 0 1766 + 134 > 1766* 361+ 18 713+ 90 1.97%
5 0 432 + 270 > 432% ND ND N
5 2 ND ND - 13432 £ 701 20350 £ 1976 1.5%*
3 102 £77 6970 £ 792 68* 61+ 20 1186 + 193 19.6%
4 0 1005 + 335 > 1005% 29+ 20 448 + 55 15.5%
5 0 0 0 0 0 0
6 0 0 0 0 0 0
6 2 ND ND - 24012 + 3058 16600 £950 0.7%%
3 5+11 1350 + 180 270% 1245 + 85 2099 + 333 17%%

a8

BM buffy coat cells (2 x 107) were incculated into 75-cm”® flasks. After 4 days, the non-adherent cells were removed and layered onto Ficoll-Hypaque to remove red blood
cells. The low density cells were collected, washed and returned to their original flasks in 20 ml of Gartner's medium and then cultured in the absence or presence of 1
ng/ml FGF-2. All cultures were maintained at 33°C. At weeks 2 - 6, the medium and the stromal layers were removed and the cells seeded in colony forming assays in the
presence of 10 ng/ml GM-CSF. Clusters (3-40 cells) were scored on day 7. Results represent the mean number of progenitors + the SD calculated from four dishes for each
condition.

ND = not determined.

*p<0.001 % p <0.002; **p <0.005,§ p<0.05

NS: not significantly different
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Table 5B. Number of progenitor cells in the adherent layer and supernatant of control LTBM cultures

or cultures treated with 1 ng/ml FGF-2 (calculated from colonies scored on day 14 of the colony forming assay.)

Number of progenitor cells in | FGF-2-mediated increase in the FGF-2-mediated increase in the
Exp the adherent layer/75-cm® number of progenitor cells in Number of progenitor cells in the | number of progenitor cells in
No | Week flask the adherent layer/75-cm? flask supernatant/75-cm? flask the supernatant/75-cm? flask
Con 1 ng/ml FGF-2 Con 1 ng/ml FGF-2
3 2 813 £ 365 2904 + 290 3.6% 5696 + 1582 13884 + 1655 2.4%%
3 386 £ 145 1454 + 209 3.8% 2765 £ 810 1528 + 218 0.6M
4 42 + 36 4013 + 1361 95* 245+ 34 420+ 175 1,788
5 0 380+ 131 > 380* ND ND -
4 2 787+ 137 2856 £ 1056 3.6%* 10605 £1387 9891 £3322 0.9N¢
3 16319 3547 £ 1304 2wk 151+12 154+ 12 1.0%
5 2 ND ND - 9110 + 1869 12580 + 1244 1.4%%*
3 90+ 13 2429 + 475 27 297185 1224 + 55 4.2%
4 0 804 + 335 > 804* 38+ 24 252+ 21 6.6*
5 9tb 68+ 34 7.6% 0 22+7 > 22.0%*
6 0 440+ 110 > 440% 0 0 0
6 ND ND - 11120 = 626 8050 + 1650 0.7k
224 + 67 3150 + 810 14%* 1519 + 359 1562 + 410 1.088

The colony forming assays from which the results for Table 5A were calculated were incubated for a further 7 days. Colonies (> 40 cells) were scored on day
14 of the colony forming assay. Results represent the mean number of progenitors + the SD calculated from four dishes for each condition.

NU = not determined
*p < 0.001; ** p < 0.005; ** p < 0.005
NS: not significantly different
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Fig. 8A. The effect of FGF-2 on the number of progenitor cells in the adherent layer

and supernatant of LTBM cultures calculated from clusters scored on day 7 of the
colony forming assay. The results shown in Table 5A are represented in graph form.
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Fig. 8B. The effect of FGF-2 on the number of progenitor cells in the adherent layer

and supernatant of LTBM cultures calculated from colonies scored on day 14 of the
colony forming assay. The results of Table 5B are represented here in graph form.
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Discussion.

In vivo studies indicate that FGF-2 may be a relevant growth factor for the
survival and differentiation of haematopoietic cells (Faloon et al., 2000; Anzai et al.,
1999; Yuen et al., 1998; Gabbianelli et al., 1990; Gabrilove et al., 1994; Gallicchio et
al., 1991; Han et al., 1992; Bikfalvi et al., 1992; Bruno et al., 1993; Burger et al.,
1998). Therefore, 1 investigated the effect of this growth factor on the proliferation and
differentiation of haematopoietic cells in LTBM cultures. LTBM cultures were treated
with different concentrations of FGF-2 and the number of progenitor cells was
determined in the supernatant and adherent layers. My results show that low
concentrations of FGF-2 (0.2 to 2 ng/ml) stimulate haematopoiesis in both the
supernatant and adherent layers of LTBM cultures. FGF-2 is produced by BM stromal
cells and is present in haematopoietic cells in vivo (Brunner et al., 1993). Thus my
results, together with other investigators, suggest that FGF-2 may form part of the

complex cytokine network that regulates haematopoiesis.

1. FGF-2 increases progenitor cell numbers in LTBM cultures.

The most significant observation was that the increase in the number of
progenitor cells by low concentrations of FGF-2 was greater in the adherent layer than
in the supernatant. This is most likely because the progenitor cells in the adherent
layer have a more primitive phenotype than most of the haematopoietic cells in the
supernatant (Keller et al., 1994b; Coulombel et al., 1983), and FGF-2 may have its
greatest effect upon this cell group. My observation is consistent with the findings of
other investigators who treated LTBM cultures with CSFs and observed that 1L-3,
GM-CSF, or G-CSF preferentially stimulated progenitor cell growth in the adherent
layers (Coutinho et al., 1990).

My findings that FGF-2 stimulates the number of primitive progenitor cells in
LTBM cultures are also consistent with the reported actions of this growth factor on
primitive cells from other sources. The senescence of primordial germs cells is delayed
by FGF-2 (Matsui et al., 1992) and embryonic stem cells (which can be generated from
primordial germs cells) are dependent are FGF-2 for their self-renewal (Anzai et al.,
1999; Yuen et al., 1998). FGF-2 also inhibits the differentiation of oligodendrocyte-
type 2 astrocyte progenitor cells and promotes their proliferation (Bogler et al., 1990).

In addition to the observation that FGF-2 increased the number of progenitor
cells in the adherent layer and supernatant of LTBM cultures, I made a number of

additional observations:
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(1) High concentrations of FGF-2 (20 ng/ml) was less effective than lower
concentrations of this growth factor in stimulating the number of progenitor cells in
the adherent layer and supernatant of LTBM cultures (Table 4 and Fig. 44
respectively). The reason for this is not clear. A concentration-dependent response to
FGF-2 has been reported for hippocampal progenitor neurons (Ray et al., 1993). Low
concentrations of FGF-2 (560 pg to 1ng/ml) induced survival of the neurons whereas
higher concentrations (10-20 ng/ml FGF-2) induced proliferation of these cells (Ray et
al., 1993). This indicates that the effects of FGF-2 on certain cell types may occur in a
concentration-dependent manner. If FGF-2 is acting in synergy with other growth
factors to stimulate progenitor cell growth, low concentrations may be more effective
than higher concentration (Lowry et al., 1992). Alternatively, high concentrations of
FGF-2 may stimulate inhibitory cytokines which might be unaffected by low
concentrations of FGF-2,

(2) The incubation temperature had an effect on the FGF-2-mediated increase in
the total number of haematopoietic cells in the supernatant of LTBM cultures. At
37°C, but not at 33°C (Fig. 1), the total number of haematopoietic cells in the
supernatant was increased by low concentrations of FGF-2. The reason for this is most
likely that the lower incubation temperature decreased the rate at which the LTBM
cultures established and developed thus delaying an increase in the number of
progenitor cells in the supernatant of these cultures. Due to limited amounts of
material and the nature of the experiments, i.e. the adherent layers were removed to
determine progenitor number in them, haematopoietic cells in the supernatant and
adherent layers of the LTBM cultures incubated at 33°C were not analysed beyond
week 6. Therefore, I could not establish whether similar increases in the total number

of haematopoietic cells in the supernatant of LTBM cultures at 37°C would also have

been noted at later time points in cultures incubated at 33°C.

2. Comparison of mv results with published literature.

2.1. The effects of FGF-2 on haematopoiesis in LTBM cultures in comparison with

other growth factors.

I demonstrated a significant increase in the number of progenitor cells in LTBM
cultures in the presence of FGF-2. I have compared the effects that I observed with
FGF-2 with those noted by other investigators using other growth factors or cytokines
(Table 6). The addition of FGF-4, SCF, IL-3, IL-4, GM-CSF, and G-CSF stimulated the
number of progenitor cells in the supernatant and the stromal layer of LTBM cultures
(Table 6; Quito et al., 1996; Firkin et al., 1993; Coutinho et al., 1990; Keller et al.,
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1994b; Platzer et al., 1988) whereas M-CSF (not shown in Table 6) inhibited
haematopoiesis (Mayani et al., 1991). It is further evident from Table 6 that FGF-2 is
considerably more effective than any of the other growth factors or cytokines and
dramatically stimulates the number of primitive progenitor cells in both the adherent
stromal layer and the supernatant of LTBM cultures. Surprisingly, Dooley et al.
(1995) have reported that the addition of FGF-2 to human LTBM cultures inhibits
progenitor cell production. This finding is unexpected given the wealth of evidence

indicating a supportive role for FGF-2 in haematopoiesis.

Table 6. Growth-factor mediated increase in the number of progenitor cells in the
supernatant and adherent layers of LTBM cultures.

Growth Factor Supernatant Adherent layer Lineages induced
FGF-2 > 395-fold (37°C) Not determined at 37°C neutrophils
{(Ing/ml) > 22-fold (33°C) 450-fold (33°C)

FGF-4° 1.8 - 2.5-fold 5-fold neutrophils
{30 ng/ml)

SCF 2-fold no increase neutrophils
{50 ng/ml)

IL-53° 5-fold 2 - 18-fold neutrophils,

{2 ng/mD) lymphocytes

1L-4¢ 2 - 3-fold 3-fold neutrophils
(500 U/ml)

GM-CSF° 3-fold 2 - 18-fold neutrophils,

{10 ng/ml) monocytes,

eosinophils,

Iymphocytes

G-CSF** 2-fold 2 - 8-fold neutrophils
(50 ng/ml}

a: Quito et al., 1996 b: Firkin et al,, 1993 ¢ Coutinho et al., 1990
d Keller et a] 1994b e: Platzer et al., 1988

Of particular interest are the effects of FGF-4 on haematopoiesis (Quito et al.,
1996) since it shares 40% homology with FGF-2 (Galzie et al., 1997). Maximal
stimulation was noted with 30 ng/ml FGF-4 (Quito et al., 1996) compared to 1 ng/ml
FGF-2 in my LTBM cultures (Table 6). In contrast to FGF-2, FGF-4 did not display a
biphasic nature in that low concentrations as well as high concentrations (up to 100

ng/ml of FGF-4) stimulated haematopoiesis (Quito et al., 1996). I observed that 20
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and 8 that the differences in my protocol for establishing LTBM cultures resulted in a
more rapid depletion of the progenitor cells from the supernatant and adherent layer
of control LTBM cultures compared to the results published by other investigators.
This rapid decline in progenitor numbers in the supernatant occurred because two
thirds in place of half of the supernatant was removed at weekly intervals (Wilson et
al., 1991). Nevertheless, although the life span of my LTBM cultures was shortened by
these changes in protocol, the stimulatory effects of FGF-2 on the number of
progenitor cells in LTBM cultures was clearly demonstrated using these culture

conditions.

Table 7. Comparison of the number of progenitor cells in the supernatant
of my LTBM cultures with those of other investigators.

Number of CFU -GM/10° BM buffy coat cells originally seeded in the culture®
Exp 1 Exp 3 Exp 5 Published results
FGF-2 FGF-2 FGF-2 Countinho Mayani et Chauvet et | Quito et al.,
Week Con 1ng/mi] Con 1Ing/mi] Con iIng/ml| etal, 1980 al, 1991 al., 1890 1996+
1 4941 3345 ND ND ND ND 4666 1277 5100 ND
2 2035 339 2848 6442 | 4555 6295 1666 456 2500 1180
3 103 149 1383 764 149 612 300 281 500 ND
4 55 286 123 210 19 126 280 144 500 440
5 0 138 0 11 166 118 500 ND
¢ 0 207 0 0 300 40 500 950
7 200 138 35 400 ND
8 25 133 55 85
9 10 100 65
10 11 80 10
11 3
Temp 37°C 33°C 33°C 33°C 33°C 37°C 37°C

ND = not determined

* In order to be comparable, the results have been expressed as the number of CFU-GM/10” BM buffy
coat cells originally seeded in the flask.

** Results were published as the number of CFU-c per flask and, in addition to CFU-GM, include BFU-E,
CFU-G, and CFU-GEMM colony counts. The data are presented as the number of CFU-¢/10” whole bone
marrow cells because whole bone marrow rather than BM buffy coat cells was used to initiate the LTBM
cultures.
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ng/ml of FGF-2 was less effective than lower concentration in augmenting
haematopoiesis. This suggests that the mechanism of action of FGF-4 in LTBM
cultures may be different to that of FGF-2. One possibility might be that FGF-4
primarily mediates its effects directly on haematopoietic cells whereas FGF-2
mediates its effects indirectly via the stromal cells.

The increases in progenitor cell numbers in LTBM cultures treated with 3
ng/ml FGF-4 or FGF-2 observed by Quito et al. (1996) were significantly lower (5-fold
in the adherent layer and 1.75-fold in the supernatant at week 6) than those I
observed with low concentrations of FGF-2 (Table 6). The reason for this is unclear but
may be due to differences in the culture conditions. For example, 80 x 10° cells were
seeded into 25-cm? flasks (Quito et al., 1996) whereas I seeded 20 x 10° cells in 75-cm?
flasks. Thus, the ratio of cells to surface area was higher and their cells may have

been deprived of nutrients (see section 2.2).

2.2. Differences in the protocols for the establishment and maintenance of LTBM

cultures.

My protocol for establishing LTBM cultures differs significantly from those
described in the literature (Gartner and Kaplan, 1980; Coulombel et al., 1983;
Chauvet et al., 1990; Coutinho et al., 1990; Quito et al., 1996) in the following
respects:

(1) Two x 107 cells were inoculated into flasks with a larger surface area (75 ¢cm?2) in
place of a similar or greater number of cells added to 25-cm? flasks or dishes. I
found that it was necessary to increase the surface area of the culture vessel to
prevent premature detachment of the stromal layer in flasks treated with high
concentrations of FGF-2 (20 ng/ml). The stromal cells in these cultures grew to high
cell densities in multiple layers and, in some cases, detached from the surface of the
flask after extended periods of culture.

(2) Because FGF-2-treated cultures grew to higher cell densities than control cultures,
the cells were fed twice a week (Table 1) instead of once a week to prevent nutrient
depletion in the FGF-2-treated cultures.

(3) Two thirds of the supernatant (Table 1) in place of half of the supernatant was
removed at weekly intervals. Thus, the progenitor cells in the supernatant were
depleted more rapidly as compared to removing half the supernatant as it is
described in the literature.

Because of these differences, I have compared the life span of my LTBM cultures

with that published by other investigators (Tables 7 and 8). It is evident from Tables 7
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Table 8. Comparison of the number of progenitor cells in the adherent layers of my
LTBM cultures and those published by other investigators.

Number of CFU-GM/107 BM buffy coat cells originally seeded in the culture*
Exp. 8 Exp. 5 Published results
FGF-2 FGF-2 Platzer et Coulombel et Quito et al.,

Weeks Control 1 ng/ml Control 1 ng/ml al., 1988 al., 1983 1956%*

1 ND NG ND ND 230 ND ND

2 406 1456 ND ND 350 800 140

3 183 727 7 1774 120 240 ND

4 21 2006 0 402 ND 400 140

5 0 190 4 34 140 ND

6 220 88 32

7 40 ND

8 25
Temp 33°C 33°C 33°C 33°C 37°C

ND = not determined

* In order to be comparable, the results have been expressed as the number of CFU-
GM/107 BM buffy coat cells originally seeded in the flask.

** Results were published as the number of CFU-c/flask and, in addition to CFU-GM,
include B¥FU-E, CFU-G, and CFU-GEMM counts. The data are presented here as the
number of CFU-¢/107 whole bone marrow cells as LTBM cultures were initiated with
whole bone marrow rather than BM buffy coat cells.

3. Mechanismsg by which FGF-2 may stimulate haematopoiesis.
The mechanisms by which FGF-2 could stimulate the proliferation of

haematopoietic cells in LTBM cultures include both indirect (stromal mediated) and

direct mechanisms.

3.1. Direct mechanisms.

Direct mechanisms by which FGF-2 may increase the number of haematopoietic
progenitor cells include:

(1) the alteration in affinity and/or number of receptors for haematopoietic
growth factors/cytokines on the surface of these cells. Growth factor/cytokine receptor
numbers on primitive haematopoietic cells can be regulated. For example, IL-6
increases IL-3 receptors, IL-3 upregulates receptors for both GM-CSF and Epo, and
GM-CSF increases Epo and decreases IL-1 receptor numbers on primitive myeloid
cells (Testa et al., 1993; Shieh et al., 1993). In addition, TNF-o decreases c-kit and IL-
1 receptors on myeloid cells (Khoury et al., 1994; Shieh et al., 1993). FGF-2 regulates
receptor numbers on other cell types: it induces IL-1 receptors on chondrocytes
(Chandrasekar and Harvey, 1989; Olashaw et al., 1986) and decreases TGF-8 receptor
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expression on endothelial cells (Fafeur et al., 1990). Thus, an alteration in the affinity
and/or number of growth factor/cytokine receptors by FGF-2 may be a potential
mechanism by which this growth factor stimulates haematopoiesis which does not
require an increase in growth factor production.

In addition, FGF-2 could also act as a permissive factor, similar to SCF.
Potential mechanisms include the induction of signalling components, adhesion
molecules (to facilitate the binding of progenitor cells to the stromal cells), enzymes (to
mobilise growth factors), and ECM molecules (as shown for FGF-2, cross talk between
integrins and ECM molecules is required for growth factor signalling to take place
[Yayon et al., 1991; Rapraeger et al., 1991]).

(2) FGF-2 may also directly increase haematopoiesis by inhibiting the
differentiation of haematopoietic cells and thereby maintaining cells with a more
primitive phenotype. FGF-2 promotes the survival of a number of cell types including
stem cells of various origins. FGF-2 increases the survival of fibroblasts, endothelial
cells and neuronal cells (Tamm et al., 1991; Araki et al., 1990; Ray et al., 1993) and
inhibits the differentiation of muscle cells (Rosenthal et al., 1991; Olwin et al., 1992).
In synergism with PDGF, FGF-2 promotes the survival of oligodendrocyte-type 2
astrocyte progenitor cells (Bogler et al., 1990), and in combination with SCF and LIF,
FGF-2 promotes the survival of primordial germ cells (Matsui et al., 1992; Resnick et
al., 1992).

Similar effects have also been observed with FGF-2 on BM-derived cell types.
FGF-2 inhibits the differentiation of the leukaemic cell line, K562 (Burger et al.,
1994), the primitive erythroid cell line, EB-PE (Yuen et al., 1998), the multipotent
haematopoietic cell line, A6 (Anzai et al., 1999), and my results in Chapter 2 show
that FGF-2 delayed the senescence of BM stromal cells. Thus, in LTBM cultures FGF-
2 might act directly on progenitor cells by inhibiting their differentiation leading to
increased numbers of progenitor cells in the cultures.

(3) stimulating the self-renewal of haematopoietic cells. Maintaining progenitor
cells in a primitive state might also favour conditions that promote self-renewal. In
this way FGF-2 could augment haematopoiesis in LTBM cultures by inducing the self-
renewal of primitive progenitor resulting in a higher number of these cells in the
cultures. For example, the multipotent haematopoietic cell line, A8, derived from

embryonic cells is dependent on FGF-2 for its self-renewal (Anzai et al., 1999).
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3.2. Indirect mechanisms.

It is also possible that the stimulatory effects of FGF-2 on haematopoiesis
observed in LTBM cultures resulted from indirect, stroma-mediated effects. The
findings of Miller et al. (2000), which demonstrate that impaired haematopoiesis in
cultures derived from FGF-2-null mice arises primarily from a defect in the stromal
layer and is not a consequence of a defect in the haematopoietic cells, supports an
indirect mechanism for FGF-2 action. Furthermore, this impairment is not
compensated for by FGF-1, suggesting a specific role for FGF-2 in haematopoiesis
(Miller et al., 2000). Indirect mechanisms by which FGF-2 may stimulate the growth
of haematopoietic cells include:

(1) modulating the production of haematopoietic growth factors or cytokines
produced by the stromal cells. Stromal cells produce both stimulating and inhibiting
growth factors/cytokines and it is the net negative or positive proliferative effect on
the progenitor cells that regulates haematopoiesis. Thus, FGF-2 may induce
myelopoiesis in LTBM cultures by stimulating stromal cells to produce growth-
stimulatory haematopoietic growth factors/cytokines, or alternatively, by suppressing
the production of inhibitory ones. For example, FGF-2 stimulates both the production
of M-CSF mRNA and M-CSF protein in a murine stromal cell line (Abboud et al.,
1991; Abboud and Pinzani, 1991), as well as IL-6 and LIF production by human BM
stromal cells (Berardi et al., 1995b; Rougier et al., 1998; Rathjen et al., 1990a).
Furthermore, FGF-2 antagonises TGF-f3-mediated erythroid differentiation in K562
cells (Burger et al., 1994), and counteracts the suppressive effect of TGF- on human
myeloid progenitor cells (Gabrilove et al., 1993). The mechanism by which FGF-2
inhibits the negative actions of TGF-B are not known but may include the down
regulation of TGF- production.

(2) FGF-2 may also indirectly stimulate haematopoiesis by increasing and/or
decreasing the concentration of biologically active growth factors or cytokines
available in the BM microenvironment via the increased production of ECM or cell
surface molecules, e.g. proteoglycans, which complex growth factors and cytokines. For
example, IL-3 or GM-CSF bound to HSPGs in stromal cell matrices (Gordon et al.,
1987a; Roberts et al., 1988), are localised and concentrated forming a reservoir of
biologically active growth factor. Growth factor/cytokine protection from degradation
(Saksela et al., 1988) effectively increases the size of the reservoir and thus the local
concentration and bioclogical activity of the bound factors.

Furthermore, FGF-2 might regulate the availability of growth factors by

modulating growth factor mobilisation from the reservoirs, or by modulating growth
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factor activation (e.g. TGF-B) by the induction of enzymes, such as u-PA, t-PA (see
Chapter 4), heparanase, or phospholipase D, that control these processes.

(3) Alternatively, progenitor cell numbers may be increased in LTBM cultures
by FGF-2 acting as an “anchor factor” and promoting stromal cell-haematopoietic cell
interactions. FGF-2 can mediate cell attachment by linking receptors expressed on
haematopoietic cells with HSPGs on neighbouring stromal cells (Richard et al., 1995).
For example, FGF-2 enhances the adhesion of megakaryocytes to BM stromal cells
(Avraham et al., 1994). Such attachments may promote the interaction between ECM-
or cell surface bound-CSFs and progenitor cells leading to an increase in progenitor

cell proliferation and, in turn, a stimulation in myelopoiesis.

4. Experiments to further define the mechanism(s) by which FGF-2 stimulates

haematopoiesis.

Do FGFs act on stromal cells to indirectly promote haematopotesis in LTBM cultures?

FGF-2 deficient BM stromal cells do not efficiently support haematopoiesis in
vitro which appears to be specifically due to FGF-2 as FGF-1 can not compensate for it
(Miller et al., 2000). This finding therefore indicates that FGF-2 can act indirectly to
stimulate haematopoiesis.

Potential experiments to further define indirect mechanisms by which members
of the FGF-family stimulate haematopoiesis include the analysis of growth factor
production by the stromal cells in the presence or absence of FGFs. Although ELISAs
are available for many growth factors and cytokines, it is difficult to detect them in
the supernatant of LTBM cultures because they are mostly (1) produced by BM
stromal cells at subliminal levels, (2) produced in a membrane-bound form or localised
to the cell surface/ECM through binding molecules, or (3) rapidly utilised by stem cells
and progenitor cells. For example, GM-CSF, G-CSF, 1L-1, and IL-3 are not detected in
the supernatant of LTBM cultures (I have also not been able to detect, by
immunoprecipitation with specific antibodies, the presence of these growth factors in
the supernatant or matrix extracts of LTBM cultures, data not shown). We have
however, shown the presence of M-CSF by radioimmunoassay (kindly done by Dr
Richard Stanley at Albert Einstein College of Medicine, Bronx, New York) and IL-6 by
ELISA (kindly done by Dr Gabrilove at Sloan Kettering Institute, New York) in the
supernatant of LTBM cultures (data not shown). TGF-8 has also been determined in
the supernatant of low-density BM cultures by measuring TGF-B-mediated
suppression of plasminogen activator expression in bovine aortic endothelial cells
(Gabrilove et al., 1993) or by using a bioassay (Abe et al., 1994; Eaves et al., 1991).
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In a preliminary study I determined the mRNA levels of a number of
haematopoietic growth factors and cytokines in the stromal cells of LTBM cultures
treated with and without FGF-2. Using standard northern blotting techniques, I noted
the constitutive production of M-CSF, G-CSF, IL-1, IL-6, SCF, and TGF-8 by the
adherent layers of primary LTBM cultures (data not shown). However, no consistent,
significant change in the mRNA levels of these factors by FGF-2 was observed.
Although this argues against the possibility that FGF-2 regulates human
haematopoiesis by modulating the production of these particular growth factors and
cytokines, it does not exclude the possibility that FGF-2 modulates the synthesis of
other unknown growth factors or cytokines, or factors such as IL-3 and Flt-2-ligand
that I did not investigate.

More sensitive techniques allowing comparative gene expression to study the
effect of bFGF on growth factor production by BM adherent cells include real-time RT-
PCR and the Bio-chip (Torok-Storb et al., 1999; Marshall and Hodgson, 1998). The
Bio-chip, however, is very expensive to purchase due to the research and the state of
the art technology required to produce it. The main advantage of this technique is the
ability to compare the amounts of many different mRNAs in two cell populations
simultaneously with high sensitivity. Since Bio-chips containing DNA sequences for
2400 human genes are available (with the potential for many more), this technique
may also be useful for characterising ECM and cell surface proteoglycans synthesis,
enzyme synthesis (e.g. u-PA, t-PA, heparanases, phospholipase D, MMP-9 and other
metalloproteinases), cell surface adhesion molecule synthesis, as well as growth
factor/cytokine receptor synthesis by BM stromal cells in response to FGF-2 and other
members of the FGF-family. Alternatively, the production of these molecules by BM

stromal cells from FGF-2-deficient mice could be compared to wild type mice.

What is the role of endogenous FGF-2 in LTBM cultures?

My results demonstrate that exogenously added FGF-2 promotes
haematopoiesis in vitro. This finding together with the findings of Quito et al., (1996)
that FGF-4 also stimulates haematopoiesis in LTBM cultures, indicates a possible role
for endogenously produced FGF's in vivo. Therefore, I attempted to determine whether
endogenous FGF-2 has a functional role as a haematopoietic growth factor in LTBM
cultures. I did this by adding neutralising antibodies directed against FGF-2 to LTBM
cultures and determining the number of GM-CSF responsive progenitor cells in the
supernatant and adherent layers. Preliminary results suggested that the number of

progenitor cells in the supernatant and adherent layer was decreased in the presence
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of anti-FGF-2 antibodies relative to control cultures receiving control antibodies.
Relatively high concentrations of immunoglobulin (0.5 mg/ml) were added to the
cultures to ensure complete inhibition of FGF-2 since the antibodies were not affinity-
purified. In some experiments the control antibodies decreased the number of
progenitor cells making the interpretation of the results difficult. The reason for this

non-specific effect of the antibodies might be that the F, portion of immunoglobulins
binds to F, receptors on macrophages and/or neutrophils present in the cultures. This

could cause the production of stimulatory and/or inhibitory cytokines which, in turn,
act on progenitor cells. Therefore, these experiments could be repeated using F(ab),
fragments of the antibodies which lack the F, portion.

Alternatively, RNA interference (RNAi) has emerged as a powerful tool for the
post-transcriptional silencing of gene expression (Tuschl and Borkhardt, 2002) and
could be used to show the endogenous role of FGF-2 or FGF-4 in haematopoiesis in
LTBM cultures. Double-stranded RNA (dsRNA) can inhibit gene expression in a
sequence-specific manner by triggering the degradation of mRNA (Tuschl and
Borkhardt, 2002). In cells, the mediators of mRNA degradation are small interfering
RNA duplexes (siRNAs), which are produced from long dsRNA by the RNase III
enzyme Dicer (Tuschl and Borkhardt, 2002). Chemically synthesised siRNAs can be
effectively delivered by electroporation or cationic liposome-mediated transfection to
transiently suppress the expression of target genes (Tuschl and Borkhardt, 2002).
However, methods for the endogenous expression of short hairpin RNA (shRNA)
molecules which give rise to siRNAs in vivo have been developed (Yu et al., 2002;
Paddison et al., 2002). This allows the construction of continuous cell lines in which
RINAi enforces stable and heritable gene silencing. Thus, primary BM stromal cells {or
RS cells) could be transfected with a plasmid containing a vector into which DNA
oligonucleotides encoding shRNAs for FGF-2 or FGF-4 are ligated (Yu et al., 2002;
Paddison et al., 2002). In this way, the expression of the chosen FGF by BM stromal
cells should be silenced thus allowing one to determine the ability of such cells to
support haematopoiesis.

It should be remembered that the neutralisation of one growth factor may not
result in the inhibition of haematopoiesis because another growth factor or indeed
another member of the FGF-family (FGF-4 for example [Quito et al., 1996]) may

perform the same function.
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Do FGFs act on progenitor cells to promote haematopoiesis in LTBM cultures?

FGF-2 might act directly on primitive progenitor cells to stimulate
haematopoiesis. Thus, further experiments to define the mechanism(s) by which this
might occur include defining the target cell populations and determining the effects of
FGF-2 or other FGFs such as FGF-4 on these populations. As mentioned before, a
small subpopulation of CD34" cells express FGFRs (Berardi et al., 1995b; Testa et al.,
1996; Le Bousse-Kerdiles et al., 1996; Burger et al., 1998) as well as differentiated
progenitor cells (Berardi et al.,, 1995b; Ratajczak et al., 1996). In addition,
CD34"FGFR-1* cells express antigens found on haematopoietic stem cells as well as
antigens found on endothelial cells (Burger at al., 2002). These cells give rise to
endothelial cells in vitro, indicating that the CD34'FGFR-1" population contains
endothelial stem/progenitor cells (Burger at al., 2002). Such stem cells are of
particular interest because of their potential to differentiate into multiple cell types
(Krause , 2002; Zhao et al., 2002; Mertelsmann, 2000; Jiang et al., 2002b).
Furthermore, murine long-term repopulating stem cells can be expanded in culture
with FGF-1 and as these cell differentiate they loose FGFR expression (de Haan et al.,
2003). Therefore, it would be interesting to determine if the survival of human
CD34'FGFR-1* cells are supported by FGF-2 (or other FGFs such as FGF-1 or -4) as
has been shown for embryonic stem cells (Faloon et al., 2000; Anzai et al., 1999) or
whether CD34'FGFR-1" cells require FGF signalling (or loss thereof) for their
differentiation. CD34"FGFR-1" cells can be obtained and their maintenance in serum-
free medium supplemented with FGFs (FGF-1, -2, or -4) could be assessed (de Haan et
al., 2003). Progeny from such cultures could be assessed for their continued expression
of CD34 and FGFR as well as the expression of AC133, c-kit and Thy-1, typical
antigens of haematopoietic stem cells (Markus et al., 2002; Briddell et al., 1992; Graig
et al., 1993; Miraglia et al., 1997) indicating that FGFs can maintain such cells in
culture. Alternatively, FGFR expression in BM stem cells (CD34"FGFR-1* cell
population) could be silenced using siRNAs as described above (plasmid-based
expression of short hairpin loops which give rise to siRNAs in vivo is the preferred
method for undifferentiated cells, Yu et al., 2002) to determine the involvement of
FGF signalling in BM stem cell self-renewal and differentiation.

In addition, FGF-2 can partially overcome the inhibitory effects of TGF-8 on
haematopoietic cells including CD34" cells (Burger et al., 1994; Gabrilove 1994).
Disruption of TGF- signalling leads to enhanced survival and proliferation of
haematopoietic progenitors (Fan et al., 2002; Le Bousse-Kerdiles et al., 1996). Indeed,
increased expression of FGF-2 and FGFRs 1 and 2 in CD34" progenitor cells isolated
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form patients with myelofibrosis and myeloid metaplasia are associated with a
reduction in TGF-B type II receptor (Le Bousse-Kerdiles et al., 1996). Thus,
determining the levels of TGF-8 type Il receptor in the CD34"FGFR-1" cell population
treated with and without FGF-2 may provide insight into the mechanism by which
this growth factor stimulates haematopoiesis. The levels of TGF-8 type II receptor in
CD34"'FGFR-1" cells could be determined by RT-PCR (Le Bousse-Kerdiles et al., 1996).

5. Summary and conclusions.
In summary, I have demonstrated that the addition of low concentrations

rather than high concentrations of FGF-2 to LTBM cultures augmented the number of
primitive progenitor cells in these cultures. I noted that the increase in the number of
progenitor cells by FGF-2 was greater in the adherent layer than in the supernatant.

These results suggest that FGF-2 may be a relevant growth factor for haematopoiesis.
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Chapter 4

Role of growth factors/cyokines in regulating plasminogen activators

in the BM stromal microenvironment.

Introduction.

Proteolysis plays an important role in regulating the availability and activity of
certain growth factors and cytokines including FGF-2, TGF-8, IL-18, IL-1a, and M-

CSF (Brunner et al., 1991; Lyons et al., 1988; Gonias et al., 1989; Matsushima et al.,
1986, Mignatti et al., 1989). Many of these growth factors are produced by BM stromal
cells and are presented in a biologically active form to developing stem and progenitor
cells in the BM microenvironment. Proteolytic regulation of growth factor activity
includes the mobilisation of active growth factors from cell surfaces and/or ECM
reservoirs, the activation of latent forms of growth factors, the shedding of growth
factor receptors from the cell surface, as well as growth factor degradation.
Furthermore, proteolysis is required for cell migration, being necessary for the
breakdown of ECM molecules (Basbaum and Werb, 1996; Brunner and Priessner,
1994). Although it is known that proteases are produced by BM cells (McWilliam et
al., 1998 and 1996; Hamilton et al., 1991a; Wilson and Francis, 1987), their functional
role in haematopoiesis is not known but may include the regulation of growth
factor/cytokine activity and/or migration of stem cells and progenitor cells from the

BM cavity into the circulation.

1. Evidence for possible role of PAs and plasmin in haematopoieisis.
Several of the processes regulating growth factor/cytokine activity and ECM

degradation are mediated by the serine protease, plasmin (Lyons et al., 1988; Gonias
et al., 1989; Matsushima et al., 1986; Saksela and Rifkin, 1990; Brunner et al., 1991;
Taipale et al., 1992; Falcone et al., 1993a; Whitelock et al., 1996). It is possible that
plasmin may affect growth factors/cytokine activity in the BM microenvironment,
thereby regulating haematopoiesis.

Both tissue-plasminogen activator (t-PA) and urckinase (u)-PA, which convert
plasminogen to plasmin (see section 2.2), are secreted by a variety of haematopoietic
cells and their production can be regulated by growth factors (Hamilton et al., 1991a;
Hart et al., 1991; Wilson and Francig, 1987). In BM derived macrophages u-PA mRNA
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levels and u-PA activity increase in response to M-CSF, GM-CSF, or 1L-3 (Hamilton et
al., 1991a; Hart et al., 1991). GM-CSF, in the presence of IFN-y, as well as IL-4 also
stimulate t-PA production by human monocytes (Hart et al., 1989 and 1991). The

presence of t-PA-generated plasmin in the BM has also been demonstrated
(McWilliam et al., 1998 and 1996). Furthermore, primitive myeloid progenitor cells
and leukaemic cells have been shown to secrete t-PA, while mature blood cells secrete
u-PA (Wilson and Francis, 1987; Wilson et al., 1983). This suggests that the
expression of u-PA by mature haematopoietic cells might be a prerequisite for their
migration and egression from the BM into the circulation. In addition, the conversion
from t-PA to u-PA production might be accompanied by the co-expression of the u-PAR
on the cell surface. In mature haematopoietic cells (monocytes and T-lymphocytes) as
well as in other cell types, a stimulation in u-PA activity is accompanied by the co-
expression of the u-PAR (Lund et al., 1991; Mignatti et al., 1991; Pepper et al., 1993;
Estreicher et al., 1990; Nykjeer et al., 1992a and b) thus facilitating cell migration.

A wide range of proteolytic enzymes including plasmin, thrombin, elastase,
cathepsin G, and MMPs (Lapidot and Petit, 2002) are involved the breakdown of ECM
molecules resulting in the migration of haematopoietic cells from the marrow cavity
into the circulation. Indeed, u-PA and, to a lesser degree, t-PA promote the migration
of T-lymphoblasts through an ECM barrier (Reiter et al., 1997). In addition, a number
of cytokines/growth factors (e.g. SCF, G-CSF, TGF-8}, chemokines (e.g. stromal cell-
derived factor-lo. [SDF-1a] and IL-8) and chemokine receptors (e.g. CXCR4, the
receptor for SDF-1q, and cb2, a cannabinoid receptor) function in the mobilisation of
haematopoietic cells (De La Rosa et al., 2003; Moore, 2002; Lapidot and Petit, 2002;
Mohle et al., 2001). Proteolysis appears to have further roles in regulating this process
by acting on a number of these molecules leading to the disruption of/decrease in
stromal-haematopoietic cell interactions. For example, serine proteases are
responsible for the shedding of CXCR4 and c-kit (Levesque et al., 2003a and b), and
dipeptidylpeptidase IV cleaves SDF-1a from cell surfaces (Christopherson et al., 2002).
Furthermore, TGF-B, whose own activity is regulated by plasmin, can decrease SDF-
lo expression (Wright et al., 2003).

Fig 1 shows the cascade of proteolytic enzyme activation reactions, beginning
with the activation of pro-u-PA and ending with the activation of pro-
metalloproteinases (Mignatti et al., 1989). Since FGF-2 is a known inducer of this
cascade (Pepper et al., 1993; Mignatti et al., 1989), it might indirectly regulate
haematopoietic growth factor activity in the BM microenvironment which may well

account for the stimulation in haematopoiesis observed in LTBM cultures treated with
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Fig. 1. Schematic representation of the proteolytic cascade leading to the formation
of plasmin and MMPs which degrade ECM proteins.

HUTSP-1: human T-cell specific serine proteinase

MMPs: matrix matalloproteinases

this growth factor. The resulting generation of plasmin may cause the release of
important haematopoietic growth factors/cytokines that are associated with the cell
surfaces or the ECM, or are membrane bound. Alternatively, plasmin may activate
latent growth factors, or shed growth factor receptors from the cell's surface and, in
doing so, stimulate haematopoiesis. In addition, FGF-2 could potentially regulate
progenitor cell migration. For example, TGF-8, which can be activated by plasmin,
downregulates the expression of SDF-1a leading to a decrease in haematopoieic cell
migration (Wright et al., 2003). Furthermore, the proteoclytic release of FGF-2 from
cell surfaces or the ECM may represent one mechanism for regulating its own activity
in the BM microenvironment.

The aims in this Chapter were to determine the cellular and secreted levels of u-
PA and t-PA activity as well as their specific inhibitors, plasminogen activator
inhibitor (PAI)-1 and PAI-2, by passaged BM stromal cells. The effects of FGF-2, IL-1,
TGF-f and hydrocortisone on the production of u-PA, t-PA, PAI-1, and PAI-2 were also
investigated. In addition, the regulation of t-PA activity by PAI-1 in the BM
microenvironment was studied by following the internalisation of the t-PA/PAI-1
complex by BM stromal cells. I found that all three cytokines increased PA activity,
and in some cases PAI-1 and PAI-2 protein was also modulated by these growth
factors. PAI-1 was also noted to rapidly bind t-PA in the culture medium, inhibiting its

activity and removing it from the culture medium. Furthermore, hydrocortisone
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inhibited both basal as well as TGF-f-stimulated increases in PA activity in a

reversible manner.

2. The plasminogen activator/plasmin system.

2.1. Plasminogen/plasmin.

The serine protease, plasmin, is generated from the inactive pro-enzyme
plasminogen, by the two serine proteases, t-PA and u-PA. Plasminogen is a single-
chain, inactive pro-enzyme, which is activated by PAs to form plasmin, a two-chain
polypeptide connected by a disulphide bridge (Robbins et al., 1967). Plasminogen is
ubiquitous in human body fluids and is found in high concentrations in the circulation.
Both plasminogen and plasmin bind to a variety of low-affinity receptors, which are
expressed in high numbers on the surface of many cell types including peripheral
blood cells, such as, platelets, neutrophils, monocytes, and lymphocytes, but not
erythrocytes (Plow et al., 1995; Redlitz and Plow, 1995; Hajjar et al., 1995).
Plasminogen and plasmin bind via their lysine binding sites, which are associated
with their kringle domains and recognise carboxy-terminal lysine residues of cell
surface proteins such as o-enolase or annexin I1 (Redlitz and Plow, 1995; Hajjar et al.,
1994; Miles et al., 1991). Plasminogen and plasmin also bind to ECM components such
as fibronectin, laminin, vitronectin, or thrombospondin (Salonen et al., 1984 and 1985;
Silverstein et al., 1986; Preissner et al., 1990).

Several functions for plasminogen receptors have been described which
contribute to enhancing plasmin activity. Plasmin(ogen) receptors serve to localise
these enzymes in the pericellular environment which enables directed proteolysis.
Receptor bound plasmin is protected from inactivation by its inhibitor, ay-antiplasmin,
which is present in serum and other body fluids (Gonias, 1992; Sprengers and Kluft,
1987; Knudsen et al., 1986), thus allowing proteolysis to occur on cell surfaces and in
the ECM in the presence of this inhibitor. Bound plasminogen is more readily
activated to plasmin than free plasminogen and, furthermore, bound plasmin has

increased enzymatic activity in comparison to free plasmin (Redlitz and Plow, 1995).

2.2. PAs

t-PA, a 70-kDa protein, and u-PA, a 55-kDa protein, are the protein products of
two genes (Rajput et al., 1988). t-PA and u-PA are structurally similar, but
functionally and immunologically distinct serine proteases (Andreasen et al., 1990;
Saksela and Rifkin, 1988). Since both enzymes are able to activate plasminogen to

form plasmin, the distinct roles that t-PA and u-PA play are not fully understood. u-
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PA expression has been repeatedly associated with processes involving ECM
degradation and cell migration, while t-PA, the main PA in plasma, appears to be
primarily responsible for plasmin generation during fibrinolysis (Fazioli and Blasi,
1994; Carmeliet et al., 1994; Collen and Lijnen, 1991; Andreasen et al., 1990; Saksela
and Rifkin, 1988).

Both t-PA and u-PA are secreted as single-chain proenzymes. While both pro-u-
PA and pro-t-PA have some intrinsic activity (van der Werf et al., 1986; Andreasen et
al., 1990), they are converted by plasmin to form active two chain u-PA and t-PA,
respectively (Andreasen et al., 1990; Saksela and Rifkin, 1988). In addition, kallikrein,
trypsin, factor XIIa, the human T-cell specific serine proteinase, HUTSP-1, cathepsins

B, L, and G, as well as NGF-y have also been shown to mediate the conversion of pro-

u-PA to active u-PA (Fig. 1)(Ichinose et al., 1986; Koivunen et al., 1989; Brunner et al.,
1992; Kobayashi et al., 1991; Goretzki et al., 1992; Learmonth et al., 1992; Wolf et al.,
1993).

PA activity is regulated through synthesis (transcriptional regulation) and by
specific inhibitors or co-factors (post-transcriptional regulation). PA synthesis may
directly modulate extracellular PA activity and is under the control of hormones,
growth factors, cyclic nucleotides, and tumour promoters (Saksela and Rifkin, 1988).
Post-transcriptional regulation of PA activity also involves ECM components, e.g.
sulphated glycosaminoglycans (Brunner et al., 1998), besides PA inhibitors (see

section 2. 4).

2.3. PA receptors.
2.3.1. {-PA receptors.

Receptors for t-PA include those that localise its activity, resulting in focused
and restricted extracellular protease activity, and those that mediate its clearance.
Annexin II (Kim and Hajjar, 2002; Hajjar et al., 1994; Cesarman et al., 1993), a-
enolase (Felez et al., 1991), and amphoterin (Parkkinen and Rauvala, 1991) have been
implicated as receptors which serve to localise t-PA activity to the cell surface. The
overlapping binding specificities of plasminogen and t-PA with certain receptors (e.g.
annexin II and o-enolase) is important for co-localisation, leading to the enhancement
of plasminogen activation (Felez et al., 1993a and b; Cesarman et al., 1994).

The liver is the main organ responsible for removing t-PA from the circulation.
Carbohydrate-specific receptors, including the mannose receptor (Otter et al., 1991
and 1992) and the afucose receptor (Hajjar and Reynolds, 1994), function as clearance

receptors for t-PA. In addition, low density lipoprotein receptor related protein/og-
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macroglobulin (LRP/oy-M) receptor, which binds numerous ligands, is as a clearance

receptor for t-PA complexed to PAI-1 (Bu et al., 1992), and possibly free t-PA (Camani
et al., 1994; Orth et al., 1994). Gp330, another receptor of the low density lipoprotein

receptor family, may also contribute to t-PA removal (Willnow et al., 1992).

2.3.2. The u-PA receptor.

Pro-uPA and active u-PA bind to a specific high-affinity urckinase receptor (u-
PAR, CD87) which is attached to the membrane via a glycosyl-phosphatidylinositol
(GPI) anchor (Ploug et al., 1991). The binding of pro-u-PA to its receptor accelerates its
activation and also localises the resulting active u-PA to specific sites on the cell's
surface (Nykjeer et al., 1992b; Estreicher et al., 1990; Ellis et al., 1989). Two additional
roles have been attributed to the u-PAR other than its role in plasminogen activation,
namely cell-cell adhesion (by modulating integrin-mediated cell-adhesion; Wei et al.,
1996) as well as cell-ECM adhesion (via vitronectin; Kanse et al., 1996), and signal
transduction events (also via integrins)(Plesner et al., 1997).

The GPI anchor is cleaved by phosphatidylinositol-specific phospholipase C,
GPI-specific phospholipase D, and metalloproteinase-12, thus releasing the u-PAR
from cell surfaces (Wilhelm et al., 1999; Ploug et al., 1991; Koolwijk et al., 2001).
Interestingly, u-PA also cleaves its own receptor from cell surfaces, releasing the
ligand binding domain (Hoyer-Hansen, 1992). These shedding events might regulate
the biological function of cell surface u-PAR and it's soluble counterpart by reducing
the concentration of u-PA on the cell's surface (Koolwijk et al., 2001). Receptor-bound
u-PA is not protected from inhibition by PAI-1, instead it forms a ternary complex
with PAI-1 which induces internalisation of the entire complex via the LRP/oy-M
receptor leading to degradation of u-PA and PAI-1 in lysosomes (Nykjaer et al., 1992¢
and 1997; Cubellis et al., 1990). The u-PAR is recycled back to the cell surface thus
providing additional mechanisms for regulating pericellular plasmin activity (Nykjeer
et al., 1997). Recently, soluble u-PAR has been shown to bind to the mannose 6-
phosphate receptor, which modulates the subcellular distribution of u-PAR and is
capable of directing it to lysosomes, thus possibly functioning in the disposal of u-PAR
{Nykjeer et al., 1998). A

A variety of cell types have been reported to express the u-PAR including
monocytes, granulocytes, and activated B- and T-lymphocytes (Plesner et al., 1994 and
1997; Nykjeer et al., 1990 and 1992b; Miles and Plow, 1987), thus further supporting a

role for plasmin in haematopoiesis.
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2.4. PA inhibitors (PAls).
Three inhibitors of PAs, PAI-1, PAI-2, and protease nexin-1 (PN-1), serve to

limit plasmin formation and thus its activity.

2.4.1. PAI-1

PAI-1 is a single-chain, 45-kDa glycoprotein and is produced by a number of cell
types including vascular endothelial cells, hepatocytes, haematopoietic cells such as
megakaryocytes, as well as by a number of transformed or tumour cell lines (Saksela
and Rifkin, 1988; Andreasen, 1990). PAI-1 inhibits u-PA and t-PA as well as pro-t-PA
by rapidly forming a 1:1 molar complex. Secreted PAI-1 is active but is rapidly
converted into a latent form that is unable to complex with u-PA or t-PA (Sprenger
and Kluft, 1987;). However, PAI-1 remains active when bound to ECM components
such as vitronectin (a major binding protein of PAI-1), heparin, or fibronectin (Ketjer
et al., 1991; Owensby et al., 1991; Edelberg et al., 1991) allowing inhibition of
pericellular activation of plasminogen by PAs (Ciambrone and McKeown-Longo, 1990).
In addition, the binding of PAI-1 to vitronectin blocks cell migration independently of
u-PA inhibition (Stefansson and Lawrence, 1996; Kjgller et al., 1997). PAI-1 can

compete with the vitronectin receptor, a,B3 (CD51/CD61), for vitronectin binding,

thus, reducing the number of cell-matrix adhesion sites available for vitronectin-
mediated migration, thereby inhibiting cell movement (Stefansson and Lawrence,
1996; Kjgller et al., 1997). The u-PAR has also been identified as a receptor for
vitronectin (Wei et al., 1994), however, PAI-1 does not appear to inhibit cell migration
by blocking the vitronectin-u-PAR interaction (Kjgller et al., 1997).

2.42. PAI-2

The synthesis of PAI-2 is restricted to the skin, placenta and
macrophages/monocytes suggesting that PAI-2 functions in inflammatory/ phagocytic
processes and/or morphogenesis (Lyons-Giordano et al., 1994; Chapman and Stone,
1985; Sprenger and Kluft, 1987). PAI-2 is secreted as a 60-kDa glycosylated protein,
but inefficiently as it lacks a cleavable signal peptide (Ye et al., 1987). Therefore, PAI-
2 accumulates intracellularly as a 47-kDa, non-glycosylated protein (Sprenger and
Kluft, 1987; Saksela and Rifkin, 1988). Secreted PAI-2 is stable in soluble form for
prolonged periods of time (Saksela and Rifkin, 1988). PAI-2 is the most effective
inhibitor of u-PA. It also inhibits t-PA, although less effectively than PAI-1, and is a
poor inhibitor of pro-t-PA (Sprenger and Kluft, 1987; Saksela and Rifkin, 1988;
Andreasen et al., 1990).
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2.4.3. PN-1

PN-1, a 45-kDa glycoprotein, is another inhibitor of u-PA and t-PA that is
produced by a variety of cell types (Sprenger and Kluft, 1987). PN-1 is less effective
than PAI-1 and PAI-2 and is also not specific for PAs, as it inhibits a broad range of
serine proteases including trypsin, thrombin, and plasmin (Sprenger and Kluft, 1987,
Saksela and Rifkin, 1988). Receptor-bound u-PA is also not protected from inhibition
by PN-1 (similar to PAI-1). Instead, the binding of PN-1 to receptor-bound u-PA
initiates the internalisation and degradation of the u-PA/ PN-1 complex via the
LRP/ay-M receptor (Conese et al., 1994).

5. The importance of the PA /plasmin system to mammalian physiology.

In vivo studies using gene targeting have emphasised the extensive involvement
and importance of the PA/plasmin system as well as their inhibitors in mammalian
physiology especially in wound healing (Carmeliet et al., 1997; Romer et al., 1996).
However, similar studies have also shown that the PA/plasmin system plays a less
essential role in reproduction as was previously thought. Transgenic mice
overexpressing PAI-1 or u-PA, and mice with deficiencies in t-PA, u-PA, PAI-1, u-PAR,
or plasminogen, survive embryonic development, have a normal life span and are also
fertile (Lijnen et al., 1995; Bugge et al., 1995; Carmeliet and Collen, 1995).

Nevertheless, u-PA-deficient mice display an array of unusual phenotypic
abnormalities such as dystrophic calcification, rectal prolapse, pleuritis, and the
effacement of lymphoid follicles in the region of the lymph nodes and spleen, as well as
a reduced immune response making the mice susceptable to infections (Shapiro et al.,
1997; Gyetko et al., 2002). Likewise, u-PAR-deficient mice also suffer from diminished
immune responses and markedly diminished platelet survival (Gyetko et al., 2000;
Piguet et al., 2000). These mice maintain normal platelet numbers by increasing
platelet production (Piguet et al., 2000). Furthermore, the healing of skin wounds is
defective in mice with a disrupted plasminogen gene. In these mice, keratinocytes fail
to proliferate and migrate to cover the injured area (Romer et al., 1996). Plasminogen-
deficient mice also display after arterial wall injury, impaired vascular wound healing
and neointima formation due to poor smooth muscle cell migration, impaired tissue
remodelling, and severe thrombosis (Carmeliet et al., 1997). In a further study,
bleomycin-induced pulmonary fibrosis has been noted in mice that either lack or
overexpress the PAI-1 gene (Eitzman et al., 1996).

Other than the reports describing defects in platelet survival and reduced

immuno-responses (due to a decrease in B-cell production) in u-PAR-deficient mice
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(Gyetko et al., 2000; Piguet et al., 2000), there have been no reports of impaired
haematopoiesis in mice with deficiencies in t-PA, u-PA, PAI-1, u-PAR, or plasminogen.
This would suggest that the plasmin/plasminogen activator system has a limited role
in this process. However, many proteolytic processes involving plasmin can also be
mediated by other enzymes. For example, plasmin as well as phospholipase D releases
active FGF-2-HSPG complexes from the cell surface (Saksela and Rifkin, 1990;
Brunner et al., 1991; Falcone et al., 1993a and b), and plasmin as well as thrombin can
cleave fibronectin and laminin into multiple fragments (Liotta et al., 1981). Pro-u-PA
can be activated to u-PA by HUTSP-1, kallikrein, factor XIla, cathepsin B, G, and L,

as well as NGF-y in addition to plasmin (Ichinose et al., 1986; Koivunen et al., 1989;

Brunner et al., 1992; Kobayashi et al., 1991; Goretzki et al., 1992; Learmonth et al.,
1992; Wolf et al., 1993). Furthermore, both t-PA and u-PA can activate plasminogen to
plasmin. Therefore, it may be that the overlap in enzyme specificity allows mice
lacking t-PA, u-PA, u-PAR, or plasminogen to survive embryonic development and
birth. Indeed, mice lacking both t-PA and u-PA suffer from poor health, significant
growth retardation, have a shorter life-span, and are less fertile than wild-type mice
or mice with a single deficiency of t-PA or u-PA. Therefore, in vitro studies are still
valuable for characterising and defining the specific roles that the plasmin/PA system

may play in haematopoiesis.

6. Conclusions.

Although the proteolytic regulation of growth factor activity and cell migration
in the BM have not been well studied, there is evidence supporting a role for plasmin
in these processes. My findings that BM stromal cells secrete PAs and that their
production can be differentially regulated by FGF-2, IL-1, and TGF-8 support a role
for PAs in modulating haematopoiesis. In the BM this could occur via the regulation of
plasmin-catalysed processing of growth factors and/or their receptors, and possibly cell

migration.
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Chapter 4

Role of growth factors/cyokines in regulating plasminogen activators

in the BM stromal microenvironment.

Introduction.

Proteolysis plays an important role in regulating the availability and activity of
certain growth factors and cytokines including FGF-2, TGF-§, IL-18, IL-1c, and M-

CSF (Brunner et al., 1991; Lyons et al., 1988; Gonias et al., 1989; Matsushima et al.,
1986; Mignatti et al., 1989). Many of these growth factors are produced by BM stromal
cells and are presented in a biologically active form to developing stem and progenitor
cells in the BM microenvironment. Proteolytic regulation of growth factor activity
includes the mobilisation of active growth factors from cell surfaces and/or ECM
reservoirs, the activation of latent forms of growth factors, the shedding of growth
factor receptors from the cell surface, as well as growth factor degradation.
Furthermore, proteolysis i1s required for cell migration, being necessary for the
breakdown of ECM molecules (Basbaum and Werb, 1996; Brunner and Priessner,
1994). Although it is known that proteases are produced by BM cells (McWilliam et
al., 1998 and 1996; Hamilton et al., 1991a; Wilson and Francis, 1987), their functional
role in haematopoiesis is not known but may include the regulation of growth
factor/cytokine activity and/or migration of stem cells and progenitor cells from the

BM cavity into the circulation.

1. Evidence for possible role of PAs and plasmin in haematopoieisis.
Several of the processes regulating growth factor/cytokine activity and ECM

degradation are mediated by the serine protease, plasmin (Lyons et al., 1988; Gonias
et al., 1989; Matsushima et al., 1986; Saksela and Rifkin, 1990, Brunner et al., 1991;
Taipale et al., 1992; Falcone et al., 1993a; Whitelock et al., 1996). It is possible that
plasmin may affect growth factors/cytokine activity in the BM microenvironment,
thereby regulating haematopoiesis.

Both tissue-plasminogen activator (t-PA) and urokinase (u)-PA, which convert
plasminogen to plasmin (see section 2.2), are secreted by a variety of haematopoietic
cells and their production can be regulated by growth factors (Hamilton et al., 1991a;
Hart et al., 1991; Wilson and Francis, 1987). In BM derived macrophages u-PA mRNA
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levels and u-PA activity increase in response to M-CSF, GM-CSF, or IL-3 (Hamilton et
al., 1991a; Hart et al., 1991). GM-CSF, in the presence of IFN-y, as well as IL.-4 also
stimulate t-PA production by human monocytes (Hart et al., 1989 and 1991). The

presence of t-PA-generated plasmin in the BM has also been demonstrated
(McWilliam et al., 1998 and 1996). Furthermore, primitive myeloid progenitor cells
and leukaemic cells have been shown to secrete t-PA, while mature blood cells secrete
u-PA (Wilson and Francis, 1987; Wilson et al., 1983). This suggests that the
expression of u-PA by mature haematopoietic cells might be a prerequisite for their
migration and egression from the BM into the circulation. In addition, the conversion
from t-PA to u-PA production might be accompanied by the co-expression of the u-PAR
oni the cell surface. In mature haematopoietic cells (monocytes and T-lymphocytes) as
well as in other cell types, a stimulation in u-PA activity is accompanied by the co-
expression of the u-PAR (Lund et al., 1991; Mignatti et al., 1991; Pepper et al., 1993;
Estreicher et al., 1990; Nykjeer et al., 1992a and b) thus facilitating cell migration.

A wide range of proteolytic enzymes including plasmin, thrombin, elastase,
cathepsin G, and MMPs (Lapidot and Petit, 2002) are involved the breakdown of ECM
molecules resulting in the migration of haematopoietic cells from the marrow cavity
into the circulation. Indeed, u-PA and, to a lesser degree, t-PA promote the migration
of T-lymphoblasts through an ECM barrier (Reiter et al., 1997). In addition, a number
of cytokines/growth factors (e.g. SCF, G-CSF, TGF-8), chemokines (e.g. stromal cell-
derived factor-lo [SDF-1¢] and IL-8) and chemokine receptors (e.g. CXCR4, the
receptor for SDF-1q, and ¢b2, a cannabinoid receptor) function in the mobilisation of
haematopoietic cells (De La Rosa et al., 2003; Moore, 2002; Lapidot and Petit, 2002;
Mohle et al., 2001). Proteolysis appears to have further roles in regulating this process
by acting on a number of these molecules leading to the disruption of/decrease in
stromal-haematopoietic cell interactions. For example, serine proteases are
responsible for the shedding of CXCR4 and c-kit (Levesque et al., 2003a and b), and
dipeptidylpeptidase IV cleaves SDF-1a from cell surfaces (Christopherson et al., 2002).
Furthermore, TGF-B, whose own activity is regulated by plasmin, can decrease SDF-
1o expression (Wright et al., 2003).

Fig 1 shows the cascade of proteolytic enzyme activation reactions, beginning
with the activation of pro-u-PA and ending with the activation of pro-
metalloproteinases (Mignatti et al., 1989). Since FGF-2 is a known inducer of this
cascade (Pepper et al., 1993; Mignatti et al., 1989), it might indirectly regulate
haematopoietic growth factor activity in the BM microenvironment which may well

account for the stimulation in haematopoiesis observed in LTBM cultures treated with
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plasmin, factor X1la,
FGF_ 2 kallikrein, HUTSP.1,
NGF-y, or

l cathepsin G, B,or L

pro-urokinase ——————@ urokinase

1. regulates
growth factor

plasminogen ———— iy plasmin s activity

2.degrades ECM
proteins

{e.g. fibronectin,
laminin)

pro-MMPs —efipr  MIMPs ~— —f» degrade collagens

Fig. 1. Schematic representation of the proteolytic cascade leading to the formation
of plasmin and MMPs which degrade ECM proteins.

HUTSP-1: human T-cell specific serine proteinase

MMPs: matrix matalloproteinases

this growth factor. The resulting generation of plasmin may cause the release of
important haematopoietic growth factors/cytokines that are associated with the cell
surfaces or the ECM, or are membrane bound. Alternatively, plasmin may activate
latent growth factors, or shed growth factor receptors from the cell's surface and, in
doing so, stimulate haematopoiesis. In addition, FGF-2 could potentially regulate
progenitor cell migration. For example, TGF-8, which can be activated by plasmin,
downregulates the expression of SDF-1a leading to a decrease in haematopoieic cell
migration (Wright et al., 2003). Furthermore, the proteolytic release of FGF-2 from
cell surfaces or the ECM may represent one mechanism for regulating its own activity
in the BM microenvironment.

The aims in this Chapter were to determine the cellular and secreted levels of u-
PA and t-PA activity as well as their specific inhibitors, plasminogen activator
inhibitor (PAI)-1 and PAI-2, by passaged BM stromal cells. The effects of FGF-2, IL-1,
TGF-B and hydrocortisone on the production of u-PA, t-PA, PAI-1, and PAI-2 were also
investigated. In addition, the regulation of t-PA activity by PAI-1 in the BM
microenvironment was studied by following the internalisation of the t-PA/PAI-1
complex by BM stromal cells. I found that all three cytokines increased PA activity,
and in some cases PAI-1 and PAI-2 protein was also modulated by these growth
factors. PAI-1 was also noted to rapidly bind t-PA in the culture medium, inhibiting its

activity and removing it from the culture medium. Furthermore, hydrocortisone
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inhibited both basal as well as TGF-8-stimulated increases in PA activity in a

reversible manner.

2. The plasminogen activator/plasmin system.

2.1. Plasminogen/plasmin.

The serine protease, plasmin, is generated from the inactive pro-enzyme
plasminogen, by the two serine proteases, t-PA and u-PA. Plasminogen is a single-
chain, inactive pro-enzyme, which is activated by PAs to form plasmin, a two-chain
polypeptide connected by a disulphide bridge (Robbins et al., 1967). Plasminogen is
ubiquitous in human body fluids and is found in high concentrations in the circulation.
Both plasminogen and plasmin bind to a variety of low-affinity receptors, which are
expressed in high numbers on the surface of many cell types including peripheral
blood cells, such as, platelets, neutrophils, monocytes, and lymphocytes, but not
eryvthrocytes (Plow et al., 1995; Redlitz and Plow, 1995; Hajjar et al., 1995).
Plasminogen and plasmin bind via their lysine binding sites, which are associated
with their kringle domains and recognise carboxy-terminal lysine residues of cell
surface proteins such as a-enolase or annexin IT (Redlitz and Plow, 1995; Hajjar et al.,
1994; Miles et al., 1991). Plasminogen and plasmin also bind to ECM components such
as fibronectin, laminin, vitronectin, or thrombospondin (Salonen et al., 1984 and 1985;
Silverstein et al., 1986; Preissner et al., 1990).

Several functions for plasminogen receptors have been described which
contribute to enhancing plasmin activity. Plasmin(ogen) receptors serve to localise
these enzymes in the pericellular environment which enables directed proteolysis.
Receptor bound plasmin is protected from inactivation by its inhibitor, az-antiplasmin,
which is present in serum and other body fluids (Gonias, 1992; Sprengers and Kluft,
1987; Knudsen et al., 1986), thus allowing proteolysis to occur on cell surfaces and in
the ECM in the presence of this inhibitor. Bound plasminogen is more readily
activated to plasmin than free plasminogen and, furthermore, bound plasmin has

increased enzymatic activity in comparison to free plasmin (Redlitz and Plow, 1995).

2.2. PAs
t-PA, a 70-kDa protein, and u-PA, a 55-kDa protein, are the protein products of

two genes (Rajput et al., 1988). t-PA and u-PA are structurally similar, but
functionally and immunologically distinct serine proteases (Andreasen et al., 1990;
Saksela and Rifkin, 1988). Since both enzymes are able to activate plasminogen to

form plasmin, the distinct roles that t-PA and u-PA play are not fully understood. u-
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PA expression has been repeatedly associated with processes involving ECM
degradation and cell migration, while t-PA, the main PA in plasma, appears to be
primarily responsible for plasmin generation during fibrinolysis (Fazioli and Blasi,
1994; Carmeliet et al., 1994; Collen and Lijnen, 1991; Andreasen et al., 1990; Saksela
and Rifkin, 1988).

Both t-PA and u-PA are secreted as single-chain proenzymes. While both pro-u-
PA and pro-t-PA have some intrinsic activity (van der Werf et al., 1986; Andreasen et
al., 1990), they are converted by plasmin to form active two chain u-PA and t-PA,
respectively (Andreasen et al., 1990; Saksela and Rifkin, 1988). In addition, kallikrein,
trypsin, factor XIla, the human T-cell specific serine proteinase, HUTSP-1, cathepsins

B, L, and G, as well as NGF-y have also been shown to mediate the conversion of pro-

u-PA to active u-PA (Fig. 1)(Ichinose et al., 1986; Koivunen et al., 1989; Brunner et al.,
1992; Kobayashi et al., 1991; Goretzki et al., 1992; Learmonth et al., 1992; Wolf et al.,
1993).

PA activity is regulated through synthesis (transcriptional regulation) and by
specific inhibitors or co-factors (post-transcriptional regulation). PA synthesis may
directly modulate extracellular PA activity and is under the control of hormones,
growth factors, cyclic nucleotides, and tumour promoters (Saksela and Rifkin, 1988).
Post-transcriptional regulation of PA activity also involves ECM components, e.g.
sulphated glycosaminoglycans (Brunner et al., 1998), besides PA inhibitors (see

section 2. 4).

2.3. PA receptors.
2.3.1. t-PA receptors.

Receptors for t-PA include those that localise its activity, resulting in focused
and restricted extracellular protease activity, and those that mediate its clearance.
Annexin II (Kim and Hajjar, 2002; Hajjar et al., 1994; Cesarman et al., 1993), o-
enolase (Felez et al., 1991), and amphoterin (Parkkinen and Rauvala, 1991) have been
implicated as receptors which serve to localise t-PA activity to the cell surface. The
overlapping binding specificities of plasminogen and t-PA with certain receptors (e.g.
annexin IT and a-enolase) is important for co-localisation, leading to the enhancement
of plasminogen activation (Felez et al., 1993a and b; Cesarman et al., 1994).

The liver is the main organ responsible for removing t-PA from the circulation.
Carbohydrate-specific receptors, including the mannose receptor (Otter et al., 1991
and 1992) and the afucose receptor (Hajjar and Reynolds, 1994), function as clearance

receptors for t-PA. In addition, low density lipoprotein receptor related protein/og-
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macroglobulin (LRP/o,-M) receptor, which binds numerous ligands, is as a clearance

receptor for t-PA complexed to PAI-1 (Bu et al., 1992), and possibly free t-PA (Camani
et al., 1994; Orth et al., 1994). Gp330, another receptor of the low density lipoprotein

receptor family, may also contribute to t-PA removal (Willnow et al., 1992).

2.3.2. The u-PA receptor.

Pro-uPA and active u-PA bind to a specific high-affinity urokinase receptor (u-
PAR, CD87) which is attached to the membrane via a glycosyl-phosphatidylinositol
(GPI) anchor (Ploug et al., 1991). The binding of pro-u-PA to its receptor accelerates its
activation and also localises the resulting active u-PA to specific sites on the cell's
surface (Nykjeer et al., 1992b; Estreicher et al., 1990; Ellis et al., 1989). Two additional
roles have been attributed to the u-PAR other than its role in plasminogen activation,
namely cell-cell adhesion (by modulating integrin-mediated cell-adhesion; Wei et al.,
1996) as well as cell-ECM adhesion (via vitronectin; Kanse et al., 1996), and signal
transduction events (also via integrins)(Plesner et al., 1997).

The GPI anchor is cleaved by phosphatidylinositol-specific phospholipase C,
GPI-specific phospholipase D, and metalloproteinase-12, thus releasing the u-PAR
from cell surfaces (Wilhelm et al., 1999; Ploug et al., 1991; Koolwijk et al., 2001).
Interestingly, u-PA also cleaves its own receptor from cell surfaces, releasing the
ligand binding domain (Hoyer-Hansen, 1992). These shedding events might regulate
the biological function of cell surface u-PAR and it's soluble counterpart by reducing
the concentration of u-PA on the cell's surface (Koolwijk et al., 2001). Receptor-bound
u-PA is not protected from inhibition by PAI-1, instead it forms a ternary complex
with PAI-1 which induces internalisation of the entire complex via the LRP/ay-M
receptor leading to degradation of u-PA and PAI-1 in lysosomes (Nykjeer et al., 1992¢
and 1997; Cubellis et al., 1990). The u-PAR is recycled back to the cell surface thus
providing additional mechanisms for regulating pericellular plasmin activity (Nykjser
et al., 1997). Recently, soluble u-PAR has been shown to bind to the mannose 6-
phosphate receptor, which modulates the subcellular distribution of u-PAR and is
capable of directing it to lysosomes, thus possibly functioning in the disposal of u-PAR
(Nykjeer et al., 1998).

A variety of cell types have been reported to express the u-PAR including
monocytes, granulocytes, and activated B- and T-lymphocytes (Plesner et al., 1994 and
1997; Nykjeer et al., 1990 and 1992b; Miles and Plow, 1987), thus further supporting a

role for plasmin in haematopoiesis.
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2.4. PA inhibitors (PAls).
Three inhibitors of PAs, PAI-1, PAI-2, and protease nexin-1 (PN-1), serve to

limit plasmin formation and thus its activity.

2.4.1. PAI-1

PAI-1 is a single-chain, 45-kDa glycoprotein and is produced by a number of cell
types including vascular endothelial cells, hepatocytes, haematopoietic cells such as
megakaryocytes, as well as by a number of transformed or tumour cell lines (Saksela
and Rifkin, 1988; Andreasen, 1990). PAI-1 inhibits u-PA and t-PA as well as pro-t-PA
by rapidly forming a 1:1 molar complex. Secreted PAI-1 is active but is rapidly
converted into a latent form that is unable to complex with u-PA or t-PA (Sprenger
and Kluft, 1987;). However, PAI-1 remains active when bound to ECM components
such as vitronectin (a major binding protein of PAI-1), heparin, or fibronectin (Keijer
et al., 1991; Owensby et al., 1991; Edelberg et al., 1991) allowing inhibition of
pericellular activation of plasminogen by PAs (Ciambrone and McKeown-Longo, 1990).
In addition, the binding of PAI-1 to vitronectin blocks cell migration independently of
u-PA inhibition (Stefansson and Lawrence, 1996; Kjgller et al., 1997). PAI-1 can

compete with the vitronectin receptor, a,fg (CD51/CD61), for vitronectin binding,

thus, reducing the number of cell-matrix adhesion sites available for vitronectin-
mediated migration, thereby inhibiting cell movement (Stefansson and Lawrence,
1996; Kjgller et al., 1997). The u-PAR has also been identified as a receptor for
vitronectin (Wei et al., 1994), however, PAI-1 does not appear to inhibit cell migration
by blocking the vitronectin-u-PAR interaction (Kjgller et al., 1997).

2.4.2. PAI-2

The synthesis of PAI-2 is restricted to the skin, placenta and
macrophages/monocytes suggesting that PAI-2 functions in inflammatory/ phagocytic
processes and/or morphogenesis (Lyons-Giordano et al., 1994; Chapman and Stone,
1985; Sprenger and Kluft, 1987). PAI-2 is secreted as a 60-kDa glycosylated protein,
but inefficiently as it lacks a cleavable signal peptide (Ye et al., 1987). Therefore, PAI-
2 accumulates intracellularly as a 47-kDa, non-glycosylated protein (Sprenger and
Kluft, 1987; Saksela and Rifkin, 1988). Secreted PAI-2 is stable in soluble form for
prolonged periods of time (Saksela and Rifkin, 1988). PAI-2 is the most effective
inhibitor of u-PA. It also inhibits t-PA, although less effectively than PAI-1, and is a
poor inhibitor of pro-t-PA (Sprenger and Kluft, 1987; Saksela and Rifkin, 1988;
Andreasen et al., 1990).
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2.4.3. PN-1

PN-1, a 45-kDa glycoprotein, is another inhibitor of u-PA and t-PA that is
produced by a variety of cell types (Sprenger and Kluft, 1987). PN-1 is less effective
than PAI-1 and PAI-2 and is also not specific for PAs, as it inhibits a broad range of
serine proteases including trypsin, thrombin, and plasmin (Sprenger and Kluft, 1987;
Saksela and Rifkin, 1988). Receptor-bound u-PA is also not protected from inhibition
by PN-1 (similar to PAI-1). Instead, the binding of PN-1 to receptor-bound u-PA
initiates the internalisation and degradation of the u-PA/ PN-1 complex via the
LRP/0y-M receptor (Conese et al., 1994).

5. The importance of the PA /plasmin system to mammalian physiology.

In vivo studies using gene targeting have emphasised the extensive involvement
and importance of the PA/plasmin system as well as their inhibitors in mammalian
physiology especially in wound healing (Carmeliet et al., 1997; Romer et al., 1996).
However, similar studies have also shown that the PA/plasmin system plays a less
essential role in reproduction as was previously thought. Transgenic mice
overexpressing PAI-1 or u-PA, and mice with deficiencies in t-PA, u-PA, PAI-1, u-PAR,
or plasminogen, survive embryonic development, have a normal life span and are also
fertile (Lijnen et al., 1995; Bugge et al., 1995; Carmeliet and Collen, 1995).

Nevertheless, u-PA-deficient mice display an array of unusual phenotypic
abnormalities such as dystrophic calcification, rectal prolapse, pleuritis, and the
effacement of lymphoid follicles in the region of the lymph nodes and spleen, as well as
a reduced immune response making the mice susceptable to infections (Shapiro et al.,
1997; Gyetko et al., 2002). Likewise, u-PAR-deficient mice also suffer from diminished
immune responses and markedly diminished platelet survival (Gyetko et al., 2000;
Piguet et al., 2000). These mice maintain normal platelet numbers by increasing
platelet production (Piguet et al., 2000). Furthermore, the healing of skin wounds is
defective in mice with a disrupted plasminogen gene. In these mice, keratinocytes fail
to proliferate and migrate to cover the injured area (Romer et al., 1996). Plasminogen-
deficient mice also display after arterial wall injury, impaired vascular wound healing
and neointima formation due to poor smooth muscle cell migration, impaired tissue
remodelling, and severe thrombosis (Carmeliet et al., 1997). In a further study,
bleomycin-induced pulmonary fibrosis has been noted in mice that either lack or
overexpress the PAI-1 gene (Eitzman et al., 1996). ,

Other than the reports describing defects in platelet survival and reduced

immuno-responses (due to a decrease in B-cell production) in u-PAR-deficient mice
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(Gyetko et al., 2000; Piguet et al., 2000), there have been no reports of impaired
haematopoiesis in mice with deficiencies in t-PA, u-PA, PAI-1, u-PAR, or plasminogen.
This would suggest that the plasmin/plasminogen activator system has a limited role
in this process. However, many proteolytic processes involving plasmin can also be
mediated by other enzymes. For example, plasmin as well as phospholipase D releases
active FGF-2-HSPG complexes from the cell surface (Saksela and Rifkin, 1990;
Brunner et al., 1991; Falcone et al., 1993a and b), and plasmin as well as thrombin can
cleave fibronectin and laminin into multiple fragments (Liotta et al., 1981). Pro-u-PA
can be activated to u-PA by HUTSP-1, kallikrein, factor XIla, cathepsin B, G, and L,

as well as NGF-y in addition to plasmin (Ichinose et al., 1986; Koivunen et al., 1989;

Brunner et al., 1992; Kobayashi et al., 1991; Goretzki et al., 1992; Learmonth et al.,
1992; Wolf et al., 1993). Furthermore, both t-PA and u-PA can activate plasminogen to
plasmin. Therefore, it may be that the overlap in enzyme specificity allows mice
lacking t-PA, u-PA, u-PAR, or plasminogen to survive embryonic development and
birth. Indeed, mice lacking both t-PA and u-PA suffer from poor health, significant
growth retardation, have a shorter life-span, and are less fertile than wild-type mice
or mice with a single deficiency of t-PA or u-PA. Therefore, in vitro studies are still
valuable for characterising and defining the specific roles that the plasmin/PA system

may play in haematopoiesis.

6. Conclusions.

Although the proteolytic regulation of growth factor activity and cell migration
in the BM have not been well studied, there is evidence supporting a role for plasmin
in these processes. My findings that BM stromal cells secrete PAs and that their
production can be differentially regulated by FGF-2, IL-1, and TGF-8 support a role
for PAs in modulating haematopoiesis. In the BM this could occur via the regulation of
plasmin-catalysed processing of growth factors and/or their receptors, and possibly cell

migration.
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Methods.

Cultures of passaged BM stromal cells were established and the cellular and
secreted levels of u-PA and t-PA under different experimental conditions was
investigated. The synthesis of the specific inhibitors, PAI-1 and PAI-2, was

determined by enzyme-linked immunosorbent assays.

1. BM collection and establishment of cultures.

LTBM cultures were established in 75-cm? flasks in 20 ml of stromal medium as
previously described in Chapter 2. Cultures of passaged BM stromal cells were
established by removing the non-adherent progenitor and mature haematopoietic cells
from two to three week old primary BM cultures by extensive washing with PBS. The
adherent stromal cells were removed from the flasks by adding trypsin as described in
Chapter 3. The washed cells were then seeded in 24-well Linbro plates (2.5 x 104
cells/well) or 35-mm dishes (5 x 104 cells/dish) in 2 ml of stromal medium. Before using
the cells in an experiment, hydrocortisone (present in the stromal medium) was

removed from the cultures by washing four times with serum-free RPMI medium.

2. Preparation of harvest fluids.

To prepare harvest fluids, the cells were washed twice with serum-free RPMI
medium to remove the FCS. One ml of serum-free RPMI medium with or without the
relevant of growth factor/cytokine was added to each well. Twenty-four hours later the
supernatants were collected. Protease- and protease inhibitor-free BSA (Appendix 1.1)

was added to the supernatant at a final concentration of 0.4 mg/ml BSA.

3. Preparation of cell lysates.
Adherent cells on 35-mm dishes or 24-well Linbro plates were washed twice

with ice-cold PBS and scraped with a rubber policeman into 1 ml of PBS. The cells
were centrifuged at 350 x g for 5 min at 4£C. To lyse the cells, 100 ul of 0.5% Triton X-
100 in 0.1 M Tris HCI, pH 8.1, was added to the pellet. The lysate was incubated on ice
for 1 hour and then cleared by centrifugation at 650 x g for 5 min. The samples were
stored at -20°C.

The protein concentration of each sample was determined in order to express
the results as the amount of enzyme production in international milliunits (I mU)Ymg

protein. Alternatively, cells from additional dishes were removed with trypsin and
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counted to express the results as the amount of enzyme or inhibitor production in I
mU/105 cells.

4. Protein concentration determinations.

The protein concentration in cell lysates was determined using the Bio-Rad
protein assay. This assay allowed for the determination of protein in the presence of
up to 0.1% Triton X-100. The methodology used was according to the manufacturer's
instructions. Briefly, 20 ul of sample (dilutions were necessary) were mixed with 1 ml
of Bio-Rad dye and allowed to stand at room temperature for 5 to 60 minutes. The
optical density was measured in a spectrophotometer at 595 nm. Serial dilutions of

BSA were used as standards against which the samples were compared.

5. Purification of antibodies.

Sheep anti-human u-PA and t-PA antibodies, control IgG from non-immune

sheep serum, rabbit anti-human PAI-1 antibodies, and control rabbit IgG from non-

immune serum, were purified using a protein-G sepharose column (Appendix 1.6).

6. Plasminogen activator assayv.

Samples were assayed for PA activity by measuring the plasminogen-dependent
release of soluble, radioactive fibrin degradation peptides from an insoluble substrate
of 125]-fibrin prepared and adsorbed to the bottom surface of a plastic well (Appendix
2.1)(Wilson and Dowdle, 1978). Each well contained 2 pg of purified human
plasminogen and 80 pg BSA in a final volume of 300 pl of 0.1 M Tris-HCI, pH 8.1. To
initiate the reaction, 5 to 10 pl of cell lysate or 40 pl of supernatant were added to
duplicate wells. Control wells contained plasminogen alone (no sample). Standards
were included in each assay and contained u-PA in doubling decrements starting from
0.25 international units (IU)/well. The covered plates were incubated at 37°C in a
humid atmosphere. Fibrinolysis was monitored by measuring the solubilised
radioactivity in 50 pl aliquots at various time intervals. Results are expressed as IU

PA/105 cells/24 h + SD, unless otherwise stated.

7. Immunochemical identification of PA tvpe.

Plasminogen activators present in the supernatant or cell lysates were
identified as u-PA or t-PA by measuring residual enzyme activity after incubation of

the sample with specific neutralising antibodies to each enzyme type. Thirty-five pl of

supernatant or 10 ul of cell lysate were incubated for 1 hour at 4°C with an equal
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volume of a 1.256 mg/ml antibody preparation (sheep anti-human u-PA or t-PA
antibodies, Appendix 1.6) and 80 pg BSA made up to a final volume of 80 ul with 0.1 M
Tris-HCI, pH 8.1. An aliquot thereof was assayed for residual PA activity as described

abave.

8. Zymography of plasminogen activators and inhibitors.
Samples (22.5 pl supernatant or 5 pg protein [lysates]) were subjected to 11%

polyacrylamide/0.1% SDS gel electrophoresis (Appendix 2.2). Following
electrophoresis, the gel was washed for 1 hour with gentle shaking in a solution of
2.5% Triton X-100 in water to remove the SDS. The gel was rinsed in distilled water,

drained and layered onto a fibrin-plasminogen agar indicator gel slab (Appendix 2.3)

and incubated in a humid chamber at 37°C. Bands of enzyme activity were detected
zymographically as plasminogen-dependent zones of fibrinolysis in the fibrin-
plasminogen agar gel (Wilson et al., 1980) and their apparent molecular weights
calculated by reference to co-electrophoresed molecular weight marker proteins.

Reverse zymography, for demonstrating the presence of PAI-1, was initiated by
including 3 mU u-PA in the indicator layer. Complete lysis of the fibrin occurred
unless PAI-1 was present to inhibit this reaction. Thus, inhibitor bands were detected
as opaque zones in a background of complete lysis of the fibrin indicator gel (Erickson
et al., 1984).

The fibrin indicator gels were preserved and stained by soaking in fixative (70%
methanol, 10% acetic acid and 20% water) containing 0.1% amido black for 1 hour, and

were destained by repeated soaking in fixative containing no dye.

9. Enzyvme-linked immunosorbent assay (ELISA).
PAI-1 and PAI-2 were measured with specific ELISA kits (American

Diagnostica, USA) which used the double-antibody sandwich principle. Peroxidase-
conjugated reagents and an enzyme-linked colourimetric reaction with
phenylenediamine-HCl as the substrate yielded a yellow colour upon reaction that
could be read at an optical density of 492 nm. It should be noted that the PAI-1 assay
kit detected only free PAI-1 and not complexes of t-PA or u-PA with PAI-1. Results are
expressed as ng PAI/105 cells/24 h (supernatant values) or as ng PAL/105 cells (cellular

values).
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10. PAI-1 inhibition of t-PA activity.
Passaged BM stromal cells (3") were seeded in 35-mm culture dishes and

depleted of hydrocortisone as described above. After one week all cultures were
washed three times with RPMI medium to remove all traces of FCS. The cells were
then incubated at 37°C with or without rabbit anti-PAI-1 antibodies, or with
irrelevant rabbit IgG at 1.14 mg/ml in a final volume of 750 ul of RPMI medium
containing 0.4 mg/ml BSA. After 10 min, an equal volume of RPMI medium containing
0.4 mg/ml BSA and 100 ng/ml pro-t-PA was added to each culture condition. At time
intervals of 1, 2, 4, 6, 8, and 24 hours, 100 ul aliquots of the supernatants were
removed and assayed for PA activity using the 125I-fibrin plate assay. After 4 hours of
culture, one set of cultures treated with PAI-1 antibodies received a second aliquot of
rabbit anti-PAI-1 antibodies such that the final antibody concentration in these
cultures was 1.15 mg/ml. An equivalent volume of PBS was added to the other
cultures.

To control for non-specific binding of pro-t-PA to the plastic and to verify the
stability of pro-t-PA over the assay period of 24 hours, control dishes were prepared by
adding pro-t-PA to culture dishes that contained no cells but which had been treated
with RPMI medium containing 10% FCS. These culture dishes were subjected to the
same experimental protocol as described above. "Supernatants" were collected and PA

activity was determined using the 125-fibrin plate assay.

11. Clearance of t-PA by PAI-1.
Passaged BM stromal cells (5') were seeded into 24-well Linbro plates and

depleted of as described above. After one week the cells were washed three times with

RPMI medium to remove all traces of FCS. The cultures were then treated with 500 ul
of RPMI medium containing 0.4 mg/ml BSA and 10°cpm of 1251-t-PA (equivalent to 10
ng t-PA; 1251-t-PA was a gift from Dr. Lillian Ossowski, Mt Sinai School of Medicine,
NY). At time intervals of 0, 15 min, 30 min, 1, 2, 4, 6, 8, 10, and 24 hours, the
supernatants were collected and cell lysates and matrix extracts were prepared. The
supernatants were centrifuged at 1,000 x g for 1 minute in an Eppendorf centrifuge
and then transferred to a new tube containing 10 ul of 0.25% Tween 80. To prepare
cell lysates the cells were washed three times with cold PBS and then incubated for 10
minutes at 37°C with 250 ul of PBS containing 0.5% Triton X-100. The matrix layer
was then washed with three changes of cold water. Matrix extracts were prepared by
scraping the matrix layer into 250 il of a 0.1% SDS solution. Samples were stored at -

20°C. To identify 12°1-t-PA, aliquots of supernatants, cell lysates and matrix extracts
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were subjected to 11% SDS-PAGE (Appendix 2.2), and the gel was dried for
autoradiography. After exposing the gels, labelled proteins in the high and low
molecular weight fractions present in the supernatant was quantitated by excising the

relevant areas of the gel and determining radioactitvity using a gamma counter.

12. PAI-1 identification by Western blot.

PAI-1 antigen was identified in the supernatants, cell lysates and matrix

extracts by using standard Western blotting procedures (Appendix 2.3). Aliquots of the
samples as well as 3 13 ng of a PAI-1 standard were subjected to 11% SDS-PAGE
(Appendix 2.2) and the proteins in the resultant gel transferred onto nitrocellulose

membranes by semi-wet blotting. The membranes were then incubated with anti-PAI-

1 antibodies conjugated to 125I-labelled protein A.

13. Trichloroacetic acid (TCA) precipitation of proteins.

Proteins in the supernatant were precipitated using TCA in order to determine
the total amount of TCA precipitable 125I-t-PA in each sample. To do this, 100 ul
aliquots of supernatant were mixed with an equal volume of BSA (8 mg/ml) and 200 pl
of 10% TCA. The samples were incubated at 4°C for 30 minutes before centrifugation

at 1,000 x g for 5 minutes. The precipitates were washed twice with 5% TCA.

115



Chapter 4: Results

Results,

The cellular production and secretion of u-PA and t-PA as well as their specific
inhibitors, PAI-1 and PAI-2, by passaged BM stromal cells were determined because of
the role that they could play in modulating haematopoiesis via the regulation of
plasmin-catalysed processing of growth factors and/or their receptors (Hannocks et al.,
1992). Furthermore, u-PA-mediated plasmin generation stimulates cell migration and
may therefore be important for the egress of haematopoietic cells from the BM into the

circulation.

1. Basal PA/PAI levels in passaged BM stromal cells.
Table 1 shows the mean basal PA, PAI-1, and PAI-2 values from the individual

values obtained in the various experiments. PA activity, and PAI-1 and -2 protein

levels, were determined in harvest fluids and cell lysates of passaged BM stromal cells
after removing hydrocortisone from the culture medium for four days (see section 2).
The stromal cells were then incubated in serum-containing RPMI medium for 24
hours. Harvest fluids were then prepared by incubating the stromal cells in serum-free
RPMI for a further 24 hours. Cell lysates were prepared in 0.5% Triton X-100.
Passaged BM stromal cells produced and secreted very low levels of PA activity
(0.39 + 0.28 mU/10° cells and 0.27 + 0.16 mU/10° cells/24 h, respectively). This was due
to the relatively high endogenous levels of PAI-1 (Table 1). The type of PA produced by

BM stromal cells (using immunochemical techniques) was mainly u-PA.

Table 1. Basal PA and PAl levels in BM stromal cells.

PA PAI-1 PAI-2
Supernatant 0.27 £ 0.16 68.4 +37.6 3.9+£3.26
mU/10° cells/24 h (n = 10 exp.) (n=9exp.) {n=17exp.)
Cell Associated 0.39+0.28 0.76 £ 0.33 0.39+0.14
mU/10° cells (n=5exp.) (n =6 exp.) (n =3 exp.)

In the majority of the experiments, BM stromal cells used were at passage three. while in
some experiments, stromal cells were also used at passage two or four.
Results represent the mean value £ SEM
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2. Regulation of BM stromal PA activity by hvdrocortisone.

Previous studies have demonstrated that glucocorticoids inhibit the proteolytic
activity expressed by a number of different cell types in culture (Saksela and Rifkin,
1988). Since Dexter LTBM cultures require medium containing the glucocorticoid,
hydrocortisone (see Chapter 2, Table 1), I was interested in determining the effect of
this glucocorticoid on BM stromal cell PA activity. Hydrocortisone was removed from
BM stromal cells and PA activity was determined in the supernatant at different time
intervals following its removal. Hydrocortisone was also added at wvarious
concentrations to BM stromal cells grown in glucocorticoid-free medium to determine
its effect on both PA activity and PAI-1 production.

2.1. The inhibition of PA activity by hydrocortisone.

Passaged BM stromal cells (3') were seeded in 24-well Linbro plates as described
in the methods. The cells (washed free of hydrocortisone) were then incubated with
1 ml of RPMI medium containing 10% FCS in the presence or absence of 10-6 M
hydrocortisone. After 1, 2, 4, and 5 days, fresh RPMI medium containing 10% FCS was
added, and the cells were treated with or without 10 M hydrocortisone in the
presence or absence of 0.2 ng/ml TGF-8 for 24 hours. Because the basal PA secretion of
passaged BM stromal cells was low (see Table 1), TGF-8, a potent inducer of BM
stromal cell PA activity (noted in preliminary experiments), was added to the cultures
to stimulate the basal levels of PA activity in order to observe the effects of
hydrocortisone. Harvest fluids were prepared as described in the methods. The
supernatants were then assayed for PA activity using the 125I-fibrin plate assay.

Fig. 2 shows that hydrocortisone inhibited the basal secretion of PA activity as
well as the TGF-B-induced stimulation of PA activity by BM stromal cells. BM stromal
cells treated with 106 M hydrocortisone alone or in the presence of 0.2 ng/ml TGF-B
did not secrete detectable PA activity (Fig. 2). However, the inhibitory effect of
hydrocortisone on TGF-B-stimulated PA production by BM stromal cells was reversed
when this glucocorticoid was removed from the culture medium for one day. At this
time interval, TGF-B-treated BM stromal cells secreted 23-times more PA activity
than control cells (p < 0.01). Maximum stimulation (569-fold) in PA activity by TGF-
was noted after hydrocortisone was removed from the medium for two days (from 0.8
0.35 to 47 + 7.5% of the total trypsin-soluble 125I-fibrin, p < 0.02)(Fig. 2).

The basal secretion of PA activity was measurable in the supernatant of BM

stromal cells cultured in the absence of hydrocortisone for a minimum of four days (the
supernatant contained a maximum of 6 + 0.21% of the total trypsin-soluble ?°I-fibrin
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compared to hydrocortisone treated cells which did not secrete detectable PA activity,
p < 0.001).

These results show that hydrocortisone in the medium of Dexter LTBM cultures
inhibited the secretion of PAs by BM stromal cells. In addition, hydrocortisone
completely inhibited the TGF-B-mediated induction of PAs. These effects were
reversed when BM stromal cells were grown in the absence of hydrocortisone. Thus, in
all experiments, unless otherwise stated, BM stromal cells were cultured in medium
without hydrocortisone (RPMI medium containing 10% FCS) for four days with a
medium change after two days to ensure that the inhibitory effect of hydrocortisone on

basal PA activity was completely reversed.
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Fig. 2. The regulation of PA activity by hydrocortisone. Passaged BM stromal cells were
seeded into 24-well Linbro plates at 2.5 x 104 cells/well in stromal medium. This medium,
containing 10-% M hyrocortisone, was replaced on day zero with RPMI medium containing 10%
FCS in the presence or absence of 106 M hydrocortisone. After 1, 2, 4, and 5 days, the
supernatants were replaced with RPMI medium containing 10% FCS, with or without 108 M
hydrocortisone and in the presence or absence of 0.2 ng/ml TGF-8. After 24 hours, harvest
fluids were prepared by replacing the supernatants with 1 ml of serum-free RPMI medium
with or without 10°® M hydrocortisone and in the absence or presence of 0.2 ng/ml TGF-8.
Twenty four hours later PA activity in the supernatants was determined using the 125I-fibrin

plate assay. Results are expressed as the mean percentage of the total trypsin-soluble 125]-
fibrin + SD from duplicate wells for each condition. This experiment was performed only once.
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2.2. Dose-dependency of PA regulation by hydrocortisone.

To further characterise the inhibitory effects of hydrocortisone on PA activity,
BM stromal cells were treated with different concentrations of hydrocortisone in the
absence or presence of TGF-§, and the levels of PA and PAI-1 in the supernatant were
determined. Passaged BM stromal cells (4') were seeded into 24-well Linbro plates in
BM stromal medium and washed free of hydrocortisone as described above.
Hydrocortisone (106 to 10° M) was added to the cultures for 24 hours in 1 ml RPMI
medium containing 10% FCS in the absence or presence of 0.2 ng/ml TGF-3. Harvest
fluids were prepared as described in the methods in serum-free RPMI medium
containing hydrocortisone (10-6to 10° M) in the absence or presence of 0.2 ng/ml
TGF-8 and assayed for PA activity and PAI-1 protein.

In Fig. 3A, BM stromal cells cultured in the absence of hydrocortisone and
TGF-8 secreted little PA activity (0.45 + 0.2 mU/10° cells/24 h). Furthermore, in the
absence of TGF-8, all concentrations of hydrocortisone inhibited the basal PA activity
expressed by BM stromal cells. However, PA activity was stimulated approximately

273-fold by 0.2 ng/ml TGF-8 (123 + 23 mU/10° cells/24 h, p < 0.001, Fig. 3A).

Concentrations of 10°¢ and 107 M hydrocortisone resulted in the most significant
inhibition of TGF-B-induced PA stimulation with activities being reduced by 99 (p <
0.005) and 79% (p < 0.02) respectively (Fig. 34). Hydrocortisone concentrations of 10-8
and 10-9 M did not significantly inhibit TGF-B-induced PA secretion (Fig. 34).

The levels of PAI-1 in the supernatants were also determined (Fig. 3B). BM
stromal cells cultured in the absence of hydrocortisone and TGF-B secreted 6 + 2 ng
PAI-1/105 cells/24 h (Fig. 3B). PAI-1 levels were induced by approximately 4-fold (to
approximately 26 + 3 ng PAI-1/105 cells/24 h, p < 0.02) by all concentrations of
hydrocortisone tested. TGF-B alone stimulated PAI-1 levels by approximately 7-fold
above control cultures (from 6 + 2 to 42 £ 5 ng/105 cells/24 h, p < 0.01). The presence of
hydrocortisone (10-6 and 10-° M), had no significant effect on the levels of PAI-1
induced by TGF-8 (Fig. 3B, p > 0.05 for each hydrocortisone concentration).

Thus, both basal and TGF-3-mediated increases in PA activity were inhibited by
hydrocortisone in a concentration dependent manner. No changes in PAI-1 were noted

indicating that the inhibition was not due to increases in PAI-1 production.
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u-PA/PAI-1 and t-PA/PAI-1 complexes are normally enzymatically inactive but after
SDS gel electrophoresis some of the complex dissociates such that in the gel a zone of
PA activity is visable (Andreasen et al., 1990).

The results therefore show that FGF-2, IL-18, and TGF-B stimulated the levels
of secreted PA activity in the BM microenvironment with TGF-8 having the most

significant effect and increasing exclusively u-PA production (Fig. 44).

PAIs
BM stromal cells to which no growth factor had been added secreted high levels

of PAI-1 (mean of 68.4 + 37.6 ng/10° cells/24 h, Table 1), but relatively low levels of

PAI-2 (mean of 3.9 + 3.0 ng/10° cells/24 h, Table 1).

Addition of FGF-2 did not significantly affect PAI-1 levels (Fig. 584) over a
concentration range of 0.02 - 20 ng/ml (p > 0.05). Similarly, FGF-2 had no effect on
PAI-2 secretion (data not shown).

IL-18 (at concentrations between 10 and 104 U/ml) significantly decreased the
net levels of PAI-1 compared to control cells by approximately 50% (from 111.3 + 3.6 to
between 40 and 60 ng/105cells/24 h, p < 0.01, Fig. 5A). In Fig. 4B, a significant
increase in the level of the u-PA-PAI-1 complex can be noted with this cytokine
compared to control cultures. PAI-1 complexed to u-PA is, however, not measured by
ELISA. It appears that the increase in PAI-1 by IL-18 was smaller than the increase
in PA activity and that most of the PAI-1 was complexed with u-PA. In contrast, IL-18
(102 - 104 U/ml), stimulated PAI-2 levels by approximately 7.5-fold (from 0.8 + 0.3 to
between 6 and 10 ng/10° cells/24 h, p < 0.05, Fig. 5C).

TGF-} (at concentrations between 0.02 and 20 ng/ml) consistently elevated PAI-
1 secretion by approximately 2-fold compared to control cultures. This resulted in PAI-
1 levels of approximately 227 + 12 ng/10° cells/24 h (p < 0.005, Fig. 5A). In contrast,
TGFB was found to have no effect on PAI-2 secretion (data not shown).

PAI-1 levels were also analysed by reverse zymography. Fig. 5B shows that the
PAI-1 inhibitor band, corresponding to 44 kDa, was detectable under all assay
conditions. It is evident that the inhibitor band was unaffected by FGF-2 (lane b),
decreased by IL-18 (lane ¢), and increased by TGF- (lane d) confirming above ELISA

data.
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Fig. 5. Passaged BM stromal cells were seeded into 24-well Linbro plates at 2 x 104 cells/well
in BM stromal medium. To remove the hydrocortisone, the medium was replaced with RPMI
medium containing 10% FCS for 4 days with one medium change after 2 days. The cells were
then treated with FGF-2, IL-18, or TGF-B for 24 h at the indicated concentrations in RPMI
medium containing 10% FCS. To prepare harvest fluids, the cells were washed twice with
RPMI medium to remove the FCS and incubated for a further 24 hours in serum-free RPMI
medium with the appropriate concentration of growth factor.

A. PAI-1 levels in the supernatants were determined by ELISA. Results are expressed as the
mean ng PAI-1/10% cells/24 h + SD from duplicate wells for each condition.

Similar results were noted in eight other experiments.

* p < 0.01 with respect to the control.

** p < 0.005 with respect to the control.

NS: not significant with respect to the control, p > 0.05.

B. Reverse zymography of PA inhibitors secreted by control cells (lane a) and cells treated
with 0.2 ng/ml FGF-2 (lane b), 104 U/m! IL-18 (lane ¢), or 0.2 ng/ml TGF-8 (lane d). PAI-1 was
visualised as an opaque band in a completely lysed indicator gel. Similar results were noted in
eight other experiments.

C. PAI-2 levels in the supernatant were determined by ELISA. Results are expressed as the
mean ng PAI-2/103 cells/24 h + SD from duplicate wells for each condition. Similar results
were noted in a further six experiments.

* p < 0.05 with respect to the control.

NS: not significant with respect to the control, p > 0.05.

In summary, FGF-2 had little to no effect on PAI-1 or PAI-2 secretion in BM
stromal cells, whereas IL-18 inhibited PAI-1 levels and induced PAI-2, and TGF-3
stimulated PAI-1 levels but had no effect on PAI-2. However, the addition of IL-18 and
TGF-B to BM stromal cells still favoured plasmin generation as there was an overall
increase in PA activity. This is in contrast to what has been previously noted with
TGF-8 in other cell systems where this growth factor stimulates PAI-1 production
resulting in an overall suppression of PA activity and, therefore, plasmin generation
(Saksela et al., 1987; Laiho et al., 1986a and b).
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3.1.2. Cell-associated PA activity.

To determine the effect of FGF-2, IL-18 and TGF- on the cell-associated
(intracellular plus cell surface) levels of PA activity of BM stromal cells, passaged BM
cells (3') seeded into 35-mm dishes were depleted of hydrocortisone as described in the
methods. FGF-2 (0.2 to 20 ng/ml), IL-1 (10 to 105U/ml), or TGF-8 (0.2 to 20 ng/ml)
were added to the cells for 24 hours in 1 m] of RPMI medium containing 10% FCS. The
cells were then washed twice with serum-free RPMI medium to remove the serum and
incubated for a further 24 hours with 1 ml of serum-free RPMI medium containing the
relevant concentration of growth factor. Cell lysates were prepared as_described in the

methods, and PA activity, PA species, and PAI-1 and PAI-2 protein levels determined.

PAs
PA activity in cell lysates of BM stromal cells cultured in the absence of growth

factors was low (mean of 0.39 + 0.28 mU/105 cells). Control cells contained 0.26 mU

PA/10° cells (Fig. 6). Addition of FGF-2 (0.02 to 20 ng/ml) did not significantly
stimulate cellular PA activity.

All concentrations of IL-18 tested stimulated PA activity, the most effective
being 102 U/ml which stimulated PA activity approximately 5-fold (p < 0.005, Fig. 6).
In addition, it was noted that the stimulation in cellular PA activity by IL-18 was
lower than the stimulation in PA secretion by this growth factor (10* U/ml IL-18
stimulated PA secretion by approximately 12-fold; see Fig. 44).

The addition of TGF- to stromal cells also stimulated PA activity in cell lysates
compared to control cells but not as dramatically as PA secretion. A maximum
stimulation of 4.5-fold (from 0.26 + 0.2 to 1.18 + 0.35 mU/105 cells, p = 0.005) was
obtained with 0.2 ng/ml TGF-8 (Fig. 6) compared to a 350-fold increase in PA secretion
with the same concentration of this cytokine (Fig. 44). TGF-3 at 20 ng/ml stimulated
cell lysate PA activity by approximately 3.3-fold (p < 0.02), and no increase was noted
with 20 pg/ml TGF-8.

Using neutralising antibodies, the type of PA activity in the lysates of control
cells and cells treated with FGF-2, IL-18, or TGF-8 was determined as being only u-
PA. In contrast to secreted t-PA levels, no cell-associated t-PA was detected in FGF-2-
treated BM stromal cultures. Since FGF-2 did not stimulate cellular PA levels, this
may indicate that t-PA was effectively secreted into the supernatant, leaving cellular

t-PA levels below the detection limit of the assay.
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The results therefore show that FGF-2 had little to no effect on the levels of cell-
associated PA activity. In contrast, IL-18 or TGF-8 stimulated cellular PA activity in
BM stromal cells, but the stimulation was significantly lower than the increase noted

in PA secretion.
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Fig. 6. Regulation of cell-associated PA activity by FGF-2, IL.-18, and TGF-8. Passaged
BM cells were seeded into 35-mm dishes at 1 x 105 cells/dish in BM stromal medium. To
remove the hydrocortisone, the medium was replaced with RPMI medium containing 10% FCS
for four days with one medium change after two days. The stromal cells were then treated
with FGF-2, IL-18, or TGF-B at the concentrations indicated in 1 ml of RPMI medium
containing 10% FCS. After 24 hours, the cells were incubated for a further 24 hours with 1 ml
serum-free RPMI medium containing the relevant concentration of growth factor. Cell lysates
were prepared in 0.5% Triton X-100. PA activity was determined using the 1251-fibrin plate
assay. Results are expressed as the mean mU PA/105 cells + SD from duplicate wells. Similar
results were noted in four other experiments.

* p < 0.005 with respect to the control.

** p < 0.02 with respect to the control.

NS: not significant with respect to the control, p > 0.05.
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PAls
The cellular basal levels for both PAI-1 and PAI-2 in human BM stromal cells

were low (means of 0.76 £ 0.33 ng/10° cells for PAI-1 and 0.39 + 0.14 ng/10° cells for
PAI-2, Table 1).

In Fig. 7 the cell lysate of control cells contained 0.92 ng PAI-1 and 0.53 ng PAIL-
2/10° cells. In contrast to secreted PAI-1 levels, addition of FGF-2 at 0.2 and 2 ng/ml

increased PAI-1 levels by approximately 2-fold to 1.9 ng/10° cells. FGF-2, at all
concentrations used, did not regulate PAI-2 levels (data not shown).

Addition of IL-18 (10 to 105 U/ml) to BM stromal cells had little to no effect on
cellular PAI-1 levels (Fig. 7A). This effect was in contrast to that found in the
supernatant where similar concentrations of IL-18 decreased PAI-1 secretion by
approximately 50% (Fig. 5A). Furthermore, all concentrations of IL-18 increased
cellular PAI-2 levels between 10- and 16-fold (Fig. 7B).

TGF-8 (0.02 to 20 ng/ml) increased the cellular PAI-1 levels by approximately 2-
fold (Fig. 7A) as was found for the secreted PAI-1 levels. Similar to FGF-2, TGF-i
(0.02 to 20 ng/ml) did not regulate cellular PAI-2 levels in BM stromal cells, which is
consistent with the effects of these two growth factors on PAI-2 secretion (data not
shown).

The results therefore show that low concentrations of both FGF-2 and TGF-

stimulated cell-associated PAI-1 levels, whereas I1.-18 increased cellular PAI-2 levels.
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Fig. 7. Regulation of celiular PAI-1 levels by FGF-2, IL-1B, and TGF-8. Passaged BM cells were
seeded into 35-mm dishes at 1 x 10° cells/dish in BM stromal medium. The medium was replaced with
RPMI medium containing 10% FCS for four days with one medium change after two days to remove the
hydrocortisone. FGF-2, IL-18, or TGF-8 were added to the cells at the concentrations indicated for 24
hours in 1 ml of RPMI containing 10% FCS. The cells were then incubated with 1 ml serum-free RPMI
medium containing the relevant concentration of growth factor for a further 24 hours. Cell lysates were
prepared in 0.5% Triton X-100, PAI-1 (A) and PAI-2 @) protein levels were determined by ELISA.
Results are expressed as ng PAI-1 or PAI-2/10% cells from one well. Similar results for PAI-1 were noted
in five experiments and for PAI-2 in three experiments.
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These experiments demonstrated that F GF-2, IL-18, and TGF-8 differentially
modulated production and secretion of PAs and their inhibitors, PAI-1 and PAI-2, by
BM stromal cells. It was noted that FGF-2 stimulated PA secretion by inducing
mainly t-PA levels but had no effect on cell-associated PA activity. Furthermore, it
was observed that FGF-2 increased only cellular PAI-1 levels.

TGF-B was the most significant inducer of both secreted and cell-associated PA,
increasing only u-PA and with the increase in secretion being more profound. It was
further noted that TGF-8 increased both PAI-1 production and secretion.
Nevertheless, u-PA activity was still permissive.

IL-18 also increased both cellular and secreted PA activity, increasing primarily
u-PA, but to a lesser extent than TGF-8. Interestingly, it was noted that only IL-18
increased PAI-2 levels, although plasmin generation was still favoured as there was
an overall increase in u-PA activity.

Thus, FGF-2, TGF-8 and IL-18 differentially regulated the PA/plasmin system
in BM stromal cells such that the modulation in PA activity by these growth factors
varied according to the type of PA/PAIl modulated, compartment in which the

regulation took place, and to the extent of the regulation.

3.2. TGF-f3 regulation of PA activity as a function of time.

The previous experiments indicated that TGF-B was a potent stimulator of BM
stromal cell PA activity (up to 350-fold in secretion and 4.5-fold in cellular levels) as
well as PAI-1 levels. Therefore, TGF- has the capacity for regulating its own
activation and its own activity. Increasing u-PA activity would increase local plasmin
generation and convert latent to active TGF- (Lyons et al., 1988). Active TGF-3 would
also induce PAI-1, which by inhibiting u-PA activity would diminish the conversion of
plasminogen to plasmin. Therefore, TGF- via its stimulation of both u-PA and PAI-1
in a possible sequential time frame could regulate its own activity. In addition,
plasmin can release latent TGF-8 from the ECM (Taipale et al., 1992; Falcone et al.,
1993a) therefore providing an additional mechanism for this growth factor regulating
its own activity. I therefore decided to determine the increase in PA activity and PAI-1
levels as a function of time.

Passaged BM stromal cells (3') seeded into 24-well Linbro plates were depleted
of hydrocortisone as described in the methods. Harvest fluids were prepared with 0.2
ng/ml TGF-f in 1 ml RPMI medium as described in the methods. (This concentration
of TGF-3 was chosen as it was the most effective in stimulating PA secretion, see Fig.

4A). Supernatants were collected from duplicate wells after 8, 12, 24, 36, and 48 hours.
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To determine cellular PA levels, the cells were treated with 0.2 ng/ml TGF-8 in
1 ml of RPMI medium containing 10% FCS. Cell lysates were prepared from duplicate
wells after 6, 12, 18, 24, and 48 hours as described in the methods. The supernatants
and cell lysates were assayed for PA activity using the 125I-fibrin plate assay and
PAI-1 protein levels by ELISA. PAI-1 activity was also visualised by reverse
zymography.

Figs. 84 and B shows that both secreted and cell-associated PA activity in BM
stromal cells were increased by 7- and 8-fold, respectively, following incubation with
TGF-8 for 12 hours (from 0.21 + 0.1 to 1.48 + 0.88 mU/105 cells/12 h for secreted PA
[p < 0.05], and from 50 + 0.0 to 400 + 44 mU/mg protein for cellular PA [p < 0.01]).

Increases in PAI-1 production in BM stromal cells treated with TGF- were
noted at an earlier time point, namely 8 hours, as shown in Fig. 8C. Here, TGF-5
induced PAI-1 secretion from BM stromal cells by approximately 10-fold from 4.8 + 8.4
to 55 + 13 ng PAI-1/105 cells (p < 0.05). After 12 hours, however, PAI-1 levels secreted
in the presence of TGF-§ were only approximately 2-fold higher compared to control
cells (Fig. 8C).

PAI-1 activity in the supernatants was also visualised by reverse zymography.
PAI-1 activity was evident as an opaque band of 46 kDa in the completely lysed
indicator gel as illustrated in Fig. 8D. This figure confirms that an increase in PAI-1
levels by TGF-i} was observed after 8 hours.

These results suggest that TGF-8 stimulated BM stromal cells to produce PAI-1
and u-PA in a time-dependent manner. However, since RNA levels for u-PA and PAI-I
were not determined in this experiment, I do not know whether the increase in u-PA
activity by TGF- was due to an increase in u-PA production or rather the release of u-
PA from ECM storage sites or possible intracellular storage sites (the latter has not
been demonstrated for u-PA as it has been for t-PA by Pepper et al. (2001)). PAI-1is a
major target gene for TGF-f activity and is induced early which might explain the
presence of PAI-1 in the supernatant at an earlier time than u-PA. Although TGF-8
stimulates PAI-1 production by BM stromal cells, which initially might inhibit u-PA
activity, plasmin generation is still favoured by the significant increases in u-PA

activity by this growth factor.
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Fig. 8. The effect of TGF-B on PA activity as a function of time. Passaged BM stromal cells were
seeded into 24-well Linbro plates at 2.5 x 104 cells/well in BM stromal medium. The medium was
replaced with RPMI medium containing 10% FCS for four days with one medium change after two days
to remove the hydrocortisone.

A. BM stromal cells were treated with 0.2 ng/ml TGF-8 in 1 ml of serum-free RPMI medium.
Supernatants were collected after 8, 12, 24, 36, and 48 hours and were assayed for secreted PA activity
using the 1251 fibrin plate assay. Results are expressed as the mean mU PA/105 cells + SD from
duplicate wells.

p values were determined with respect to the control value at each time point.

B. The cells were treated with 0.2 ng/ml TGF-8 in 1 ml of RPMI medium containing 10% FCS. Cell
lysates were prepared from duplicate wells after 6, 12, 18, 24, and 48 hours in 0.5% Triton X-100 and

assayed for intracellular PA activity using the 1251-fibrin plate assay. Results are expressed as the

mean mU PA/mg protein £ SD from duplicate wells.
p values were determined with respect to the control value at each time point.
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3.8. Regulation of PA activity by TGF-f§ and PDGF.

The finding (see Table 2) that TGF-f is a potent stimulator of BM stromal cell
PA activity when these cells are pretreated with this growth factor in the presence of
FCS (before harvest fluids were prepared with this growth factor in the absence of
FCS), suggests that FCS sensitises the cells for the stimulation of PA activity by TGF-
3. Since serum is a rich source of PDGF (Gronthos and Simmons, 1995), I
hypothesised that PDGE might be involved in this process to induce the production of
BM stromal cell PA activity by TGF-8. In contrast, the increased levels of PAI-1
production by TGF-8 is independent of FCS sensitisation since PAI-1 levels were not

Table 2. PA activity and PAI-1 levels in the supernatant of BM stromal cells treated
with TGF-8 in the absence or presence of FCS.

Experimental PA activity PAI-1 levels
Conditions (mU/10° cells/24 h) (ng/10° cells/24 h)
24 h + FCS; 24 h - FCS8? 117+ 16 132 +£13
24 h —FCS; 24 h — FCS? 4.3+20 (p<00n 120 £ 13 (N
24 h — FCS¢ 12.3 £ 2.5 (p <0.01) 131+ 19 s
48 h — FCs? 9.3+ 1 (p<00n 113 £ 8 (Ns)

Passaged BM stromal cells (4') were seeded into 24-well Linbro plates at 2.5 x 104 cells/well in
BM stromal medium. The medium was replaced with RPMI medium containing 10% FCS for
four days with one medium change after two days to remove the hydrocortisone. The cells
were then treated with TGF-8 in the absence or presence of FCS for different time periods as
described below. Supernatants were then collected and assayed for PA activity using the 125]-
fibrin plate assay. Results are expressed as the mean mU PA/10%cells/24 h + SD from
duplicate wells for each condition.

a: BM stromal cells were pretreated with 0.2 ng/ml TGF-8 in the presence of FCS for 24 hours.
Harvest fluids were then prepared by treating the cells with this growth factor in the absence
of FCS for 24 hours.

b: BM stromal cells were pretreated with 0.2 ng/ml TGF-8 in the absence of FCS for 24 hours.
Harvest fluids were then prepared by treating the cells with this growth factor in the absence
of FCS for 24 hours.

¢: Harvest fluids were prepared from BM stromal cells treated with 0.2 ng/ml TGF-8 in the
absence of FCS for 24 hours (i.e. there was no pretreatment of the cells with TGF-8 in the
presence of FCS).

d: Harvest fluids were prepared from BM stromal cells treated with 0.2 ng/ml TGF-§ in the
absence of FCS for 48 hours (i.e. there was no pretreatment of the cells with TGF-3 in the
presence of FCS).

p values determined with respect to a.

NS: not significant compared to PAl-1 levels in ¢, p > 0.05.
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affected by the pretreatment of the BM stromal cells with TGF-8 in the presence of
FCS (Table 2).

To further investigate this hypothesis, passaged BM stromal cells at 3' (seeded
into 24-well Linbro plates and washed free of hydrocortisone as described in the
methods) were pretreated with RPMI medium containing either 0.2 ng'ml TGF-3, 1
ng/ml PDGF, or 0.2 ng/ml TGF-8 and 1 ng/m! PDGF, in the absence or presence of 10%
FCS for 24 hours. Harvest fluids were then prepared as previously described and
assayed for PA activity and PAI-1.

PAs

BM stromal cells to which no growth factors had been added secreted low
amounts of PA activity, both in the presence of FCS (0.49 + 0.0 mU PA/105 cells/24 h,
Fig. 9A) and in the absence of FCS (1.54 + 0.44 mU PA/10% cells/24 h, Fig. 9B). PDGF
alone did not significantly stimulate PA production by BM stromal cells in the
presence (Fig. 9A) or absence (Fig. 9B) of FCS. As previously observed, the stimulation
in PA activity by TGF-B was significant when BM stromal cells were preincubated
with this growth factor in the presence of serum (approximately 100-fold, p < 0.001,
Fig. 9A). In contrast, BM stromal cells pretreated with TGF- in the absence of serum
exhibited a smaller increase in PA activity (approximately 6-fold, p < 0.01, Fig. 9B).

PDGF further enhanced TGF-B-mediated stimulation of PA activity levels by
approximately 4-fold, resulting in an overall increase of 428-fold above control cells
(p < 0.001, Fig. 9A). PDGF also enhanced the TGF--mediated PA activity in BM
stromal cells preincubated with these growth factors in the absence of serum by
approximately 45-fold above control cells (p < 0.001, Fig. 9B). Although this increase
in PA activity was significantly higher than that noted for TGF- alone (pretreated in
the absence of FCS), the data suggest that other growth factors or components in FCS
apart from PDGF may increase the sensitivity of the BM stromal cells to TGF-8. It
was further noted that increasing the concentration of PDGF to 5 ng/ml did not result

in any additional increases in PA activity (data not shown).

PAI-1

Since the stimulation in BM stromal cell PAI-1 levels by TGF- was not
dependent on FCS (Table 2), PAI-1 levels were only determined in the supernatants of
BM stromal cells that had been preincubated with growth factors in the presence of
FCS. Fig. 9C shows that BM stromal cells to which no growth factors had been added
secreted small amounts of PAI-1 (5.3 ng/105 cells/24 h). The addition of PDGF or TGF-
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B3 to BM stromal cells stimulated the production of PAI-1 by approximately 3.5-fold
and 9-fold, respectively. Furthermore it was noted that TGF-8 and PDGF had additive
effects and stimulated PAI-1 levels by approximately 20-fold above control cells (Fig.
a9C).

The results show that PDGF sensitises stromal cells for TGF-8 induction of PA.
PDGF might increase the number of TGF-B receptors or co-receptors (betaglycan or
endoglin) on stromal cell surfaces such that the effect of TGF- on PA induction is
enhanced. Furthermore, PDGF and TGF-f3 have additive effects on PAI-1 induction.
However, the results also suggest that other growth factors and/or components in FCS
contributed to the enhancement of TGF-B-mediated PA induction.
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Fig. 9. Regulation of PA secretion and PAI-1 levels in BM stromal cells by TGF-8 and
PDGF. Passaged BM stromal cells were seeded into 24-well Linbro plates at 2.5 x 104
cells/well in BM stromal medium. The medium was replaced with RPMI containing 10% FCS
for four days with one medium change after two days to remove the hydrocortisone. The cells
were treated with 0.2 ng/ml TGF-8, 1 ng/ml PDGF, or 0.2 ng/ml TGF-§ and 1 ng/ml PDGF, in
the presence (A and C) or absence (B) of FCS for 24 hours. Supernatants were collected after
the cells were incubated with serum-free RPMI medium containing the relevant growth
factors for a further 24 hours. PA activity was determined using the 125I-fibrin plate assay,
and the results are expressed as the mean mU PA/105 cells/24 h + SD from duplicate wells (4
and B). PAI-1 protein levels were determined by ELISA and the results are expressed as the
mean ng PAI-1/105 cells/24 h + SD from duplicate wells (C).

Similar results were noted in a second experiment.

* p < 0.001, with respect to control.

NS: not significant with respect to the control.
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*p <0.001, * *p < 0.01, * ** < 0.005, with respect to control.
NS: not significant with respect to the control.
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4. The regulation of t-PA activity by PAI-1 in BM stromal cells.
Of the two specific inhibitors of PA activity, PAI-1 is the most effective inhibitor

of t-PA and thus is important for the regulation of t-PA activity (Sprenger and Kluft,
1987; Saksela and Rifkin, 1988). Furthermore, PAI-1 functions in the clearance of t-
PA by the liver which is the main organ responsible for removing t-PA from the
circulation. Clearance of t-PA by the LRP/a,-M receptor is dependent on t-PA forming
a complex with PAI-1 (Morton et al., 1989; Orth et al., 1992), although the uptake of
free t-PA can also be mediated by the LRP/o,-M receptor (Camani et al., 1994; Orth et
al., 1994). Since little is known about the PA system in the BM stromal cell
microenvironment and since t-PA induction is potentially instrumental in mediating
the stimulatory effects of FGF-2 on haematopoiesis, I decided to further characterise
the regulation of t-PA activity by PAI-1. To do this I investigated the inhibition of t-PA
activity by BM stromal cell produced PAI-1 as well as the clearance of t-PA from the
supernatant by BM stromal cells. The lowering of t-PA activity through inhibition by
PAI-1 and/or removal of t-PA from the pericellular environment would effectively
decrease plasmin generation in the BM. Diminished levels of plasmin could have both
a permissive and an inhibitory effect on haematopoiesis depending on the local

environment in which the plasmin level is lowered.

4.1, PAI-1 inhibits t-PA activity in the stromal cell microenvironment.

BM stromal cells secrete relatively high levels of PAI-1 (68.4 + 37.6 mU/10°
cells/24 h, see Table 1) into the culture medium. In order to determine how effectively
endogenous BM stromal cell PAI-1 inhibits t-PA activity, I added t-PA to passaged BM
stromal cells in the presence of anti-PAI-1 antibodies and measured the levels of t-PA
activity in the supernatant over 24 hours.

The results show (Fig. 10) that BM stromal cells, to which no pro-t-PA and
antibody had been added, secreted little PA activity (0.04 U PA/dish). Furthermore,
dishes that contained no BM stromal cells but to which pro-t-PA had been added
contained approximately 7 U PA /dish throughout the 24 hour experimental period,
indicating no significant loss of activity. However, PA activity in the supernatant of
BM stromal cells, to which pro-t-PA had been added, decreased in a time-dependent
manner (Fig. 10). It was noted that the /,-life for pro-t-PA (i.e. the time point at which
3.5 U PA activity remained detectable), was approximately 4.5 hours (p < 0.001). After
8 hours the activity had reached near baseline levels (0.4 U/dish).

The addition of anti-PAI-1 antibodies to the culture medium effectively slowed

down the loss of t-PA activity in the supernatant of BM stromal cells. In these cultures
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the ,-life for pro-t-PA was extended almost 3-fold to approximately 12 hours (p <
0.001, Fig. 10). This inhibition was further enhanced by the repeated addition of anti-
PAI-1 antibodies, such that the Y,-life for pro-t-PA became was approximately 15
hours (p < 0.001). Therefore, endogenous BM stromal cell PAI-1 effectively inhibits t-
PA activity.

This effect was not observed when irrelevant IgG was used in place of specific
antibody. In cultures containing irrelevant IgG, the Y,-life for pro-t-PA was

approximately 4 hours (p < 0.001, Fig. 10). Nevertheless, after 24 hours, BM cultures
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Fig. 10. Regulation of t-PA activity by PAI-1. Passaged BM stromal cells, seeded in 35-

mm culture dishes at 5 x 104 cells/dish, were incubated at 37°C with or without rabbit anti-
PAI-1 antibodies or irrelevant rabbit antibodies. After 10 min, pro-t-PA was added to each
culture. To control for non-specific binding of pro-t-PA to the plastic, pro-t-PA was also added
to culture dishes that contained no cells but which had been treated with RPMI medium
containing 10% FCS. At time intervals of 1, 2, 4, 6, 8, and 24 hours, 100 pl aliquots of
supernatant were removed and assayed for residual PA activity using the 1251-fibrin plate
assay. After four hours of culture, one set of cultures (-- A --) received a second aliquot of rabbit
anti-PAI-1 antibodies. Results are expressed as the mean U t-PA/dish + SD from triplicate
dishes. Similar results were noted in a second experiment.
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to which anti-PAI-1 antibodies had been added also contained near baseline levels of
PA activity (0.9 U PA/dish). Thus, after 24 hours the BM stromal cells in these
cultures had produced sufficient PAI-1 to bind all the anti-PAI-1 antibodies present in
the supernatant as well as to inhibit the entire PA activity.

These results therefore indicate that PAI-1 produced by BM stromal cells is an

effective inhibitor of t-PA activity in the BM stromal cell microenvironment.

4.2. The role of PAI-1 in the clearance of t-PA from the stromal cell microenvironment.
In order to determine the fate of t-PA and whether the complexing of t-PA to
PAI-1 is necessary for its clearance from the BM stromal cell microenvironment,
passaged BM stromal cells were treated with 125I-t-PA and the amount of radiocactivity
and PAI-1 antigen present in the supernatant, cell lysate, and matrix was determined

over 24 hours. Proteins in the supernatant were also precipitated using TCA in order

to determine the total amount of TCA precipitable 125I-t-PA in each sample. The
radioactivity in each sample was determined using a gamma counter.

The results show that 125]-t-PA, which has a molecular weight of approximately
70 kDa, was completely removed from the BM stromal cell supernatant during the
first 8 hours of incubation (Figs. 11A and D). The results also indicate that, within 15
minutes of incubation, a protein band with a molecular weight of approximately 130
kDa appeared in the supernatant. This complex, which corresponds to 125I-t-PA bound
to PAI-1, reached maximum accumulation after 6 hours and was then slowly removed
from the supernatant such that by 24 hours only traces of the complex remained (Figs.
11A and D).

The 1251-t-PA/PAI-1 complex (130 kDa) appeared in the extracellular matrix
extract after 15 minutes of incubation with maximum accumulation by 6 hours (Fig.
11B). The complex was also rapidly turned over such that by 24 hours no remaining
label was detected (Fig. 11B). However, there was some accumulation of free 125I-t-PA
(70 kDa) in the matrix with a peak at 4 hours indicating that some t-PA was
associated with the ECM.

As indicated in Fig. 11C, the 1251-t-PA/PAI-1 complex (130 kDa) appeared in the
cell lysate at zero time. This suggests that the complex was rapidly internalised by the
BM stromal cells. The complex reached maximum accumulation in the cell lysate
between 2 and 4 hours but was completely degraded by 24 hours. No free 125]-t-PA

was detected in the lysate.
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Discussion.

I studied the regulation of PA activity in passaged BM stromal cells by FGF-2
and two other growth factors important for haematopoiesis, TGF-B and IL-18. These
growth factors stimulate plasmin generation which is dependent on PAs. Plasmin is a
mediator of many proteolytic processes regulating growth factor activity and cell
migration (Plow et al., 1995; Brunner and Priessner, 1994). I found that u-PA, t-PA,
and their specific inhibitors, PAI-1 and PAI-2, are differentially regulated by FGF-2,
TGF-8, and IL-18. Furthermore, PAI-1 not only inhibits t-PA activity, but is required
for the binding of t-PA to the cell surface and for its internalisation. I also noted that
hydrocortisone modulates u-PA activity in the BM stromal cell microenvironment.
Thus, the regulation of plasmin generation in the BM microenvironment maybe a
potential mechanism by which growth factors such as FGF-2, TGF-B, and IL-1

regulate haematopoiesis in LTBM cultures.

1. The inhibition of BM PA activity by hydrocortisone.
My results show that hydrocortisone in BM stromal medium completely and

reversibly inhibits TGF-B-mediated u-PA induction as well as basal PA secretion,
which was found to be u-PA, by BM stromal cells. Since hydrocortisone is a medium
supplement essential for the generation and proliferation of myelopoietic cells in
Dexter LTBM cultures (see Chapter 2), u-PA might be a negative regulator of blood
cell development. Since u-PA is primarily associated with ECM degradation and cell
migration, its presence in LTBM cultures might alter the formation of the ECM such
that myelopoiesis is not favoured. u-PA might also be involved in the activation of
additional TGF- (positive feedback), or the release of other inhibiting cytokines.
Increased levels of active TGF-B within niches of the BM could lead to a decrease in
haematopoiesis as this growth factor is a potent inhibitor of primitive progenitor cell
growth (Fan et al., 2002; Fortunel et al., 2000; Waegell et al., 1994; Gabrilove et al.,
1993; Cashman et al., 1990; Eaves et al., 1991; Sing et al., 1988). However, in other
niches TGF- could stimulate haematopoiesis because in the presence of GM-CSF, it
enhances the differentiation of granulocyte progenitor cells (Keller et al., 1991).

The inhibition of PA activity by hydrocortisone cannot be entirely explained by
the increased levels of PAI-1, as the stimulation of PAI-1 synthesis was independent of
hydrocortisone concentration. As has been described for other glucocorticoids (Saksela
and Rifkin 1988), this finding suggests that hydrocortisone may directly affect u-PA

gene activity, which could occur, for example, through induction of a repressor gene.

146



Chapter 4: Discussion

In Chapter 2, I showed that the mitogenic effect of FGF-2 on primary BM
stromal cells required the presence of hydrocortisone in the culture medium. One
possible explanation for this is that hydrocortisone inhibits u-PA. In primary BM
cultures, u-PA may antagonise FGF-action by interfering with FGF-2 mobilisation via
the generation of plasmin (Whitelock et al., 1996; Falcone et al., 1993b; Brunner et al.,
1991). However, the mechanism is not that simple as the FGF-2-mediated stimulation
of passaged BM stromal cells did not show the same dependence on hydrocortisone.

Furthermore, I noted that the basal PA activity found in passaged BM stromal
cells was u-PA. My findings are in contrast to the findings of McWilliam et al. (1998
and 1996) who show that in normal marrow, t-PA is the primary PA present. Passaged
BM stromal cells consist mainly of fibroblast-like cells whereas the BM samples used
by McWilliam et al. contained all the stromal cell types as well as haematopoietic
progenitor cells. The difference in cell type between the two cell samples may account
for the difference in the type of PA detected. Thus, the results of McWilliam et al. may
reflect a predominance of primitive progenitor cells in the sample since the primary
PA type expressed by these cells is t-PA (Wilson and Francis, 1987). It may be that in
vivo the basal expression of u-PA by fibroblast-like cells is very low, but that, in a
particular niche, both u-PA and t-PA can be induced by growth factors. While u-PA is
usually associated with ECM degradation and cell migration, and t-PA with plasmin
generation during fibrinolysis (Fazioli and Blasi, 1994; Carmeliet et al., 1994; Collen
and Lijnen, 1991), the distinct roles of u-PA and t-PA in haematopoiesis is not known.
There is some evidence to suggest that the expression of t-PA or u-PA by
haematopoietic cells is linked to their state of differentiation since differentiated
haematopoietic cells express u-PA (Wilson and Francis, 1987). However, myeloid
leukaemic patients, u-PA 1s the primary PA present (Scherrer et al., 1999; McWilliam
et al., 1998). This might reflect the malignant state of the haematopoietic cells since
malignant cell transformation has been associated both in vitro and in vivo with the
increased expression of u-PA, possibly contributing to the invasive nature of such cells
(Scherrer et al., 1999; McWilliam et al., 1998).

2. Growth factors regulate PA activity in the BM microenvironment.

I chose to study the effects of three growth factors relevant to haematopoiesis,
namely FGF-2, TGF-8, and IL-18, on BM stromal cell PA activity. These growth
factors modulate the production of PAs and their inhibitors which, in turn, regulate
growth factor activity and cell migration in cellular processes such as wound healing

and angiogenesis, and thus, in a similar manner, these growth factors could regulate
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Fig. 14. A schematic representation summarising the regulation of PAs and their
inhibitors by FGF-2, IL-18, and TGFB. FGF-2, IL-18, and TGFf were found to
differentially modulate PAs and their inhibitors according to the type of PA or PAI affected,
the compartment in which the effect took place (cellular and/or extracellular), as well as the
extent of the effect (denoted by script size and boldness).

haematopoiesis. The results are summarised in Fig. 14. FGF-2, IL-18, and TGF-8 were
found to differentially modulate the production and secretion of PAs and their
inhibitors, PAI-1 and PAI-2, by BM stromal cells.

FGF-2 induced mainly t-PA secretion. Low concentrations were the most
effective as was similarly found with FGF-2 stimulating haematopoiesis in LTBM
cultures. TGF-§} increased exclusively, and IL-18 predominantly, cellular and secreted
u-PA levels. Furthermore, it was noted that IL-18 stimulated PAI-2 production and
secretion, while PAI-1 levels were stimulated by TGF-8 (cellular and secreted) and
FGF-2 (only cellular) (Fig. 14).

The most profound stimulatory effects were noted with TGF-B, which
exclusively increased u-PA secretion by up to 350-fold (Fig. 14). Cellular u-PA was also
stimulated by TGF-{, but not to the same magnitude as secreted u-PA. The optimal
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concentration of TGF-8 was 0.2 ng/ml but even 20 pg/ml TGF-B increased PA activity
approximately 30-fold. These concentrations of TGF-B inhibit the proliferation of
primitive progenitors in vitro (Fortunel et al., 2000) and, in addition, correspond to the
concentration of active TGF-8 in plasma which is less than 300 pg/ml (Junker et al.,
1996).

I also investigated the effect of GM-CSF, IL-3, and G-CSF on PA activity in BM
stromal cells and found that these growth factors had no affect on the basal PA
activity (data not shown). However, these growth factors stimulate u-PA activity in
BM derived macrophages (Hamilton et al., 1991a). This difference may reflect the
specificity of growth factor-action for a particular cell type (human BM stromal cells
consist predominantly of fibroblast-like cells with VSMC characteristics) which would
contribute to niches forming in the BM microenvironment allowing haematopoiesis to
occur along a particular lineage.

The finding that FGF-2, IL-18, and TGF- modulate the production of u-PA and
t-PA is potentially interesting since VSMC proliferate and migrate in response to
FGF-2-stimulated u-PA, or PDGF-stimulated t-PA (Herbert et al., 1997; Padré et al.,
2002). My findings therefore suggest that PAs might regulate the proliferation of BM
stromal cells. Interestingly, the ability of u-PA or t-PA to stimulate VSMC growth and
migration was not dependent on the generation of plasmin, but on the binding of the
PAs to their respective receptors and subsequent internalisation (Herbert et al., 1997).
Indeed, the LRP/o,-M receptor was found to play a significant role in the
internalisation of t-PA and, to a lesser degree, that of u-PA. Antibodies to the LRP/o,-
M receptor completely abrogated the effects of PDGF on VSMC growth and migration
by blocking t-PA internalisation (Herbert et al., 1997).

Since human LTBM stromal cells consist mostly of fibroblastic cells expressing
phenotypic markers of smooth muscle cells, a similar mechanism may exist (although
distinct to that noted with VSMCs), in which the mitogenic activity of FGF-2 on BM
stromal cells (see Chapter 2) is mediated by t-PA binding and internalisation,
independent of plasmin. Alternatively, FGF-2 mediated t-PA induction could render
the cells responsive to growth stimulation by PDGF.

In addition to these observations, I also noted that the TGF-B-mediated increase
in PAI-1 levels occurred much earlier than the increase in PA activity. The reason for
the apparent delay in detecting PA secretion may be the fact that the initial amounts
of u-PA produced by the stromal cells within the first 12 hours were rapidly
inactivated by PAI-1. Another possible explanation is that u-PA is produced as an

inactive pro-enzyme which requires proteolytic processing by plasmin for activation
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(Andreasen et al., 1990). Since my experiments were performed under serum-free
conditions, i.e. plasminogen-free conditions (although it must be assumed that some
plasminogen as well as some plasmin remained bound to the cell surface or ECM even
after washing the cells several times), the post-transcriptional activation of pro-uPA to
active u-PA by plasmin may have been slow during the first 12 hours due to the
initially limited amounts of plasmin in the system. A third reason for the delay in
detecting PA activity may be that there are differences in the signalling pathway for
PA and PAI-1 production. For example, the transcription of PA, but not PAI-1, may
depend on the synthesis of a transcription factor which may result in a lag phase in
the synthesis of PA compared to PAI-1. PAI-1 is a major target gene for TGFf activity
and is induced early.

I also observed that the growth factors were significantly more effective at
stimulating PA activity, when the stromal cells were first incubated with the growth
factors in the presence of FCS. To try and explain this, I substituted PDGF for FCS
(FCS contains significant amounts of this growth factor; Gronthos and Simmons,
1995) and determined the stimulatory effects of TGF-f on u-PA and PAI-1 production
by BM stromal cells. Although u-PA and PAI-1 levels were significantly enhanced by
TGF-8 in the presence of PDGF, it was nevertheless noted that the stimulatory effects
of PDGF on TGF-f-mediated PA induction were further enhanced by FCS suggesting
that other growth factors and/or components synergise in this process. Indeed, FCS
appears to increase the responsiveness of the BM stromal cells to growth factor

treatment. However, the mechanisms by which this occurs are not fully understood.

3. The regulation of t-PA activity by PAI-1.
I demonstrated, using anti-PAI-1 antibodies, that PAI-1 effectively inhibits t-PA

activity in the BM microenvironment. However, the addition of FGF-2 apparently

shifts the proteolytic balance producing a significant net t-PA activity in stromal
culture supernatants which favours the generation of plasmin. In addition, PAI-1
mediates t-PA internalisation. My results show that t-PA complexes with PAI-1 in the
culture supernatant and that this binding appears to be a requirement for the removal
of extracellular t-PA from the BM microenvironment. The t-PA/PAI-1 complex was
rapidly internalised by the stromal cells, whereas free t-PA was not as it was not
detected in the lysates. Trace amounts of t-PA were, however, associated with the
ECM, possibly via LRP/a,-M receptors (Camani et al., 1994).

It was also noted that the internalisation of the t-PA/PAI-1 complex by the

stromal cells was more efficient than binding of the complex to the ECM. This
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observation is also supported by the long exposure time required for the visualisation
of ECM bound complexes (15 days, [see Fig 13C] as compared to 4 days for cell lysates
[see Fig 13B]).

4. Potential functions for the PA/plasmin system in haematopoiesis and the role of
FGF-2.

The haematopoietic process is an exceedingly complex one involving the
coordinated expression of many cytokines and growth factors. A number of these
factors regulate PAs and their inhibitors and therefore either favour or diminish
plasmin generation. Plasmin has a documented role in generating active TGF-f and
IL-1B and in releasing biologically active FGF-2 and latent TGF-§ from the stromal
matrix (Hazuda et al., 1991; Lyons et al., 1988; Saksela and Rifkin, 1990; Brunner et
al., 1991; Falcone et al., 1993a and b; Taipale et al., 1992;). Thus, it is possible that PA
generation in a specific microenvironment of the BM may be one of the factors
orchestrating the complex series of events that results in a regulated haematopoietic
process. My findings that BM stromal cells secrete u-PA and t-PA and their inhibitors,
PAI-1 and -2, and that their production is differentially regulated by growth factors
that are essential to BM physiology as well as by glucocorticoids, suggests that the
PA/plasmin system plays a relevant role in haematopoiesis and possibly mediates the
stimulating effects of FGF-2. Fig. 15 illustrates the potential functions that I envisage
for the PA/plasmin system in haematopoiesis, namely, regulation of growth factor
activity, progenitor cell egression, and possibly BM stromal cell proliferation.
Primitive haematopoietic progenitor cells also secrete PAs (Wilson and Francis, 1987).
Thus, in various niches of the BM, t-PA and u-PA could be produced by different cell
types in response to growth factors. The resulting generated plasmin could then
regulate haematopoiesis in either an autocrine or paracrine manner.

Plasmin generated in the BM microenvironment could regulate the effective
concentration of growth factors in a number of ways. First, plasmin could affect the
availability of active growth factors such as L-18, TGF-8, and HGF by activating the
latent forms (Hazuda et al., 1991; Lyons et al., 1988; Naldini et al., 1992).
Paradoxically, plasmin generation could have both a permissive and an inhibitory
effect on haematopoiesis, the net effect being dictated by the local environment in
which the plasmin is generated. IL-18 and HGF are permissive growth factor in

haematopoiesis, while TGF-8 is an inhibitor of haematopoiesis.
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Fig. 15. Schematic representation of the possible roles of the PA/plasmin system in

haematopoiesis,

Second, plasmin might directly release active growth factors from the stromal
cell matrix, increasing their likelihood of engaging their specific cell surface receptors.
Plasmin releases FGF-2-HSPG complexes (Whitelock et al., 1996; Falcone et al.,
1993b; Brunner et al., 1991) which are available for binding to the cell surface high-
affinity FGFRs.

In Chapter 3 I demonstrated that FGF-2 stimulates myelopoiesis in LTBM
cultures. It is possible that the increase in haematopoiesis by FGF-2 might occur via
the plasmin-mediated release of FGF-2-HSPG complexes. FGF-2-HSPG complexes
could then interact with high-affinity FGFRs to elicit stimulatory effects on
haematopoietic cells, overcoming the inhibitory effects of TGF-8. Other enzymes such
as PI-PLC, GPI-PLD, heparanses, and elastase (Ishai-Michaeli, 1990; Whitelock et al.,
1996; Brunner et al., 1991 and 1994; Rich et al., 1996) can also mobilise FGF-2-HSPGs
from the cell surface or ECM and could also, in a similar manner to plasmin,

contribute to the increase in haematopoiesis by FGF-2.
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Both GM-CSF and IL-3 bind in a biologically active form HSPGs in the BM
stroma (Gordon et al., 1987a; Roberts et al., 1988). As has been demonstrated for FGF-
2 and TGF-§, these factors might also be released by plasmin in a proteoglycan-
cytokine complex in which the IL-3 and GM-CSF are available for binding to their
high-affinity cell surface receptors.

Third, plasmin generation might regulate growth factor activity by shedding
growth factor receptors from the cell surface. Other proteases also participate in the
process of growth factor receptor shedding. For example, MMP-2 cleaves FGFR-1 from
cell surfaces, releasing an active soluble form (Levi et al., 1996) which might reduce
FGF signalling.

Thus, the increase in the pericellular plasmin activity by FGF-2, IL-18, or TGF-
B could further increase the activation and/or release of these growth factors as well as
others that function in haematopoiesis. In this manner a positive cascade of plasmin
generation and cytokine activation could result. In certain instances, such as in the
case of TGF-3, this process might be self-limiting due to release of PAI-1. The plasmin
generated could have either a permissive or non-permissive effect on haematopoietic
processes. In one particular environment it could result in the release of growth
factors such as FGF-2 or latent TGF- from the cell surface or ECM, and therefore
have a stimulating effect. In another compartment, plasmin generation could increase
the local concentration of active TGF-3, which would negatively affect haematopoiesis.

Plasmin might also function in the egression of progenitor cells from the marrow
to the circulation. Plasmin-released FGF-2 from BM stromal cell surfaces or the ECM,
allows FGF-2 to act upon haematopoietic cells, possibly affecting their migration.
FGF-2 increases the expression of u-PAR (Mignatti et al., 1991) and stimulates the
production of metalloproteinases, such as MMP-9 (Liu et al., 2002). Similar increases
in u-PAR and/or MMP-9 by FGF-2 in BM stromal cells or haematopoietic cells could
promote the migration of haematopoietic cells from the marrow into the circulation.
Indeed, circulating haematopoietic stem cells have been identified and purified from
peripheral blood (Burger et al., 2002; Asahara et al.,, 1997; Lin et al., 2000).
Circulating haematopoietic stem cells have been implicated in promoting angiogenesis
and regenerating organs (Takakura et al., 2000; Goodell et al., 2001; Zhao et al., 2002,
Krause, 2002) although whether this occurs under normal physiological conditions is
still under debate (Wagers et al., 2002). Alternatively, FGF-2 might down-regulate
progenitor cell migration in certain niches of the BM. Active FGF-2 released from the
fibroblast matrices decreases elastin transcription leading to a decrease in elastase
digestion of the ECM (Rich et al., 1996).
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5. Experiments to further characterise the role of the PA/plasmin system in

haematopoiesis.

I propose a number of experiments to answer the following questions which try to
explain the stimulatory effect of FGF-2 on BM cells and to elucidate possible roles that

the PAs/plasmin system may play in haematopoiesis.

Does FGF-2 mediate its stimulatory effects on haematopoiesis via the t- PA regulation
of growth factor activity?

I have shown that the addition of FGF-2 to passaged BM stromal cells results
primarily in an increase in t-PA secretion. In angiogenesis, FGF-2 and TGF-8 are two
closely linked regulatory growth factors. In this system, TGF-8 increases u-PA levels
resulting in the release of FGF-2 from the ECM (Falcone et al., 1993b), presumably
through elevated levels of plasmin which is known to release ECM associated FGF-2
(Saksela and Rifkin, 1990; Brunner et al., 1991). Furthermore, FGF-2 can increase
active TGF-} levels due to the stimulation in plasmin generation (Flaumenhaft et al.,
1992). The observation that FGF-2 partially inhibits the negative effects of TGF-B on
haematopoietic cells (Gabrilove et al., 1993), suggests that these two growth factors
may also be linked in their regulation of haematopoiesis although how this occurs is
not known. A decrease in TGF-B-mediated signalling could be achieved through
plasmin-mediated release of latent/active TGF-f from the ECM (Falcone et al., 1993a,;
Taipale et al., 1992). Therefore, the levels of active TGF-f in the supernatants of BM
stromal cells treated with or without FGF-2 could be determined using a bioassay.
This assay measures the TGF-(-mediated suppression of PA by bovine aortic
endothelial cells (Flaumenhaft and Rifkin, 1992).

Does FGF-2-stimulated-t-PA stimulate BM stromal cell proliferation?

VSMC proliferate and migrate in response to FGF-2 or PDGF wvia the
stimulation of PAs, in particular u-PA (Padré et al., 2002; Herbert et al., 1997).
However, these effects are not dependent on plasmin generation but rather, in mice,
on the binding of the PAs to their respective receptors and subsequent internalisation
(Herbert et al., 1997) and, in humans, on the catalytic domain of u-PA. Since human
LTBM stromal cells consist mostly of fibroblastic cells expressing phenotypic markers
of smooth muscle cells, a similar mechanism may exist, in which the mitogenic activity
of FGF-2 on BM stromal cells independent of plasmin generation.

To determine whether the FGF-2-mediated stimulation in BM stromal cell

growth is independent of plasmin, the mitogenic response of these cells to FGF-2 could
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be determined in the presence of e-aminocaproic acid or aprotinin (plasmin inhibitors)
or neutralising antibodies (a,-antiplasmin) at concentrations which abrogate the
effects of plasmin. An alternative would be to use BM stromal cells from plasminogen-
deficient mice and to determine the effect of t-PA or u-PA on BM stromal cell growth.
However, since the stromal cell layer in murine in vitro BM cultures consists mainly of
macrophages (Quesenberry et al., 1991), the desired effects may not be observed using

BM stromal cells from plasminogen-deficient mice.

Is the internalisation of the t-PA/PAI-1 binary complex by BM stromal cells dependent
on it forming a ternary complex with LRP/ o,-M receptors?

I have demonstrated that the removal of t-PA from the supernatant of BM
stromal cells 1s dependent on it forming a complex with PAI-1. In human HepG2
hepatoma cells and parenchymal hepatocytes (Morton et al., 1989; Wing et al., 1991,
Andreasen et al., 1994; Orth et al., 1992), the clearance of the t-PA/PAI-1 binary
complex from the ECM is dependent on it forming a ternary complex with LRP/a,-M
receptors. A similar mechanism may therefore exist in BM stromal cells. To determine
whether the t-PA/PAI-1 complex in supernatant of BM stromal cells binds to LRP/o,-M
receptors on BM stromal cell surfaces and is then internalised, the clearance of '*I-t-
PA from the supernatant of BM stromal cells can be followed in the presence and
absence of antibodies to LRP/o,-M receptors. The binding of t-PA to LRP/o,-M
receptors might have direct implications for the mitogenic effect of FGF-2 on BM
stromal cell growth. Thus, antibodies to LRP/o,-M receptors should also block the
proliferation of BM stromal cells in the presence of FGF-2 if the internalisation of t-PA
(stimulated by FGF-2) promotes BM stromal cell growth.

Does the PA/plasmin system play a role in the migration of progenitor cells into the
circulation?

There is some evidence indicating that the migration of progenitor cells into the
circulation may involve the PA/plasmin system. Reiter et al. (1997) have shown that
the transmigration of T-leukaemic cells through an ECM barrier requires PA-
dependent proteolysis, which can be provided by u-PA or t-PA, but is significantly
faster in T-cells expressing u-PA. Thus, although the PA/plasmin system is not
essential for haematopoiesis since mice with deficiencies in t- PA, u-PA, PAI-1, u-PAR,
or plasminogen do not display impaired haematopoiesis, this system may still play a
relevant role in regulating haematopoiesis. Human stem cells that do not express t-PA

or u-PA (using siRNA techniques) could be tested for their ability to migrate through
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Chapter 5.

Summary and relevance of FGF-2 for clinical applications.

Haematopoiesis is the process in which the various cell types found in peripheral
blood are generated. This process occurs primarily in the BM and is dependent on a
stromal cell component. The stromal cells produce stimuli which regulate the
proliferation, differentiation as well as the retention and migration of the haematopoietic
cells.

FGF-2 is a well described angiogenic factor and collected evidence indicated that
this growth factor may also regulate blood cell development. FGF-2 acts on both
primitive and committed haematopoietic progenitor cells, directly and in concert with
other haematopoietic growth factors, to induce their proliferation and/or differentiation.
FGF-2 is expressed by BM stromal cells and is found bound to heparan sulphate
proteoglycans in the BM stromal microenvironment forming a reservoir of biologically
active growth factor.

The aim of this thesis was to explore the effects of FGF-2 on the stromal
compartment in stromal cell cultures, and on haematopoietic cell production in human
LTBM Dexter cultures. In addition, 1 investigated the effects of FGF-2 on PAs
production by BM stromal cells as a potential mechanism for FGF-2 action. Plasmin,
generated from plasminogen by PAs, could regulate growth factor activity and
stimulate cell migration in the BM.

1. Summary of the results.
The addition of low concentrations of FGF-2 to human BM buffy coat cells

accelerated the formation of the layer by acting as a mitogen for primary human BM
stromal cells. In addition, FGF-2 significantly delayed the senescence of BM stromal
cells which normally cease to grow after approximately 2 to 3 passages. This resulted in
considerable expansion of the stromal cells in culture. FGF-2 also induced morphological
changes in the developing adherent stromal layer. In the presence of this growth factor,
stromal cells lost their contact inhibition and formed densely packed layers of spindle
shaped cells. These results suggest that FGF-2 may be a relevant growth factor for
promoting the growth of the adherent stromal layer in LTBM cultures and may be
required for the growth of these cells in vivo.
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that this growth factor may form part of the complex cytokine network that regulates

haematopoiesis.

2. Role of FGF-2 in clinical haematology.
One of the most intriguing challenges in haematology today is the in vitro

expansion of human haematopoietic stem cells. The generation of large numbers of
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haematopoietic stem cells in vitro will lead to improved clinical protocols for BM
transplantation and gene therapy. This is even more relevant today as it is now
apparent that MAPCs and MSCs within the BM possess developmental potency far
greater than was original thought (Mertelsmann, 2000; Stocum, 2001; Krause, 2002).
These cells have the potential to differentiate into mature cells of the heart, liver,
kidney, lungs, skin, bone, muscle, cartilage, fat, endothelium and brain (Herzog et al.,
2003; Mertelsmann, 2000; Stocum, 2001; Krause, 2002). Whether this process occurs
under normal physiological conditions is debatable (Wagers et al, 2002) but the
'plasticity’ of MSCs makes them potentially useful for replacing tissues, via
transplantation (Stocum, 2001; Horowitz et al., 1999; Goodell et al., 2001).

Current methods for expanding primitive human progenitor cells utilise LT
cultures (Gan et al., 1997; Gupta et al., 2000; Lewis and Verfaillie, 2000) but, defined
(serum free, stromal free, cytokine cocktail) liquid culture systems for these cells are
also used (Poloni et al., 1997, Rebel et al., 1994; Lansdorp and Dragowska, 1993; Pelosi
et al., 1992). The use of FGF-2 or other FGF's (e.g. FGF-4) may improve both methods of
stem cell expansion, stromal mediated as well as liquid culture systems since FGF-2 can
act directly on haematopoietic cells at early stages of differentiation. My results showed
that FGF-2 maintained an increased number of primitive haematopoietic cells in LTBM
cultures which may reflect an augmented output of primitive progenitor cells. Similar

results have also been noted with FGF-4 (Quito et al., 1996).

2.1. BM transplantation.
Allogeneic BM transplantation is a technique currently used for treating patients

suffering from a variety of genetic diseases including immunological disorders such as
adenosine deaminase deficient disease, chronic granulomatous disease, and SCID,
haematological disorders such as sickle cell disease and thalassemia, as well as
metabolic disorders such as gaucher's disease and osteopetrosis (Fleischman, 1991,
Karlsson, 1991). Furthermore, autologous BM transplants are sometimes given to
patients who have undergone chemotherapy for treatment of cancer because the
chemical agents also destroy most of the proliferating haematopoietic cells in the BM.
There may be an additional use for FGFs in patients undergoing chemotherapy. Low
concentrations of FGF-2 inhibit radiation-induced apoptosis, and radioprotect a number
of tissues including haematopoietic cells without increasing the rates of tumour growth

or metastases or decreasing the radiosensitivity of tumours (Ding et al., 1997 and

1996).
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IL-3, IL-6, and SCF showed increased levels of retroviral transduction (Dilber et al,
1994).

3. Conclusions.

Although, FGF-2 may not be an essential growth factor for haematopoiesis there
is, nevertheless, a large body of in vitro evidence indicating that it plays a relevant role
in the complex network of growth factors that exquisitely regulate the development of
blood cells. With the discovery in recent years of many new members of the FGF family,
the involvement of FGFs and their receptors (of which there are multiple isoforms) in
haematopoiesis most likely extends beyond what is now known. There are therefore
many possible combinations of FGFs, FGFRs and HSPG cofactors which would allow
this family of growth factors to differentially regulate the self-renewal, proliferation, and
differentiation of BM cells. Solving the complexity of the FGF/FGFR family in
haematopoiesis will provide a greater understanding of BM physiology and ultimately

could provide improved techniques for correcting disorders of haematopoietic origin.

162



References

References.

Abboud SL, Bethel CR, Aron DC. Secretion of insulinlike growth factor 1 and
insulinlike growth factor-binding proteins by murine bone marrow stromal cells.
J. Clin. Invest. 1991: 88, 470
Abboud SL. A bone marrow stromal cell line is a source and target for platelet-derived
growth factor. Blood 1993: 81, 2547
Abe M, Harpel JG, Metz CN, Nunes I, Loskutoff DJ, Rifkin DB. An assay for
transforming growth factor-beta using cells transfected with a plasminogen
activator inhibitor-1-promoter-luciferase construct. Anal. Biochem. 1994: 216,
276
Alexander WS. Thrombopoietin and the ¢-Mpl receptor: insights from gene targeting.
Int. J. Biochem. Cell. Biol. 1999: 31, 1027
Allsop RC, Morin GB, Dephiho R, Harley CB, Weissman IL. Telomerase is required to
slow elomere shortening and extend replicative lifespan of HSCs during serial
transplantation. Blood 2003: 102, 517
Aman MdJ, Rudolf G, Goldschmitt J, Aulitzky WE, Lam C, Huber C, Peschel C. Type-1
interferons are potent inhibitors of interleukin-8 production in hematopoietic and
bone marrow stromal cells. Blood 1993: 82, 2371
Anderson DM, Lyman SD, Baird A, Wignall JM, Eisenman J, Rauch C, March Cd,
Boswell HS, Gimpel SD, Cosman D, Williams DE. Molecular cloning of mast cell
growth factor, a hematopoietin that is active in both membrane and soluble
forms. Cell 1990: 63, 235
Andolfo A, English WR, Resnati M, Murphy G, Blasi F, Sidenius N. Metalloproteases
cleave the urokinase-type plasminogen activator receptor in the D1-D2 linker
region and expose epitopes not present in the intact soluble receptor. Thromb.
Haemost. 2002: 88, 298
Andrades JA, Han B, Becerra J et al. A recombinant human TGF-beta fusion protein
with collagen-binding domain promotes migration, growth, and differentiation of
bone marrow mesenchymal cells. Exp. Cell Res. 1999: 250, 485
Andreasen PA, Georg B, Lund LR, Riccio A, Stacey SN. Plasminogen activator
inhibitors: hormonally regulated serpins. Mol. Cell. Endocrin. 1990: 68, 1
Andreasen PA, Suttrup-Jensen L, Kjoller L. Recetor-mediated endocytosis of
plasminogen activator of plasminogen activators and activator/inhibitor
complexes. FEBS Lett. 1994: 338, 239
Andrews RG, Takahashi M, Segal GM, Powell JS, Berstein 1D, Singer JW. The L4F3
antigen is expressed by unipotent and multipotent colony-forming cells but not
by their precursors. Blood 1986: 68, 1030
Angchaisuksiri P, Carlson PL, Dessypris EN. Effects of recombinant human
thrombopoietin on megakaryocyte colony formation and megarkaryocyte ploidy
by human CD34+ cells in a serum-free system. Br. J. Haematol. 1996: 93, 13
Anklesaria P, Teixidé J, Marikki L, Pierce JH, Greenberger JS, Massagué J. Cell-cell
adhesion mediated by binding of membrane-anchored transforming growth factor
o to epidermal growth factor receptors promotes cell proliferation. Proc. Natl.
Acad. Sci (USA) 1990: 87, 3289
Anzai H, Nagayoshi M, Obata M, Ikawa Y, Atsumi T. Self-renewal and differentiation
of a basic fibroblast growth factor-dependent multipotential hematopoietic cell
line derived from embryonic stem cells. Dev. Growth Differ. 1999: 41, 51
Araki S, Shimada Y, Kaji K, Hayashi H. Apoptosis of vascular endothelial cells by
fibroblast growth factor deprivation. Bichem. Biphys. Res. Comm. 1990: 168,
1194
Arroyo AG, Yang JT, Rayburn H, Hynes RO. Differential requirements for alpha 4
integrins during fetal and adult hematopoiesis. Cell 1996: 85, 997

163



References

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, Witzenbichler B,
Schatterman G, Isner JM. Isolation of putative endothelial cells for angiogenesis.
Science 1997: 275, 964

Auffray I, Chevalier S, Froger J, Izac B, Vainchenker W, Gascan H, Coulombel L.
Nerve growth factor is involved in the supportive effect by bone marrow-derived
stromal cells of the factor-dependent human cell line UT-7. Blood 1996: 88, 1608

Avanzi GC, Galliechio M, Cavalloni G, Gammaitoni L, Leone F, Rosina A, Boldorini R,
Monga G, Pegoraro L, Varnum B, et al. GASS6, the ligand of Axl and Rsc
receptors, is expressed in hematopoietic tissue but lacks mitogenic activity. Exp
Hematol. 1997: 25, 1219

Avraham H, Scadden DT, Chi S, Broudy VC, Zsebo KM, Groopman JE. Interaction of
human bone marrow fibroblasts with megakaryocytes: role of the c-kit ligand.
Blood 1992: 80, 1679

Avraham H, Banu N, Scadden DT, Abraham J, Groopman JE. Modulation of
megakaryocytopoiesis by human basic fibroblast growth factor. Blood 1994: 83,
2126

Ayanlar-Batuman O, Ferrero AP, Diaz A, Jimenez SA. Regulation of transforming
growth factor-B1 gene expression by glucocorticoids in normal human T
Ilymphocytes. J. Clin. Invest. 1991: 88, 1574

Balakumaran A, Campbell GA, Moslen MT. Calcium channel blockers induce thymic
apoptosis in vivo in rats. Toxicol. Appl. Pharmacol. 1996: 139, 122

Banu N, Wang JF, Deng B, Groopman JE, Avraham H. Modulation of
megakaryocytopoiesis by thrombopoietin: the ¢-Mpl ligand. Blood 1995: 86, 1331

Basbaum CB and Werb Z. Focalized proteolysis: spatial and temporal regulation of
extracellular matrix degradation at the cell surface. Curr. Opin. Cell Biol. 1996:
8,731

Berardi AC, Wang A, Levine JD, Lopez P, Scadden DT. Functional isolation and
characterization of human hematopoietic stem cells. Science 1995a: 267, 104

Berardi AC, Wang A, Abraham J, Scadden DT. Basic fibroblast growth factor mediates
its effects on committed myeloid progenitors by direct action and has no effect on
hematopoietic stem cells. Blood 1995b: 86, 2123

Berthier R, Prandini MH, Schweiter A, Thevenon D, Martin-Sisteron H, Uzan G. The
MS-5 murine stromal cell lineand hematopoietic growth factors synergize to
support the megakaryocytic differentiation of embryonic stem cells. Exp.
Hematol. 1997: 25, 481

Bikfalvi A, Han ZC, Fuhrmann G. Interaction of fibroblast growth factor (FGF) with
megakaryocytopoiesis and demonstration of FGF receptor expression in
megakaryocytes and megakaryocytic-like cells. Blood 1992: 80, 1905

Blanquaert F, Pereira RC, Canalis E. Cortisol inhibits hepatocyte growth
factor/scatter factor expression and induces c-met transcripts in osteoblasts. An.
J. Phystol. Endocrinol. Metab. 2000: 278, E509

Blasi F and CarmelietP. uPAR: a versatile signalling orchestrator. Nat. Rev. Mol. Cell.
Biol. 2002: 3, 932

Blotnick S, Peoples GE, Freeman MR, Eberlein TJ, Klagsbrun M. T lymphocytes
synthesize and export heparin-binding epidermal growth factor-like growth
factor and fibroblast growth factor, mitogens for vascular cells and fibroblasts:
differential production and release by CD4+ and CD8+ T cells. Proc. Natl. Acad.
Sci. (USA) 1994: 91, 2890

Bogler O, Wren D, Barnett SC, Land H, Noble M. Cooperation between two growth
factors promotes extended self-renewal and inhibits differentiation of
oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells. Proc. Natl. Acad. Sci.
(USA) 1990: 87, 6368

Bradley TR and Metcalf D. The growth of mouse bone marrow cells in vitro. Aust. J.
Exp. Biol. Med. Sci. 1966: 44, 287

164



References

Brandt JE, Srour SE, van Besien K, Hoffman R. Characterization of human
hematopoietic stem cells. In: The Biology of Hematopoiesis. Wiley-Liss, Inc
(publisher) 1990, 29

Briddell RA, Bruno E, Cooper RdJ, Brandt JE, Hoffman R. Effect of c-kit ligand on in
vitro human megakaryocytopoiesis. Blood 1991: 78, 2854

Briddell RA, Broudy VC, Bruno E, Brandt JE, Srour EF, Hoffman R. Further
phenotypic characterization and isolation of human hematopoietic progenitor
cells using a monoclonal antibody to the c-kit receptor. Blood 1992: 79, 3159

Bringman TS, Lindquist PB, Derynck R. Different transforming growth factor-o
species are derived from a glycosylated and palmitoylated transmembrane
precursor. Cell 1987: 48, 429

Broxmeyer HE, Williams DE, Lu L, Cooper S, Anderson SL, Beyer GS, Hoffman R,
Rubin BY. The suppressive influences of human tumor necrosis factors on bone
marrow hematopoietic progenitor cells from normal donors and patients with
leukemia: synergism of tumor necrosis factor and interferon-y. J. Immunol. 1986:
136, 4487

Broxmeyer HE, Sherry B, Lu L, Cooper S, Oh KO, Tekamp-Olson P; Kwon BS, Cerami
A. Enhancing and suppressing effects of recombinant murine macrophage
inflammatory proteins on colony formation in vitro by marrow myeloid progenitor
cells. Blood 1996: 76, 1110

Brunner G, Gabrilove J, Rifkin DB, Wilson EL. Phospholipase C release of basic
fibroblast growth factor from human bone marrow cultures as a biologically
active complex with a phosphatidylinositol-anchored heparan sulphate
proteoglycan. J. Cell Biol. 1991: 114, 1275

Brunner G, Vettel U, Jobstmann S, Kramer MD, Schirrmacher V. A T-cell related
proteinase expressed by T-lymphoma cells activates their endogenous pro-
urokinase. Blood 1992: 79, 2099

Brunner G, Nguyen H, Gabrilove J, Rifkin DB, Wilson EL. Basic fibroblast growth
factor expression in human bone marrow and pheripheral blood cells. Blood
1993: 81, 631

Brunner G, Metz CN, Nguyen H, Gabrilove J, Patel SR, Davitz MA, Rifkin DB, Wilson
EL. An endogenous glycosylphosphatidylinositol-specific phospholipase D
releases basic fibroblast growth factor-heparan sulfate proteoglycan complexes
from human bone marrow cultures. Blood 1994: 83, 2115

Brunner G and Preissner KT. Pericellular enzymatic hydrolysis: implications for the
regulation of cell proliferation in the vessel wall and the bone marrow. Blood
Coagul. Fibrinol. 1994: 5, 625

Brunner G, Reimbold K, Meissauer A, Schirrmacher V, Erkell LJ. Sulfated
glycosammoglycans enhance tumor cell invasion in wvitro by stimulating
plasminogen activation. Exp. Cell Res. 1998: 239, 301

Bruno E, Cooper RJ, Wilson EL, Gabrilove JL, Hoffman R. Basic fibroblast growth
factor promotes the proliferation of human megakaryocyte progenitor cells. Blood
1993: 82, 430

Bruno E, Luikart SD, Long MW, Hoffman R. Marrow-derived heparan sulfate
proteoglycan mediates the adhesion of hematopoietic progenitor cells to
cytokines. Exp. Hematol. 1995: 23, 1212

Bryckaert MC, Lindroth M, Lonn A, Tobelem G, Wasteson A. Transforming growth
factor (TGFB) decreases the proliferation of human bone marrow fibroblasts by
inhibiting the platelet-derived growth factor (PDGF) binding. Exp. Cell Res.
1988: 179, 311

Bu G, Williams S, Strickland DK, Schwartz AL. Low density lipoprotein receptor
related protein/ o-macroglobulin receptor is a hepatic receptor for tissue-type
plasminogen activator. Proc. Natl. Acad. Sci. (USA) 1992: 89, 7427

165



References

Bugge TH, Suh TT, Flick MdJ, Daugherty CC, Romer J, Solberg H, Ellis V, Dano K,
Degen JL. The receptor for the urokinase-type plasminogen activator is not
essential for mouse development or fertility. . Biol. Chem. 1995: 270, 16886

Burger PE, Dowdle EB, Lukey PT, Wilson EL. Basic fibroblast growth factor
antagonizes transforming growth factor-beta mediated erythroid differentiation
in K562 cells. Blood 1994: 83, 1808

Burger PE, Coetzee S, Cook P, et al. Isolation and characterization of a CD34+
population that expresses fibroblast growth factor receptors [abstract]. Blood:
1998, 92, 56a

Burger PE, Coetzee S, McKeehan WL, Kan M,Cook P, Fan Y, Suda T, Hebbel RP,
Novitzky N, Muller WA, Wilson EL. Fibroblast growth factor receptor-1 is
expressed by endothelial progenitor cells. Blood 2002: 100, 3527

Camani C, Bachmann F, Kruithof EK. The role of plasminogen activator inhibitor type
1 in the clearance of tissue-type plasminogen activator by rat hepatoma cells. oJ.
Biol. Chem. 1994: 269, 5770

Campbell AD, Long WM, Wicha MS. Haemonectin, a bone marrow derived cell
adhesion protein specific for cells of granulocyte lineage. Nature 1987: 329, 744

Carmeliet P, Schoonjans L, Kieckens L, Ream B, Degen J, Bronson R, De Vos R, van
den Oord JJ, Collen D, Mulligan RC. Physiological consequences of loss of
plasminogen activator gene function in mice. Nature 1994: 368, 419

Carmeliet P and Collen D. Gene targeting and gene transfer studies of the biological
role of the plasminogen/plasmin system. Thromb. Haemost. 1995: 74, 429

Carmeliet P. Moons L, Ploplis V, Plow E, Collen D. Impaired Arterial Neointima
formation in mice with disruption of the plasminogen gene. J. Clin. Invest. 1997:
99, 200

Carron JA and Cawley JC. IL-2 abolishes fibroblast proliferation in long-term bone
marrow culture by inhibition of an accessory cell. Brit. J. Haematol. 1991: 79,
377

Cashman JD, Eaves AC, Eaves CJ. Regulated proliferation of primitive hematopoietic
cells in long-term human marrow cultures. Blood 1985: 66, 1002

Cashman JD, Eaves AC, Raines EW, Ross R, Eaves CJ. Mechanisms that regulate the
cell cycle status of very primitive hematopoietic cells in long-term human bone
marrow cultures. I. Stimulatory role of a variety of mesenchymal cell activators
and inhibitory role of TGF-3. Blood 1990: 75, 96

Cashman JD, Lapidot T, Wang JC, Doedens M, Shultz LD, Lansdorp P, Dick JE,
Eaves CJ. Kinectic evidence of the regeneration of multilineage hematopoiesis
from primitive cells in normal human bone marrow transplanted into
immunodeficient mice. Blood 1997: 89, 4307

Cerretti DP, Wignall J, Anderson D, Tushinski RJ, Gallis BM, Stya M, Gillis S, Urdal
DL, Cosman D. Human macrophage-colony stimulating factor: alternative RNA
and protein processing from a single gene. Mol. Immunol. 1988: 25, 761

Cesarman G, Guevara C, Hajjar KA. Interaction of tissue plasminogen activator and
plasminogen with their endothelial cell receptor, annexin II, specifically enhances
plasmin generation in a purified cell system. Thromb. Haemostas. 1993: 69, 989

Cesarman G, Guevara C, Hajjar KA. An endothelial cell receptor for
plasminogen/tissue plasminogen activator (t-PA). II. Annexin II-mediated
enhancement of t-PA-dependent plasminogen activation. J. Biol. Chem. 1994:
269, 21198

Chandrasekar S and Harvey AK. Induction of interleukin-1 receptors on chondrocytes
by fibroblast growth factor: a possible mechanism for modulation of interleukin-1
activty. JJ. Cell Physiol. 1989: 138, 236

Chaidarun SS, Eggo MC, Stewart PM, Sheppard MC. Modulation of epidermal growth
factor binding and receptor gene expression by hormones and growth factors in
sheep pituitary cells. J. Endocrinol. 1994: 143, 489

166



References

Chang CW, Stacey M, Kwakkenbos MdJ, Hamann J, Gordon S, Lin HH. Proteolytic
cleavage of the EMR2 receptor requires both the extracellular stalk and the GPS
motif. FEBS Lett. 2003: 547, 145

Chapman HA and Stone OL. Characterization of a macrophage-derived plasminogen-
activator inhibitor. Similarities with a placental urokinase inhibitor. Biochem. oJ.
1985: 230, 109

Chauvet M, Léger J, Molina L, Chabannon C, Hollard D. Study of megakaryocytic
progenitors (CFU-MK) in human long-term bone marrow cultures (LTBMC):
Adjuvant effect of plasma from aplastic patients. Exp. Hematol. 1990: 18, 61

Chen YZ. Incardona F, Legrand C, Momeux L, Caen J, Han ZC. Thrombospondin, a
negative regulator of megakaryocytopoiesis. J. Lab. Clin. Med. 1997: 129, 231

Christopherson KW, Hangoc G, Broxmeyer HE. Cell surface peptidase
CD26/dipeptidylpeptidase IV regulates CXCL12/stromal cell-derived factor-1
alpha-mediated chemotaxis of human cord blood CD34+ progenitor cells. J.
Immunol. 2002: 169, 7000

Ciambrone GJ and McKneown-Longo PJ. Plasminogen activator inhibitor type 1
stabilizes vitronectin-dependent adhesions in HT-1080 cells. J. Cell Biol. 1990:
111, 2183

Collen D and Lijnen HR. Basic and clinical aspects of fibrinolysis and thrombolysis.
Blood 1991: 78, 3114

Colter DC, Class R, DiGirolamo CM, Prockop DJ. Rapid expansion of recycling stem
cells in cultures of plastic-adherent cells from human bone marrow. Proc. Natl.
Acad. Sci. (USA) 2000: 97, 3213

Colognato R, Slupsky JR, Jendrach M, Burysek L, Syrovets T, Simmet T. Differential
expression and regulation of protease-activated receptors in peripheral
monocytes and monocyte-derived antigen-presenting cells. Blood 2003: 102, 2645.

Colter DC, Sekiya I, Prockop DJ. Identification of a subpopulation of rapidly self-
renewing and multipotential adult stem cells in colonies of human marrow
stromal cells. Proc. Natl. Acad. Sci. (USA) 2001: 98, 7841

Conese M, Olson D, Blasi F. Protease nexin-1-urokinase complexes are internalized
and degraded through a mechanism that requires both urokinase receptor and
ag-macroglobulin receptor. J. Biol. Chem. 1994: 269, 17886

Conlon PJ, Grabstein KH, Alpert A, Prickett KS, Hopp TP, Gilles S. Localization of
human mononuclear interleukin 1. J. Immunol. 1987: 139, 98

Coulombel L, Eaves AC, Eaves CJ. Enzymatic treatment of long-term marrow cultures
reveals the preferential location of primitive hematopoietic progentors in the
adherent layer. Blood 1983: 62, 291

Coutinho LH, Testa NG, Dexter TM. The myelosuppressive effect of recombinant
interferon vy in short-term and long-term marrow cultures. Br. J. Haemat. 1986:
63, 517

Coutinho LH, Will A, Radford J, Schiré R, Testa NG, Dexter TM. Effects of
recombinant human granulocyte colony-stimulating factor (CSF), human
granulocyte macrophage-CSF, and gibbon interleukin-3 on hematopoiesis in
human long-term bone marrow culture. Blood 1990: 75, 2118

Craddock CF, Nakamoto B, Andrews RG, Priestley GV, Papayannopoulou T.
Antibodies to VLA4 integrin mobilize long-term repopulating cells and augment
cytokine-induced mobilization in primates and mice. Blood 1997: 90, 4779

Crittenden RB, Kittler ELW, Quesenberry PJ. Detection of IL-3 mRNA in murine
Dexter stromal cells by in situ hybridization. Blood 1992: 80, 87a

Cubellis MV, Wun T-C, Blasi F. Receptor-mediated internalization and degradation of
urokinase is caused by its specific inhibitor PAI-1. EMBO J.1990: 9, 1079

Cui L, Ramsfjell V, Borge OJ, Veiby OP, Lok S, Jacobsen SEW. Thrombopoietin
promotes adhesion of primitive human hemopoietic cells to fibronectin and

167



References

vascular cell adhesion molecule-1 -role of activation of very late antigen (VLA)-4
and VLA-5. J. Immunol. 1997:159, 1961

Danielpour D, Kim KY, Winokur TS, Sporn MB. Differential regulation of the
expression of transforming growth factor-8s 1 and 2 by retinoic acid, epidermal
growth factor, and dexamethasone in NRK-49F and A549 cells. J. Cell. Physiol.
1991: 148, 235

de Haan G, Weersing E, Dontje B, van Os R, Bystrykh LV, Vellenga E, Miller G. In
vitro generation of long-term repopulating hematopoietic stem cells by fibroblast
growth factor-1. Dev. Cell. 2003: 4, 241

De LA Rosa G, Longo N, Rodrigueuz-Fernandez JL, Piug-Kroger A, Pineda A, Corbi
AL, Sanchez-Mateos P. Migration of human blood dendritic cells across
endothelial cell monolayers: adhesion molecules and chemokines involved in
subset-specific transmigration. J. Leukoc. Biol. 2003: 73, 639

del Rosso M, Cappelletti R, Dini G, Fibbe G, Vannucchi S, Chiarugi V. Early myeloid
precursors from bone-marrow stromal cells. Biochem. Biophys. Acta 1981: 6786,
129

Delikat S, Harris RJ, Galvani DW. IL-1 beta inhibits adipocyte formation in human
long-term bone marrow culture. Exp. Hemat. 1993: 21, 31

Dennis JE and Charbord P. Origin and differentiation of human and murine stroma.
Stem Cells 2002: 20, 205

Deutsch DG and Mertz ET. Plasminogen: purification from human plasma by affinity
chromatography. Science (Wash. DC) 1970: 170, 1095

Dexter TM, Wright EG, Krizsa F, Lajtha LG. Regulation of haematopoietic stem cell
proliferation in long term bone marrow cultures. Biomedicine 1977a: 27, 344

Dilber MS, Bjorkstand B, Li KJ, Smith CI, Xanthopoulos KG, Gahrton G. Basic
fibroblast growth factor increases retroviral-mediated gene transfer into human
hematopoietic peripheral blood progenitor cells. Exp. Hematol. 1994: 22, 1129

Ding I, Huang K, Synder ML, Cook J, Zhang L, Wersto N, Okunieff P. Tumor growth
and tumor radiosensitivity in mice given myeloprotective doses of fibroblast
growth factor. J. Natl. Cancer Inst. 1996: 88, 1399

Ding I, Wu T, Matsubara H, Magae J, Shou M, Cook J, Okunieff P. Acidic fibroblast
growth factor (FGF1) increases survival and haematopoietic recovery in total
body irradiated C3H/HeNCr mice. Cyfokines 1997: 9, 59

Dionne CA, Crumley G, Bellot F, Kaplow JM, Searfoss G, Ruta M, Burgess WH, Jaye
M, Schlessinger J. Cloning and expression of two distinct receptors cross-reacting
with acidic and basic fibroblast growth factors. EMBO J. 1990: 9, 2685

Dittel BN, McCarthy JB, Wayner EA, LeBien TW. Regulation of human B-cell
precursor adhesion to bone marrow stromal cells by cytokines that exert opposing
effects on the expression of vascular cell adhesion molecule-1 (VCAM-1). Blood
1993: 81, 2272

Dolzhanskiy A, Basch RS, Karpatkin S. The development of megakaryocytes: III.
Development of mature megakaryocytes from highly purified committed
progenitors in synthetic culture media and inhibition of thrombopoietin-induced
polyploidization by interleukin-3. Blood 1997: 89, 426

Dono R, Texido G, Dussel R, Ehmke H, Zeller R. Impaired cerebral cortex development
and blood pressure regulation in FGF-2-deficient mice. EMBO J. 1998: 17, 4213

Dooley DC, Oppenlander BK, Spurgin P, Mead JH, Novak P, Plunkett M, Beckstead J,
Heinrich MC. Basic fibroblast growth factor and epidermal growth factor
downmodulate the growth of haematopoietic cells in long-term stromal cultures.
J. Cell. Physiol. 1995: 165, 386

Dormady SP, Zhang X-M, Basch RS. Hematopoietic cells grow on 3T3 fibroblast
monolayers that overexpress growth arrest-specific gene-6 (GAS6). Proc. Natl.
Acad. Sci. USA 2000: 97, 12260

168



Dorshkind K. Regulation of hemopoiesis by bone marrow stromal cells and their
products. Annu. Rev. Immunol. 1990: 8, 111

Downing JR, Roussel MF, Sherr CJ. Ligand and protein kinase C downregulate the
colony stimulating receptor by independent mechanisms. Mol. Cell. Biol. 1989: 9,
2890

Dulic V, Lees E, Reed SI. Association of human cyclin E with a periodic G1-S phase
protein of kinase. Science 1992, 257: 1958

Faves CJ, Cashman JD, Kay RJ, Dougherty GJ, Otsuka T, Gaboury LA, Hogge DE,
Lansdorp PM, Eaves AC, Humphries RK. Mechansims that regulate the cell cycle
status of very primitive hematopoietic cells in long term human marrow cultures.
IT. Analysis of positive and negative regulators produced by stromal cells within
the adherent layer. Blood 1991: 78, 110

Edelberg JM, Reilly CF, Pizzo SV. The inhibition of tissue type plasminogen by
heparin, vitronectin, and lipoprotein(a). JJ. Biol. Chem. 1991: 266, 7488

Edwards DR, Murphy G, Reynolds JJ, Whitham SE, Docherty AJP, Angel P, Heath
JK. Transforming growth factor beta modulates the expression of collagenase and
metalloproteinase inhibitor. EMBO J. 1987: 6, 1899

Ehlers MRW and Riordan JF. Membrane proteins with soluble counterparts: role of
proteolysis in the release of transmembrane proteins. Biochem. 1991: 30, 10065

Eitzman DT, McCoy RD, Zheng X, Fay WP, Shen T, Ginsburg D. Bleomycin-induced
pulmonary fibrosis in transgenic mice that either lack or overexpress the murine
plasminogen activator inhibitor-1 gene. J. Clin. Invest. 1996: 97, 232

El-Deiry WS, Tokino T, Velculescu V, Levy DB, Parsons R, Trent JM, Lin D, Mercer
WE, Kinzler KW, Vogelstein B. WAF1, a potential mediator of p53 tumor
suppression. Cell 1993 75, 817

Eliason JF and Vassalli P. Inhibition of hematopoiesis in murine marrow cell cultures
by recombinant murine tumor necrosis factor a: Evidence for long-term effects on
stromal cells. Blood Cells 1988: 14, 339

Ellis V, Scully MF, Kakkar VV. Plasminogen activation initiated by single chain
urokinase-type plasminogen activator: potentiation by U937 cells. /. Biol. Chem.
1989: 264, 2185

Estereicher A, Mulhauser J, Carpentier JL, Orci L, Vassalli JD. The receptor for
urokinase type plasminogen activator polarizes expression of the protease to the
leading edge of migrating monocytes and promotes degradation of the enzyme
inhibitor complexes. f. Cell. Biol. 1990: 111, 783

Evans-Storms RB and Cidlowski JA. Regulation of apoptosis by steroid hormones. JJ.
Steroid Biochem. Mol. Biol. 1995: 53, 1

Ewens ME, Sluss HK, Sherr CJ, Matsushime H, Kato JY, Livingston DM. Functional
interactions of the retinoblastoma protein with mamalian D-type cyclins. Cell
1993a: 73, 487

Ewens ME, Sluss HK, Whitehouse LL, Livingston DM. TGF-fi inhibition of Cdk4
synthesis is linked to cell cycle arrest. Cell 1993b: 74, 1009

Fafeur V, Terman BI, Blum J, Bohlen P. Basic FGF treatment of endothelial cells
down-regulates the 85 KDa TGF beta receptor subtype and decreases the growth
inhibitory response to TGF-beta 1. Growth Factors 1990: 3, 237

Fahlman C, Blomhoff HK, Veiby OP, McNiece IK, Jacobsen SEW. Stem cell factor and
interleukin-7 synergize to enhance early myelopoiesis in vitro. Blood 1994: 84,
1450

Falcone DdJ, McCaffy TA, Haimovitz-Friedman A, Vergilio JA, Nicholson AC.
Macrophage and foam cell release of matrix-bound growth factors. Role of
plasminogen activation. J. Biol. Chem. 1993a: 268, 11951

Falcone DJ, McCaffy TA, Haimovitz-Friedman A, Garcia M. Transforming growth
factor-1 stimulates macrophage urokinase expression and release of matrix-
bound basic fibroblast growth factor. J. Cell. Physiol. 1993b: 155, 595

169



References

Faloon P, Arentson E, Kazarov A, Deng CX, Porcher C. Orkin S, Choi K. Basic
fibroblast growth factor positively regulates hematopoietic development.
Development 2000: 127, 1931

Fan X, Valdimarsdottir i, Larsson J, Brun A, Magnusson M, Jacobsen SE, ten Dijke
P, Karlsson S. Transient disruption of autocrine TGF-beta signalling leads to
enhanced survival and proliferation in single primitive human hemopoietic
progenitor cells. J. Immunol. 2002: 168, 755

Fazioli F and Blasi F. Urokinase-type plasminogen activator and its receptor: new
targets for anti-metastatic therapy? Trends Pharmacol. Sci. 1994: 15, 25

Felez J, Chanquia CJ, Levin EG, Miles LA, Plow EF. Binding of tissue plasminogen
activator to human monocytes and monocytoid cells.Blood 1991: 78, 2318

Felez J, Chanquia CdJ, Fabregas P, Plow EF, Miles LA. Competition between
plasminogen and t-PA for cellular binding sites. Blood 1993a: 82, 2433

Felez J, Miles LA, Plow EF. Receptor occupancy by plasminogen enhances its
activation by t-PA. Thromb. and Haemost. 1993b (Abstract): 69, 1232

Fibbe WE, van Damme J, Billiau A, Yoselink HM, Voogt PJ, van Eeden G, Ralph P,
Altrock B, Falkenburg JHF. Interleukin 1 induces human bone marrow stromal
cells in long-term culture to produce granulocyte colony-stimulating factor and
macrophage-colony syimulating factor. Blood 1988: 71, 430

Filshie RJ, Zannettino AC, Makrynikola V, Gronthos S, Henniker AJ, Bendall LJ,
Gottlieb DJ, Simmons PdJ, Bradstock KF. MUC18, a member of the
immunoglobulin superfamily, is expressed on bone marrow fibroblasts and a
subset of hematological malignancies. Leukemia 1998: 12, 414

Firkin F, Dunlop J, Bertoncello I. Expansion of haematopoietic activity in long-term
culture of human bone marrow by c-kit ligand (stem cell factor). Growth Factors
1993: 8, 135

Flaumenhaft R and Rifkin DB. Cell density dependent effects of TGF-beta
demonstrated by a plasminogen activator based assay for TGF-beta. J. Cell.
Physiol. 1992: 152, 48

Flaumenhaft R, Abe M, Mignatti P, Rifkin DB. Basic fibroblast growth factor induced
activation of latent transforming growth factor beta in endothelial cells:
regulation of plasminogen activator activity. J. Cell Biol. 1992: 118, 901

Fleischman RA. Human Gene Therapy. Amer. J. Med. Sci. 1991: 301, 353

Florkiewicz RZ and Sommer A. Human basic fibroblast growth factor encodes four
polypeptides: three initiate translation from non-AUG codons. Proc. Natl. Acad.
Sci. (USA) 1989: 86, 3978

Florkiewicz RZ, Baird A, Gonzalez AM. Multiple forms of bFGF: differential nuclear
and cell surface localization. Growth Factors 1991: 4, 265

Fontenay M, Bryckaert M, Tobelem G. Transforming growth factor-f1 inhibitory effect
of platelet-derived growth factor-induced signal transduction on human bone
marrow fibroblasts: possible involvement of protein phosphatases. J. Cell.
Physiol. 1992: 152, 507

Fortunel NO, Hatzfeld A, Hatzfeld JA. Transforming growth factor-: pleitropic role in
the regulation of hematopoiesis. Blood 2000: 96, 2022

Fridell YW, Villa JJ, Attra EC, Liu ET GAS6 induces Axl-mediated chemotaxis of
vascular smooth muscle cells. J. Biol. Chem. 1998: 273, 7123

Furth JJ. The steady-state levels of type I collagen mRNA are reduced in senescent
fibroblasts. J. Gerontol. 1991: 46, B122

Gabbianelli M, Sargiacomo M, Pelosi E, Testa U, Isacchi G, Peschle C. "Pure" human
hematopoietic progenitors: Permissive action of basic fibroblast growth factor.
Science (Wash DC) 1990: 249, 1561

Gabrilove JL, Wong G, Bollenbacher E, White K, Kojima S, Wilson EL. Basic
fibroblast growth factor counteracts the suppressive effect of transforming
growth factor-beta 1 on human myeloid progenitor cells. Blood 1993: 81, 909

170



References

Gabrilove JL, White K, Rahman Z, Wilson EL. Stem cell factor and basic fibroblast
growth factor are synergistic in augmenting committed myeloid progenitor cell
growth. Blood 1994, 83, 907

Gallicchio VS, Hughes NK, Hulette BC, DellaPuca R, Noblitt L. Basic fibroblast
growth factor (B-FGF) induces early-(CFU-s) and late-stage hematopoietic
progenitor cell colony formation (CFU-gm, CFU-meg and BFU-e) by synergising
with GM-CSF, Meg-CSF and erythropoietin, and is a radioprotective agent in
vitro. Int. J. Cell Cloning 1991: 9, 220

Galimi F, Bagnara GP, Bonsi L, Cottone E, Follenzi A, Simeone A, Comoglio PM.
Hepatocyte growth factor induces proliferation and differation of multipotent and
erythroid hemopoietic progenitors. J. Cell Biol. 1994: 127, 1743

Galvani DW and Cawley JC. The effects of ainterferon on human long-term bone
marrow cultures. Leukemia Res. 1990: 14, 525

Galzie Z, Kinsella AR, Smith JA. Fibroblast growth factors and their receptors.
Biochem. Cell Biol. 1997: 75, 669

Gan OI, Murdoch B, Larochelle A, Dick JE. Differential maintenance of primitive
human SCID-repopulating cells, clonogenic progenitors, and long-term culture-
initiating cells after incubation on human bone marrow stromal cells. Blood
1997: 90, 641

Garktavtsev I, Hull C, Riabowol K. Molecular aspects of the relationship between
cancer and aging: tumor suppressor activity during cellular senescence. Exp.
Gerontol. 1998: 33, 81

Gartner S and Kaplan HS. Long-term culture of human bone marrow cells. Proc. Natl.
Acad. Sci. (USA) 1980: 77, 4756

Gibson LF, Piktel D, Landreth KS. Insulin-like growth factor-1 potentiates expansion
of interleukin-7-dependent pro-B cells. Blood 1993: 82, 3005

Gimble JM, Wanker F, Wang CS, Bass H, Wu X, Kelly K, Yancopoulos GD, Hill MR.
Regulation of bone marrow stromal cell differentiation by cytokines whose
receptors share the gpl130 protein. J. Cell. Biochem. 1894: 54, 122

Girard MT, Matsubara M, Kublin C, Tessier MJ, Cintron C, Fini ME. Stromal
fibroblasts synthesize collagenase and stromalysin during long-term tissue
remodeling. JJ. Cell Sci. 1993: 104, 1001

Gire V and Wynford-Thomas D. Reinitiation of DNA synthesis and cell division in
senescent human fibroblasts by microinjection of anti-p53 antibodies. Mol. Cell.
Biol. 1998: 18, 1611

Gitter BD and Koehneke EM. Retinoic acid potentiates interleukin-1- and fibroblast
growth factor-induced human synovial fibroblast proliferation. Clin. Immunol.
Immunopathol. 1991: 61, 191

Goldstein S. Replicative senescence: The human fibroblast comes of age. Science 1980:
24,1129

Goldstein S, Moerman EJ, Baxter RC. Accumulation of insulin-like growth factor
binding protein-3 in conditioned medium of human fibroblasts increases with
chronologic age of donor and senescence in vitro. J. Cell. Physiol. 1993: 156, 294

Gonias SL. ay-Macroglobulin: a protein at the interface of fibrinolysis and cellular
growth. Exp. Hematol. 1992: 20, 302

Goodell MA, Jackson KA, Majka SM, Mi T, Wang H, Pocius J, Hartley CJ, Majesky
MW, Entman ML, Michael LH, Hirschi KK. Stem cell plasticity in muscle and
bone marrow. Ann. NY Acad. Sci. 2001: 938, 208

Gordon MY, Riley GP, Watt SM, Greaves MF. Compartmentalization of a
haematopoietic growth factor (GM-CSF) by glycosaminoglycans in the bone
marrow microenvironment. Nature 1987 326, 403

Gordon MY, Clarke D, Atkinson J, Greaves MF. Hemopoietic progenitor cell binding to
the stromal microenviroment in vitro. Exp. Hemat. 1990: 18, 837

171



References

Goretzki L, Schmitt M, Mann K, Calvete J, Chucholowski N, Kramer M, Gunzler WA,
Janicke F, Graeff H. Effective activation of the proenzyme form of the urckinase-
type plasminogen activator (pro-uPA) by the cysteine protease cathepsin L. FEBS
Lett. 1992: 297, 112

Gospodarowicz D and Moran J. Effect of fibroblast growth factor, insulin,
dexamethasone and serum on the morphology of BALB/c 3T3 cells. Proc. Natl,
Acad. Sci. USA 1974: 71, 4648

Gospodarowicz D, Neufield G, Schweigerer L. Molecular and biological
characterization of fibroblast growth factor, an angiogenic factor which controls
the proliferation and differentiation of mesoderm and neurocectoderm derived
cells. Cell Diff. 1986: 19, 1

Gospodarowicz D, Ferrara N, Schweigerer L, Neufeld L. Structural characterization
and biological functions of fibroblast growth factor. Endocr. Rev. 1987a: 8, 95

Gospodarowicz D, Neufield G, Schweigerer L. Fibroblast growth factor: structural and
biological properties. J. Cell. Physiol. (suppl.) 1987b: 5, 15

Graham GJ, Wright EG, Hewick R, Wolfe SD, Wilkie NM, Donnaldson D, Lorimore S,
Pragnell IB. Identification and characterization of an inhibitor of haematopoietic
stem cell proliferation. Nature 1990: 344, 442

Graig W, Kay R, Cutler RL, Lansdorp PM. Expression of Thy-1 on human
hematopoietc progenitor cells. J. Exp. Med. 1993: 177, 1331

Granelli-Piperno A and Reich E. A study of proteases and protease-inhibitor
complexes in biological fluids. J. Exp. Med. 1978: 148, 223

Grazul-Bilska AT, Luthra G, Reynolds LP, Biliski JJ, Johnson ML, Adbullah SA,
Redmer DA, Abdullah KM. Exp. Clin. Endocrinol. Diabetes. 2002: 110, 176

Greenberger JS. Sensitivity of corticosteroid-dependent insulin-resistant lipogenesis
in marrow preadipocytes of obese-diabetic (db/db) mice. Nature 1978: 275, 752

Greenberg HM, Newburger PE, Parker LM, Novak T, Greenberger JS. Human
granulocytes generated in continuous bone marrow cultures are physiological
normal. Blood 1981: 58, 724

Grieb TA and Burgess WH. The mitogenic activity of fibroblast growth factor-1
coorelates with its internalization and limited proteolytic processing.J. Cell
Physiol. 2000: 184, 171

Grigoriev VG, Thweatt R, Moerman EJ, Goldstein S. Expression of senescence-induced
protein WS3-10 in vivo and in vitro. Exp. Gerontol. 1996: 31, 145

Gronthos S and Simmons PJ. The growth factor requirements of STRO-1-positive
human bone marrow stromal precursors under serum-deprived conditions in
vitro. Blood 1995: 85, 929

Gu YC, Kortesmaa J, Tryggvason K, Persson J, Ekblom P, Jacobson SE, Ekblom M.
Laminin isoform-specific promotion of adhesion and migration of human bone
marrow progenitor cells. Blood 2003: 101, 877

Guerriero A, Worford L, Holland HK, Guo Gr, Sheehan K, Waller EK. Thrombopoietin
is synthesized by bone marrow stromal cells. Blood 1997: 90, 3444

Gupta P, Oegema TR Jr, Brazil JJ, Dudek AZ, Slungaard A, Verfaillie CM.
Structurally specific heparan sulfates support primitive human hematopoiesis by
formation of a multimolecular stem cell niche. Blood 1998: 92, 4641

Gupta P, Oegema TR Jr, Brazil JJ, Dudek AZ, Slungaard A, Verfaillie CM. Human
LTC-IC can be maintained for at least 5 weeks in vitro when interleukin-3 and a
single chemokine are combined with o-sulfated heparan sulfates: requirement for
optimal binding interactions of heparan sulfates with early-acting cytokines and
matrix proteins. Blood 2000: 95, 147

Gutierrez-Ramos JC, Olsson C, Palacios R. Interleukin (IL1 to IL7) gene expression in
fetal liver and bone marrow stromal clones: cytokine-mediated positive and
negative regulation. Exp. Hematol. 1992: 20, 986

172



References

Gyetko MR, Sud S, Kendall T, Fuller JA, Newstead MW, Standiford TJ. Urokinase
receptor-deficient mice have impaired neutrophil recruitment in response to
pulmonary Pseudomonas aeruginosa infection. J. Immunol. 2000: 165, 1513

Gyetko MR, Sud S, Chen GH, Fuller JA, Chensue SW, Toews GB. Urokinase-type
plasminogen activator is required for the generation of a type 1 immune response
to pulmonary Cryptococcus neoformans infection. J. Immunol. 2002: 168, 801

Hajjar KA and Reynolds CM. o-Fucose-mediated binding and degradation of tissue-
type plasminogen activator by HepG2 cells. JJ. Clin. Invest. 1994: 93, 703

Hajjar KA, Jacovina AT, Chacko J. An endothelial cell receptor for plasminogen/tissue
plasminogen activator. I. Identity with annexin II. J. Biol. Chem. 1994: 269,
21191

Hajjar KA. Cellular receptors in the regulation of plasmin generation. Thromb.
Haemost. 1995: 74. 294

Hamilton JA, Vairo G, Knight KR, Cocks BG. Activation and proliferation signals in
murine macrophages. Biochemical signals controling the regulation of
macrophage urokinase-type plasminogen activator activity by colony-stimulating
factors and other agents. Blood 1991: 77,616

Han ZC, Bellucci S, Wan HY, Caen JP. New insights into the regulation of
megakaryocytopoiesis by hematopoietic and fibroblastic growth factors and
transforming growth factor-81. Br. J. Haematol. 1992: 81, 1

Hannocks M-J, Oliver L, Gabrilove JL, Wilson EL. Regulation of proteolytic activity in
human bone marrow stromal cells by basic fibroblast growth factor, interleukin-
1, and transforming growth factor 8. Blood 1992: 5, 1178

Harpel JG, Metz CN, Kojima S, Rifkin DB. Control of transforming growth factor-
activity: latency VS. activation. Prog. in Growth Factor Res. 1992: 4, 321

Hart PH, Burgess DR, Vitti GF, Hamilton JA. Interleukin-4 stimulates human
monocytes to produce tissue-type plasminogen activator. Blood 1989: 74, 551

Hart PH, Vitti GF, Burgess DR, Whitty GA, Royston K, Hamilton JA. Activation of
human monocytes by granulocyte-macrophage colony stimulating factor:
increased urokinase-type plasminogen activator activity. Blood 1991: 77, 841

Hayden-Martinez K, Kane LP, Hendrick SM. Effects of a constitutively active form of
calcineurin on T cell activation and thymic selection. J. Immunol. 2000: 165,
3713

Hazuda DJ, Strickler J, Simon P, Young PR. Structure-function mapping of
interleukin 1 precursors. J. Biol. Chem. 1991: 266, 7081

Heard JM, Roussel MF, Rettenmier CW, Sherr CJ. Synthesis, post translational
processing, and autocrine transforming activity of a carboxyterminal truncated
form of a colony stimulating factor-1. Oncogene Res. 1987: 1, 423

Heide I, Sokoll AC, Henz BM, Nagel S, Kreissig K, Grutzkau A, Grabbe J, Wittig B,
Neubauer A. regulation and possible function of axl expression in immature
human mast cells. Ann. Hematol. 1998: 77, 199

Heinrich MC, Dooley DC, Freed AC, Band L, Hoatlin ME, Keeble WW, Peters ST,
Silvey KV, Ey FS, Kabat D, Maziarz RT, Bagby Jr GC. Constitutive expression of
steel factor gene by human stromal cells. Blood 1993: 82, 771

Helmkamp RW, Goodland RL, Bale WF, Spar IL, Mutschler LE: High specific activity
iodination of y-globulin with iodine-131 monochloride. Cancer Res. 1960: 20, 1495

Herbert J-M, Lamarche I, Carmeliet P. Urokinase and tissue-type plasminogen
activator are required for the mitogenic and chemotatic effects of bovine
fibroblast growth factor and platelet-derived growth factor-BB for vascular
smooth muscle cells. J. Biol. Chem. 1997: 272, 23585

Herzog EL, Chai L, Krause DS. Plasticity of marrow derived stem cells. Blood 2003:
(Epub ahead of print).

Heyworth CM, Vallance SJ, Whetton AD, Dexter TM. The bichemistry and biology of
the myeloid haematopoietic cell growth factors. J. Cell Science Suppl. 1990: 13,
57

173



References

Higashiyama S, Abraham JA, Klagsbrun M. Heparin-binding EGF-like growth factor
stimulation of smooth muscle cell migration: dependence on interactions with cell
surface heparan sulfate. J. Cell Biol. 1993: 122, 933

Hinds PW, Mittnacht S, Dulic V, Arnold A, Reed SI, Weinberg RA. Regulation of
retinoblastoma protein functions by ectopoic expression of human cyclins. Cell
1992: 70, 993

Hinds PW and Weinberg RA. Tumor suppressor genes. Current Opinion in Genetics
and Development 1994: 4, 135

Hirata J, Kaneko S, Nishimura J, Motomura S, Ibayashi H. Effect of platelet-derived
growth factor and bone marrow-conditioned medium on the proliferation of
human bone marrow-derived fibroblastoid colony-forming cells. Acta Haemat.
1985: 74, 189

Hocking WG and Golde DW. Long-term human bone marrow cultures. Blood 1980: 56,
118

Holt JT, Gopal TV, Moulton AD, Nienhuis AW. Inducible production of c-fos antisence
RNA inhibits 3T3 cell proliferation. Proc. Natl. Acad. Sci. (USA) 1986: 83, 4794

Horowitz EM, Prockop DdJ, Fitzpatrick LA, Koo WWEK, Gordon PL, Neel M, Sussman
M, Orchard P, Marx JC, Pyeritz RE, Brenner MK. Transplantability and
therapeutic effects of bone marrow-derived mesenchymal cells in children with
osteogenesis imperfecta. Nature Med. 1999: 5, 309

Houssaint E, Blanquet PR, Champion-Arnaud P, Gesnel MC, Torriglia A, Courtois Y,
Breathnach R. Related fibroblast growth factor receptor genes exist in the human
genome. Proc. Natl. Acad. Sci. (USA) 1990: 87, 8180

Hoyer-Hansen G, Pressara U, Holm A, Pass J, Weidle U, Danc K, Behrendt N.
Urokinase-catalysed cleavage of the urokinase receptor requires an intact
glycolipid anchor. Biochem. J. 2001: 358, 673

Huang EJ, Nocka KH, Buck J, Besmer P. Differential expression and processing of
two cell associated forms of the kit-ligand: KL.-1 and KL-2. Mol. Biol. Cell 1992:
3, 439

Ichinose A, Fujikawa K, Suyama T. The activation of pro-urokinase by plasma
kallikrein and its inactivation by thrombin. J. Biol. Chem. 1986: 261, 3486

Jacobsen K and Osmond DG. Microenviromental organization and stromal cell
associations of B lymphocyte precursor cells in mouse bone marrow. Eur. J.
Immunol. 1990: 20, 2395

Jaye M, Lyall RM, Mudd R, Schlessinger J, Sarver N. Expression of acidic fibroblast
growth factor ¢cDNA confirs growth advantages and tumorigenesis to Swiss 3T3
cells. EMBO J. 1988: 7, 963

Jiang Y, Vaessen B, Lenvik T, Blackstad M, Reyes M, Verfaillie CM. Multipotent
progenitor cells can be isolated from postnatal murine bone marrow, muscle, and
brain. Exp. Hematol. 2002a: 30, 896

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-Gonzalez XR,
Reyes M, Lenvik T, Lund T, Blackstad M, Du J, Aldrich S, Lisberg A, Low WC,
Largaespada DA, Verfaillie CM. Pluripotency of mesenchymal stem cells derived
from adult marrow. Nature 2002b: 418, 41

Jones SA and Rose-John S. The role of soluble receptors in cytokine biology: the
agonistic properties of the sIL-6R/1L-6 complex. Biochem. Biophys. Acta. 2002:
592, 251

Jung T, Schrader N, Hellwig M, Enssle KH, Neumann C. Soluble human interleukin-4
receptor is produced by activated T cells inder control of metalloproteinases. Int.
Arch. Allergy Immunol. 1999: 119, 23

Junker U, Knoefel B, Nuske K, Rebstock K, Steiner T, Wunderlich H, Junker K,
Reinhold D. Transforming growth factor beta 1 is significantly elevated in plasma
of patients suffering from renal cell carcinoma. Cytokine 1996: 8, 794

174



References

Kameoka ed, Yanai N, Obinata M. Bone marrow stromal cells selectively stimulate the
rapid expansion of lineage-restricted myeloid progenitors. J. Cell. Physiol. 1995:
164, 55

Kanning KC, Hudsen M, Amieux PS, Wiley JC, Bothwell M, Schecterson LC.
Proteolytic processing of the p75 neurotrophin receptor and two homologs
generates C-terminal fragments with signalling capability. J. Neurosci. 2003: 23,
5425

Kanse SM, Kost C, Wilhelm OG, et al. The urokinase receptor is a major vitronectin-
binding protein on endothelial cells. Exp. Cell. Res. 1996: 224, 344

Karlsson S. Treatment of genetic defects in hematopoietic cell function by gene
transfer. Blood 1991: 78, 2481

Kastan MB, Zhan Q, El-Deiry WS, Carrier F, Jacks T, Walsh WV, Plunkett BS,
Vogelstein B, Fornace AJ. A mammalian cell cycle checkpoint pathway utilizing
p53 and GADDA45 is defective in Ataxia-Telangiectasia. Cell 1992: 71, 587

Kato J, Matsushima H, Hiebert SW, Ewens ME, Sherr CJ. Direct binding of cyclin-D
to the retinoblastoma gene product (pRb) and pRb phosphorylation by the cyclin
D-dependent Kinase CDK4. Genes Dev. 1993; 7, 331

Katacka H, Itoch H, Hamasuna R, Meng JY, Koono M. Pericellular activation of
hepatocyte growth factor/scatter factor (HGF/SF) in colorectal carcinomas: roles
of HGF activator (HGFA) and HGFA inhibitor type 1 (HAI-1). Hum. Cell. 2001:
14, 83

Kaushansky K, Fox N, Lin NL, Liles WC. Lineage-specific growth factors can
compensate for stem and progenitor cell deficiencies at the post progenitor cell
level: an analysis of doubly TPO- and G-CSF recepto-deficient mice. Blood 2002:
99, 3573

Kawashima I and Takiguchi Y. Interleukin-11: a novel stroma-derived cytokine.
Progress in Growth Factor Res. 1992: 4, 191

Keegan K, Johnson DE, Williams LT, Hayman MJ. Isolation of an additional member
of the fibroblast growth factor receptor family, FGFR-3. Proc. Natl. Acad. Sci.
(USA) 1991: 88, 1095

Keijer J, Ehrlich HJ, Linders M, Preissner KT, Pannekoek H. Vitronectin governs the
interaction between plasminogen activator inhibitor and tissue-type plasminogen
activator. J. Biol. Chem. 1991: 266, 10700

Keller JR, Jacobsen SEW, Sill KT, Ellingsworth LR, Ruscetti FW. Stimulation of
granulopoiesis by transforming growth factor f: Synergy with
granulocyte/macrophage-colony-stimulating factor. Proc. Natl. Acad. Sci. (USA)
1991: 88, 7190

Keller U, Aman MJ, Ginther D, Huber C, Peschel C. Human interleukin-4 enhances
stromal cell-dependent hematopoiesis: costimulation with stem cell factor. Blood
1994b: 84, 2189

Khoury E, Andre C, Pontvert-Delucq S, Drenou B, Baillou C, Guigon M, Najman A,
Lemoine FM. Tumor necrosis factor a (TNF o) downregulates c-kit proto-
oncogene product expression in normal and acute myeloid leukemia CD34* cells
via pb5 TNF o receptors. Blood 1994: 84, 2506

Kim J and Hajjar KA. Annexin II: a plasminogen-plasminogen activator co-receptor.
Front. BioSci. 2002: 7, d341

Kimura A, Katoh O, Kuramoto A. Effect of platelet derived growth factor and
transforming growth factor B on the growth of human marrow fibroblasts. Br. J.
Haematol. 1988: 69, 9

Kinsella MG, Tsoi CK, Jarvelainen HT, Wight TN. Selective expression and processing
of biglycan during migration of bovine aortic endothelial cells. The role of
endogenous basic fibroblast growth factor. J. Biol. Chem. 1997: 272, 318

175



References

Kittler ELW, McGrath H, Temeles D, Crittenden RB, Kister VK, Quesenberry PJ.
Biological significance of constitutive and subliminal growth factor production by
bone marrow stroma. Blood 1992: 79, 3168

Kjdller L,Kanse SM, Kirkegaard T, Rodenburg KW, Rgnne E, Goodman SL, Priessner
KT, Ossowski L, Andreasen PA. Plasminogen activator inhibitor-1 represses
integrin- and vitronectin-mediated cell migration independently of its function as
an inhibitor of plasminogen activation. Exp. Cell Res. 1997: 232, 420

Knudsen BS, Silverstein RL, Leung LL, Harpel PC, Nachman RL. Binding of
plasminogen to extracellular matrix. J. Biol. Chem. 1986: 261, 10765

Kobayashi H, Schmitt M, Goretzki L, Chucholowski N, Calvete J, Kramer M, Gunzler
WA, Janicke F, Graeff H. Cathepsin B efficiently activates the tumor cell
receptor-bound form of proenzyme urokinase-type plasminogen activator (pro-
uPA). J. Biol. Chem. 1991: 266, 5147

Koff A, Ohtsuki M, Polyak K, Roberts JM, Massagué J. Negative regulation of G1 in
mammealian cells - Inhibition of cyclin E dependent kinase by TGF-B. Science
1993: 260, 536

Koivunen E, Huhtala ML, Stenman UH. Human ovarian tumor-associated trypsin. Its
purification and characterization from mucinous cyst fluid and identification as
an activator of pro-urokinase. J. Biol. Chem. 1989: 264, 14095

Koller MR, Manchel I, Palsson BO. Importance of parenchymal:stromal cell ratio for
the ex vivo reconstitution of human hematopoiesis. Stem Cells 1997: 15, 305

Kondo M, Weissman IL, Akashi K. Identification of clonogenic common lymphoid
progenitors in mouse bone marrow. Cell 1997 91, 661

Koolwijk P, Sidenius N, Peters E, Sier CF, Hanemaaljer R, Blasi F, van Hinsbergh
VW. Proteolysis of the urokinase-type plasminogen activator receptor by
metalloproteinase-12: implications for angiogenesis in fibrin matrices. Blood
2001: 97, 3123

Kriegler M, Perez C, DeFay K, Albert I, Lu SD. A novel form of TNF/cachectin is a cell
surface cytotoxic transmembrane protein: Ramifications for the complex
physiology of TNF. Cell 1988: 53, 45

Krause DS, Ito T, Fackler MdJ, Smith OM, Collector MI, Sharkis SJ, May WS.
Characterization of murine CD34, a marker for haematopoietic progenitor and
stem cells. Blood 1994: 84, 691

Krause DS. Plasticity of marrow-derived stem cells. Gene Ther. 2002: 9,754

Kurt-Jones EA, Beller DI, Mizel SB, Unanue ER. Identification of a membrane-
associated interleukin 1 in macrophages. Proc. Natl. Acad. Sci. (USA) 1985: 82,
1204

Kuznetsov SA, Friedenstein Ad, Robey PG. Factors required for bone marrow stromal
fibroblast colony formation in vitro. Br. J. Haematol. 1997: 97, 561

Lagneaux L, Delforge A, Dorval C, Bron D, Stryckmans P. Excessive production of
transforming growth factor-beta by bone marrow stromal cells in B-cell chronic
lymphocytic leukemia inhibits growth of hematopoietic precursors and
interleukin-6 production. Blood 1993: 82, 2379

Laiho M, Saksela O, Andreasen A, Keski-Oja J. Enhanced production and
extracellular deposition of endothelial-type plasminogen activator inhibitor in
cultured human lung fibroblasts by transforming growth factor 8. J. CellBiol.
1986a: 103, 2403

Laiho M, Saksela O, Keski-Oja J. Transforming growth factor 3 alters plasminogen
activator activity in human skin fibroblasts. Exp. Cell Res. 1986b: 164, 399

Laki K. The polymerization of proteins: the action of thrombin on fibrinogen. Arch.
Biochem. Biophy. 1951: 32, 317

Lansdorp PM and Dragowska W. Maintenance of hematopoiesis in serum-free bone
marrow cultures involves sequential recruitment of quiesent progenitors. Exp.
Hematol. 1993: 21, 1321

176



Lantz M, Gulberg U, Nilsson E, Olsson I. Characterization in vitro of a human tumor
necrosis factor-binding protein. A soluble form of tumor necrosis factor receptor.
J. Clin. Invest. 1990: 86, 1396

Lapidot T and Petit I. Current understanding of stem cell mobilization: the roles of
chemokines, proteolytic enzymes, adhesion molecules, cytokines and stromal
cells. Exp. Hematol. 2002: 30, 973

Larochelle A, Vormoor J, Hanenberg H, Wang JC, Bhatia M, Lapidot T, Moritz T,
Murdoch B, Xiao XL, Kato I, Williams DA, Dick JE. Identification of primitive
human hematopoietic cells capable of repopulating NOD/SCID mouse bone
marrow: implications for gene therapy. Nat. Med. 1996: 2, 1329

Learmonth MP, Li W, Namiranian S, Kakkar VV, Scully MF. Modulation of cell
binding property of single chain urockinase-type plasminogen activator by
neutrophil cathepsin G. Fibrinolysis 1992: 6 (suppl. 4), 113

LeBien TW. Growing human B-cell precursors in vifro: the continuing challenge.
Immunol. Today 1989: 10, 296-298

Le Bousse-Kerdiles M-C, Chevillard S, Charpentier A, Romquin N, Clay D, Smadja-
Joffe ¥, Praloran V, Dupriez B, Demory J-L, Jasmin C, Martyré M-C. Differential
expression of transforming growth factor-, basic fibroblast growth factor, and

their receptors in CD34% hematopoietic progenitor cells from patients with
myelofibrosis and myeloid metaplasia. Blood 1996: 88, 4534

Lévesque JP, Hendy J, Winkler IG, Takamatsu Y, Simmons PJ. Granulocyte colony-
stimulating factor induces the release in the bone marrow of proteases that
cleave ¢-KIT receptor (CD117) from the surface of hematopoietic progenitor cells.
Exp. Hematol. 2003a: 31, 109

Lévesque JP, Hendy J, Takamatsu Y, Simmons PdJ, Bendall LJ. Disruption of the
CXCR4/CXCL12 chemtatic interation during hematopoietic stem cell mobilzation
induced by GCSF or cyclophosphamide. JJ. Biol. Chem. 2003b: 278, 14002.

Levi E, Fridman R, Miao HQ, Ma YS, Yayon A, Vlodavsky I. Matrix metalloproteinase
2 releases active soluble ectodomain of fibroblast growth factor receptor 1. Proc.
Natl. Acad. Sci. (USA) 1996: 93, 7069

Lewis ID and Verfaillie CM. Multi-lineage expansion potential of primitive
hematopoietic progenitors: superiority of umbilical cord blood compared to
mobilized peripheral blood. Exp. Hematol. 2000: 28, 1087

Li J, Sensebe L, Herve P, Charbord P. Nontransformed colony-derived stromal cell
lines from normal human marrows. I1I. The maintenance of hematopoiesis from
CD34+ cell populations. Exp. Hematol. 1997: 25, 582

Liesveld JL, Winslow JM, Frediani KE, Ryan DH, Abboud CN. Expression of integrins
and examination of their adhesive function in normal and leukemic
hematopoietic cells. Blood 1993: 81, 112

Lijnen HR, Moons L, Beelen V, Carmeliet P, Collen D. Biological effects of combined
inactivation of plasminogen activator and plasminogen activator inhibitor-1 gene
function in mice. Thromb. Haemost. 1995: 74, 1126

Lin Y, Weisdorf DdJ, Solovey A, Hebbel RP. Originsof circulating endothelial cells and
endothelial out growth from blood. J. Clin. Invest. 2000: 105, 71

Linder V and Reidy MA. Expression of basic fibroblast growth factor and its receptor
by smooth muscle cells and endothelium in injured rat arteries. An enface study.
Circul. Res. 1993: 73, 589

Liotta LA, Goldfarb RH, Brundage R, Siegal GP, Terranova V, Garbias S. Effect of
plasminogen activator (urokinase), plasmin, and thrombin on glycoproteins and
collagenous components of basement membrane. Cancer Res. 1981: 10, 3399

Lisovsky M, Braun SE, Ge Y, Takahira H, Lu L, Savchenko VG, Lyman SD,
Broxmeyer HE. Flt3-ligand production by human bone marrow stromal cells.
Leukemia 1996: 10, 1012

177



References

Liu JF, Crepin M, Liu JM, Bamtault D, Ledoux D. FGF-2 and TPA induce matrix
metalloproteinase-9 secretion in MCF-9 cells through PKC activation of the
Ras/ERK pathway. Biochem. Biophys. Res. Commun. 2002: 293, 1174

Liu LY, Sedgwick JB, Bates ME, Vrtis RF, Gern JE, Kita H, Jarjour NN, Busse WW,
Kelly EA. Decreased expression of membrane IL-5 receptor alpha on human
eosinophils; II. IL-5 down-modulates its receptor via a proteinase-mediated
process. . Immunol. 2002b: 169, 6459

Liuzzo JP and Moscatelli D. Human leukemia cell lines bind basic fibroblast growth
factor (FGF) on FGF receptors and heparan sulfates: downmodulation of FGF
receptors by phorbol ester. Blood 1996: 87, 245

Lotfi CF and Armelin HA. cfos and cjun antisense oligonucleotides block mitogenesis
triggered by fibroblast growth factor-2 and ACTH in mouse Y1 adrencortical
cells. J. Endocrinol. 2001: 168, 381

Lowry PA, Deacon D, Whitefield P, McGrath HE, Quesenberry PJ. Stem cell factor
induction of in vitro murine hematopoietic colony formation by "subliminal”
cytokine combinations: The role of "anchor factors”. Blood 1992: 80, 663

Lund LR, Rgmer J, Ellis V, Blasi F, Dang K. Urokinase-receptor biosynthesis, mRNA
levels and gene transcription are increased by transforming growth factor 1 in
human A549 lung carcinoma cells. EMBO J. 1991: 10, 3399

Lyon M, Deakin JA, Rahmoune H, Fernig DG, Nakamura T, Gallagher JT. Hepatocyte
growth factor/scatter factor binds with high affinity to dermatan sulfate. J.
Biol.Chem. 1998: 273, 271

Lyons RM, Keski-Oja J, Moses HL. Proteolytic activation of latent transforming
growth factor B from fibroblast conditioned medium. JJ. Cell Biol. 1988:106, 1659

Lyons-Giordano B, Loskutoff D, Chen CS, Lazarus G, Keeton M, Jensen PJ.
Expression of plasminogen activator inhibitor type 2 in normal and psoriatic
epidermis. Histochemistry 1994: 101, 105

MacDonald D, Adams JA, McCarthy D, Barrett AJ. Interleukin-2 inhibits growth of
fibroblasts derived from human bone marrow. Acta-Haematol. 1990: 83, 26

Mackie EdJ, Pagel CN, Smith R, de Niese MR, Song SJ, Pike RN. Protease-activated
receptors: a means of converting extracellular proteolysis into intracellular
signals. IUBMB Life. 2002: 53, 277

Majumdar MK, Banks V, Peluso DP, Morris EA. Isolation, characterization, and
chondrogenic potential of human bone marrow-derived multipotential stromal
cells. J. Cell. Physiol. 2000: 185, 98

Manz MG, Miyamoto T, Akashi K, Weissman IL. Prospective isolation of human
clonogenic progenitors. Proc. Natl. Acad Sci. (USA) 2002: 99, 11872

Marshall A and Hodgson J. DNA chips: An array of possibilities. Nature Biotechnol
1998: 16, 27

Martin I, Muraglia A, Campanile G, Cancedda R, Quarto R. Fibroblast growth factor-2
supports ex vivo expansion and maintenance of osteogenic precursors from
human bone marrow. Endrocrinol. 1997: 138, 4456

Massagué J. Transforming growth factor-o. A model for membrane anchored growth
factors. JJ Biol. Chem. 1990 265, 21393

Massagué J. A helping hand from proteoglycans. Cell-surface proteoglycans help
present polypeptide growth factors to their receptors and may act as a reservoir
for others. Current Opionions in Cell Biol. 1991:1, 117

Matsui Y, Zsebo K, Hogan BLM. Derivation of pluripotential embryonic stem cells
from murine primoridal germ cells in culture. Cell 1992: 70, 841

Matsushima K, Taguchi M, Kovacs EJ, Young HA, Oppenheim JdJ. Intracellular
localization of human monocyte associated interleukin 1 (IL 1) activity and
release of biologically active IL 1 from monocytes by trypsin and plasmin. J.
Immunol. 1986: 36, 2883

178



References

Mayani H, Guilbert LJ, Clark SC, Janowska-Wieczorek A. Inhibition of hematopoiesis
in normal human long-term marrow cultures treated with recombinant human
macrophage colony stimulating factor. Blood 1991: 78, 651

McCaffrey TA, Falcone DJ, Du B. Transforming growth factor-81 is a heparin-binding
protein: identification of putative heparin-binding regions and isolation of
heparins with varying affinity for TGF-81. J. Cell. Physiol. 1992: 152, 430

McIntyre AR and Bjornson BH. Human bone marrow stromal cell colonies: Response
to hydrocortisone and dependence on platelet-derived growth factor. Exp. Hemat.
1986: 14, 833

McNiece 1K, Bertoncello I, Kriegler AB, Quesenberry PJ. Colony-forming cells with
high proliferating potential (HPP-CFC). Internatl. J. Cell Cloning. 1990: 8, 146

McWilliam NA, Robbie LA, Barella CJ, Adey G, Prasad S, Bennett B, Booth NA.
Evidence for an active fibrinolytic system in normal human bone marrow. Br. J.
Haematol. 1996: 93, 170

McWilliam N, Robbie L, Booth N, Bennett B. Plasminogen activator in acute myeloid
leukaemic marrows: u-PA in contrast to t-PA in normal marrow. Br. J. Haematol.
1998: 101, 626

Metcalf D and Nicola NA. Direct proliferative actions of stem cell factor on murine
bone marrow cells in vitro: effects of combination with colony-stimulating factors.
Proc. Natl. Acad. Sci. (USA) 1991: 88, 6239

Mertelsmann R. Plasticity of bone marrow-derived stem cells. J. Hematother. Stem
Cell Res. 2000: 9, 957

Metz CN, Brunner G, Choi-Muira NH, Nguyen H, Gabrilove J, Caras IW, Altszuler N,
Rifkin DB, Wilson EL, Davitz MA. Release of GPl-anchored membrane proteins
by a cell-associated GPI-specific phopholipase D. EMBO J. 1994: 13, 1741

Mignatti P, Tsuboi R, Robbins E, Rifkin DB. In vito angiogensis on the human
amniotic membrane: Requirement for basic fibroblast growth factor-induced
proteinases. J. Cell Biol. 1989: 108, 671

Mignatti P, Mazzieri R, Rifkin DB. Expression of the urokinase receptor in vascular
endothelial cells is stimulated by basic fibroblast growth factor. J. Cell Biol.
1991: 118, 1193

Miles LA and Plow EF. Receptor mediated binding of the fibrinolytic components,
plasminogen and urokinase to pheripheral blood cells. Thromb. Haemost. 1987:
58, 936

Miles LA, Dahlberg CM, Plescia J, Felez J, Kato K, Plow EF. Role of cell-surface
lysines in plasminogen binding to cells: identification of a-enolase as a candidate
plasminogen receptor. Biochem. 1991: 30, 1682

Miller DG, Adam MA, Miller AD. Gene transfer by retrovirus vectors occurs only in
cells that are actively replicating at the time of infection. Mol. Cell Biol. 1990: 10,
4239

Miller DL, Ortega S, Bashayan O, Basch R, Basilico C. Compensation by fibroblast
growth factor 1 (FGF1) does not account for the mild phenotypic defects observed
in FGF2 null mice. Mol. Cell. Biol. 2000: 20, 2260

Millis AJ, Hoyle M, McCue HM, Martini H. Differential expression of metallo-
proteinase and tissue inhibitor of metalloproteinase genes in aged human
fibroblasts. Exp. Cell Res. 1992: 201, 373

Milner PG. Simian sarcoma virus transformation of normal rat kidney fibroblasts is
associated with markedly increased basic fibroblast growth factor expression.
Biochem. Biophys. Res. Commun. 1991: 180, 423

Miraglia S, Godfrey W, Yin AH, et al. A novel five-transmembrane hematopoietic stem
cell antigen: isolation, characterization, and molecular cloning. Blood 1997: 90,
5013

Mohle R, Moore MA, Nachman RL, Raffi S. Transendothelial migration of CD34+ and
mature hematopoietic cells: an in vitro study using a human bone marrow
endothelial cell line, Blood 1997: 89, 72

179



References

Mohle R, Bautz F, Denzlinger C, Kanz L. Transendothelial migration of hematopoietic
progenitor cells. Role of chemtatics factors. Ann. N.Y. Acad. Sci. 2001: 938, 26
Moore KA, Pytowski B, Witte L, Hiclin D, Lemischka IR. Hematopoitic activity of a
stromal cell transmembrane protein containing epidermal growth factor-like
repeat-motifs. Proc. Natl. Acad. Sci USA 1997: 94, 4011

Moore MA. Cytokine and chemokine networks influencing stem cell proliferation,
differentiation, and marrow homing. J. Cell. Biochem. suppl. 2002: 38, 29

Montero-Julian FA. The soluble IL-6 receptors:serum levels and biological function.
Cell. Mol. Biol. 2001: 47, 583

Moreau I, Duvert V, Banchereau J, Saeland S. Culture of human fetal B-cell
precursors on bone marrow stroma maintains highly proliferative CD20dim cells.
Blood 1993: 81, 1170

Moroni E, Dell'Era P, Rusnati M, Pesta M. Fibroblast growth factors and their
receptors in hematopoiesis and hematological tumors. J. Hematother Stem Cell
Res. 2002: 11, 19

Morrison RS, Giordano S, Yamaguchi F, Hendrickson S, Berger MS, Palczewski K.
Basic fibroblast growth factor expression is required for clonogenic growth of
human glioma cells. J. Neurosci. Res. 1993: 34, 502

Morton PA Owensby DA, Sobel BE, Schwartz AL. Catabolism of tissue-type
plasminogen activator by the human hepatoma cell line HepG2: modification by
plasminogen inhibitor type 1. J. Biol. Chem. 1989: 264, 7228

Mosesson MW. The preparation of human fibrinogen free plasminogen. Biochem.
Biophys. Acta. 1962: 57, 204

Mroczkowski B, Reich M, Whittaker J, Bell GI, Cohen S. Expression of human
epidermal growth factor precursor ¢cDNA in transfected mouse NIH-3T3 cells.
Proc. Natl. Acad. Sci USA 1988: 85, 126

Mu XC, Staiano-Coico L, Higgins PJ. Increased transcription and modified growth
state-dependent expression of the plasminogen activator inhibitor type-1 gene
characterize the senescent phenotype in human diploid fibroblasts. J. Cell.
Physiol. 1998: 174, 90

Miller-Sieburg CE and Deryugina E. The stromal cells' guide to the stem cell niche.
Stem Cells 1995: 13, 477

Mummery RS and Rider CC. Characterization of the heparin-binding properties of IL-
6. J. Immunol. 2000: 165, 5671

Naldini L, Tamagnone L, Vigna E, Sachs M, Hartmann G, Birchmeier W, Daikuhara
Y, Tsubouchi H, Blasi F, Comoglio PM. Extracellular proteolytic cleavage by
urokinase is required for activation of hepatocyte growth factor/scatter factor.
EMBO J. 1992: 11, 4825

Namikawa R, Muench MO, Roncarolo MG. Regulatory roles of the ligand for F1k2/F1t3
tryrosine kinase receptor on human hematopoiesis. Stem-Cells 1996: 14, s388

Nath N, Bian H, Reed EF, Chellappan SP. HLA class 1-mediated induction of cell
proliferation involves cyclin E-mediated inactivation of Rb function and induction
of E2F activity. J Immunol. 1999: 162, 5351

Nickel W. The mystery of nonclassical protein secretion. Eur. J. Biochem. 2003: 270,
2109

Nilsson SK, Debatis ME, Dooner MS, Madri JA, Quesenberry PJ, Becker PS.
Immunofluorescence characterization of key extracellular matrix proteins in
murine bone marrow in situ. J. Histochem. Cytochem. 1998: 46, 371

Nilsson SK, Johnston HM, Coverdale JA. Spatial localization of transplanted
hemopoietic stem cells: interferences for the localization of stem cell niches.
Blood 2001: 97, 2293

Nishikawa S, Nakasato M, Takakura N, Ogawa M, Kodama H, Nishikawa S. Stromal
cell-dependent bone marrow culture with a nearly protein-free defined medium.
Immunol. Lett. 1994: 40, 163

180



References

Nishikura K and Murray M. Antisense RNA of proto-oncogene c-fos blocks renewed
growth of quiescent 3T3 cells. Mol. Cell. Biol. 1987: 7, 639

Novotny JR, Duehrsen U, Welsh K, LaytonJE, Cebon JS, Boyd A. Cloned stromal cell
lines derived from human Whitlock/Witte-type long-term bone marrow cultures.
Exp. Haematol. 1990: 18, 3324

Nykjeer A, Petersen CM, Christensen EI, Davidsen O, Gliemann J. Urokinase
receptors in human monocytes. Biochem. Biophys. Acta 1990: 1052, 399

Nykjeer A, Mgller B, Andreasen P, Kramer M, Christensen T, Gliemann J, Petersen
CM. The urokinase receptor: an activation antigen coexpressed with the human
T-cell specific serine protease (HUTSP-1) in activated lymphocytes. Fibrinolysis
1992a: 249 (abstr.)

Nykjeer A, Petersen CM, Mgller B, Andreasen PA, Gliemann J. Identification and
characterization of urokinase receptors in natural killer cells and T-cell-derived
lymphokine activated killer cells. Febs Lett. 1992b: 300, 13

Nykjaer A, Petersen CM, Mgller B, Jensen PH, Moestrup SK, Holtet TL, Etzerodt M,
Thegersen HC, Munch M, Andreasen PA, Gliemann J. Purified og-macroglobulin
receptor/LDL receptor related protein binds urokinase-plasminogen activator
inhibitor type-1 complex. Evidence that og-macroglobulin receptor mediates
cellular degradation of urokinase receptor-bound complexes. J. Biol. Chem.
1992c¢: 267, 14543

Nykjeer A, Conese M, Christensen EI, Olson D, Cremona O, Gliemann J, Blasi F.
Recycling of the urokinase receptor upon internalization of the u-PA:serpin. Eur.
Mol. Biol. Organ. J. 1997: 16, 2610

Nykjeer A, Christensen EI, Vorum H, Hager H, Peterson CM, Rgigaard H, Min HY,
Vilhardt F, Mgller LB, Kornfeld S, Gliemann J. Mannose 6-phosphate/insulin-
like growth factor-II receptor targets the urokinase receptor to lysosomes via a
novel binding interaction. J. Cell Biol. 1998: 141, 815

Ofosu FA. Protease activated receptors 1 and 4 govern the responses of human
platelets to thrombin. Transfus Apheresis Sci. 2003: 28, 265

Ohta M, Sakai T, Saga Y, Aizawa S, Saito M. Suppression of hematopoietic activity in
tenascin-c-deficient mice. Blood 1998: 91, 4074

Okada S, Nakauchi H, Nagayosi K, Nishikawa S, Nishikawa S-I, Miura Y, Suda T.
Enrichment and characterization of murine hematopoietic stem cells that express
c-kit molecule. Blood 1991: 78, 1706

Okunieff P, Wu T, Huaung K, Ding I. Differential radioprotection of three mouse
strains by basic or acidic fibroblast growth factor. Br. J. Cancer Suppl. 1996: 27,
s105

Olashaw NE, O’Keefe EJ, Pledger WdJ. Platelet-derived growth factor modulates
epidermal growth factor receptors by a mechanism distinct from that of phorbol
esters. Proc. Natl. Acad. Sci. (USA) 1986: 83, 3834

Oliver LdJ, Rifkin DB, Gabrilove J, Hannocks M-J, Wilson EL. Long-term culture of
human bone marrow stromal cells in the presence of basic fibroblast growth
factor. Growth Factors 1990: 3, 231

Olwin BB and Rapraeger A. Repression of myogenic differentiation by aFGF, bFGF,
and K-FGF is dependent on cellular heparan sulphate. J. Cell. Biol. 1992: 118,
631

Orlic D, Fischer R, Nishikawa S-I, Nienhuis AW, Bodine DM. Purification and
characterization of heterogeneous pluripotent hematopoitic stem cell populations
expressing high levels of c-kit receptor. Blood 1993: 82, 762

Ornitz DM and Itoh N. Fibroblast growth factors. Genome Biol. 2001: 2, 3005

181



References

Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C. Neuronal defects and delayed
wound healing in mice lacking fibroblast growth factor 2. Proc. Natl. Acad. Sci.
(USA) 1998: 95, 5672

Orth K, Madison LE, Gething M, Sambrook JF, Herz J. Complexes of tissue-type
plasminogen activator with PAI-1 are internalized by means of low density
lipoprotein receptor-related protein/a2-macroglobulin receptor. Proc. Natl. Acad.
Sci. (USA) 1992: 89, 7422

Orth K, Willnow T, Herz J, Gething MJ, Sambrook J. Low density lipoprotein
receptor-related protein is neccessary for the internalization of both tissue-type
plasminogen activator complexes and free tissue-type plasminogen activator. oJ.
Biol. Chem. 1994: 269, 21117

Otter M, Zockova P, Kiuper J, van Berkel TJ, Barrett-Bergshoeff MM, Rijken DC.
Isolation and characterization of the mannose receptor from human liver
potentially involved in the clearance of tissue-type plasminogen activator.
Hepatology 1992: 16, 54

Ozaki H, Okamoto N, Ortega S, Chang M, Ozaki K, Sadda S, Vinores MA, Derevjanik
N, Zack DJ, Basilico C, Campochiaro PA. Basic fibroblast growth factor is neither
necessary nor sufficient for the development of retinal neovascularization. Am. J.
Pathol. 1998: 153, 665

Owensby DA, Morton, PA, Wun TC, Schwartz Al. Binding of plasminogen activator
inhibitor type-1 to extracellular matrix of Hep G2 cells. J. Biol. Chem. 1991: 266,
4334

Paddison PJ, Caudy AA, Bernstein E, Hannon GdJ, Conklin DS. Short hairpin RNAs
(shRNAs) induce sequence-specific silencing in mamalian cells. Genes Dev. 2002:
16, 948

Padré T, Mesters RM, Dankbar B, Hintelmann H, Bieker R, Kiehl M, Berdel WE,
Kienast J. The catalytic domain of endogeous urokinase-type plasminogen
activator is required for the mitogenic activity of platelet-derived and basic
fibroblast growth factors in human vascular smooth muscle cells. J. Cell Science
2002: 115, 1961

Pardinas J, Pang Z, Houghton J, Palejwala V, Donnelly RJ, Hubbard K, Small MB,
Ozer HL. Differential gene expression in SV40-mediated immortilization of
human fibroblasts. J. Cell. Physiol. 1997: 171, 325

Parkkinen J and Rauvala H. Interactions of plasminogen and tissue plasminogen
activated (t-PA) with amphoterin. Enhancement of t-PA-catalysed plasminogen
activation by amphoterin. J. Biol. Chem. 1991: 266, 16730

Partanen J, Makeld TP, Eerola E, Korhonen J, Hirvonen H, Claesson WL, Alitalo K.
FGFR4, a novel acidic fibroblast growth factor receptor with a distinct expression
pattern. EMBO J. 1991: 10, 1347

Patel VP and Lodish HF. A fibrinonectin matrix is required for differentiation of
murine erythroleukemia cells into retiulocytes. J. Cell Biol. 1987: 105, 3105

Pavlova BG, Muhlberger HH, Strobl H, Grill R, Haslberger A, Varga F Auer H, Heinz
R, Salamon J, Stacher A et al.,. B lymphocytes with latent EBV infection
appearing in long-term bone marrow cultures (HLTBMCs) from haematological
patients induce lysis of stromal microenviroment. Br. J. Haematol. 1995: 89, 704

Peek M, Moran P, Mendoza N, Wickramasinghe D, Kirchhhhofer D. Unusual
proteolytic activation of pro-hepatocyte growth factor by plasma kallikrein and
coagulation factor Xla. J. Biol. Chem. 2002: 277, 47804

Pellieux C, Foletti A, Peduto G, Aubert JF, Nussberger J, Beermann Brunner HR,
Pedrazzini T. Dilated cardiomyopathy and impaired cardiac hypertrophic
response to angiotensin II in mice lacking FGF-2. 2001: 108, 1843

Penton-Rol G, Orlando S, Polentarutti N, Bernasconi S, Muzio M, Introna M,
Mantovani A. Bacterial lipopolysaccharide causes rapid shedding, followed by
inhibition of mRNA expression, of the IL.-1 type II receptor, with concomitant up-

182



References

regulation of the type I receptor and induction of incompletely spliced transcripts.
J. Immunol. 1999: 162, 2931

Pepper MS, Sappino AP, Stocklin R, Montesano R, Orci L, Vassalli JD. Upregulation
of urokinase receptor expression on migrating endothelial cells. J. Cell Biol.
1993: 122, 673

Pepper MS, Rosnoblet C, Di Sanza C, Kruithof EK. Synergistic induction of t-PA by
vascular endothelial growth factor and basic fibroblast growth factor and
localization of t-PA to Weibel-Palade bodies in bovine microvascular endothelial
cells. Thromb. Haemost. 2001: 86, 702

Phillips PD, Pignolo RJ, Nishikura K, Cristofalo VJ. Renewed DNA synthesis in
senescent WI-38 cells by expression of an inducible chimeric c¢-fos construct. JJ.
Cell. Physiol. 1992: 151, 206

Piguet PF, Vesin C, Da Laperousaz C, Rochat A. Role of plasminogen activators and
urokinase receptors in platelet kinetics. Hematol. J. 2000: 1, 199

Pintucci G, Moscatelli D, Saponara F, Biernacki PR, Baumann FG, Bizekis C,
Galloway AC, Basilico C, Mignatti P. Lack of ERK activation and cell migration
in FGF-2-deficient endothelial cells. FASEB J. 2002: 16, 598

Platzer E, Simons S, Kalden JR. Human granulocyte colony stimulating factor: effects
on human long-term bone marrow cultures. Blood Cells 1988: 14, 463

Plesner T, Ploug M, Ellis V, Renne E, Hgyer-Hansen G, Wittrup, M, Pedersen TL,
Tscherning T, Dang K, Hansen NE. The receptor for urokinase-type plasminogen
activator and urokinase is translocated from two distinct intracellular
compartments to the plasma membrane on stimulation of neutrophils. Blood
1994: 83, 808

Plesner T, Behrendt N, Ploug M.Structure, function and expression on blood and bone
marrow cells of the urokinase-type plasminogen activator receptor, uPAR. Stem
Cells 1997: 15, 398

Ploug M, Regnne E, Behrendt N, Jensen AL, Blasi F, Dang K. Cellular receptor for
urokinase plasminogen activator: carboxyl terminal processing and membrane
anchoring. J. Biol. Chem. 1991 266, 1926

Plow EF, Herren T, Redlitz A, Miles LA, Hoover-Plow JL. The cell biclogy of the
plasminogen system. FASEB J. 1995: 9, 939

Pluznik DH and Sachs L. The induction of clones of normal mast cells by a substance
from conditioned medium. Exp. Cell Res. 1966: 43, 553

Poloni A, Giarratana MC, Firat H, Kobari L, Gorin NC, Douay L. The ex vivo
expansion of normal human bone marrow cells is dependent on experimental
conditions: role of the cell concentration, serum and CD34+ cell selection in
stroma-free cultures. Hematol. Cell Ther. 1997: 39, 49

Porteu F, Brockhaus M, Wallach D, Engelmann, Nathan CF. Human neutrophil
elastase releases a ligand-binding fragment from the 75-kDa tumor necrosis
factor (TNF) receptor. J. Biol. Chem. 1991: 266, 18846

Prats S, Kaghad M, Prats AC, Klagsbrun M, Lelias JM, Liauzun P, Chalon P, Tauber
P, Amalric F, Smith JA, Caput D. High molecular mass forms of basic fibroblast
growth factor are initiated by alternative CUG codons. Proc. Natl. Acad. Sci.
(USA) 1989: 86, 1836

Preissner KT. Specific binding of plasminogen to vitronectin. Evidence for a
modulatory role of vitronectin on fibrin(ogen)-induced plasmin formation by
tissue plasminogen activator. Biochem. Biophys. Res. Commun. 1990: 168, 966

Price LKH, Choi HU, Rosenberg L, Stanley ER. The predominant form of secreted
colony stimulating factor-1 is a proteoglycan. J. Biol. Chem. 1992: 2677, 2190

Prockop DJ, Sekiya I, Colter DC. Isolation and characterization of rapidly self-
renewing stem cells from cultures of human marrow stromal cells. Cytotherapy
2001: 3, 393

Prosper F and Verfaillie CM. Regulation of hematopoiesis through adhesion receptors.
J. Leukocyte Biol. 2001: 69, 307

183



References

Puchacz E, Stachowiak EK, Florkiewicz RZ, Lukas RJ, Stachowiak MK. Basic
fibroblast growth factor (bFGF) regulates tyrosine hydroylases and
proenkephalin mRNA levels in adrenal chromaffin cells. Brain Res. 1993: 610, 39

Quarto N, Talarico D, Florkiewicz R, Rifkin DB. Selective expression of high molecular
welght basic fibroblast growth factor confers a unique phenotype to NIH 3T3
cells. Cell Regul. 1991: 2, 699

Quesenberry P, Temeles D, McCrath H, Lowry P, Meyer D, Kittler E, Deacon, Kister
K, Crittenden R, Strikumar K. Long-term cultures: human and murine systems.
J. Cell. Biochem. 1991: 45, 273

Quito FL, Beh J, Bashayan O, Basilico C, Basch RS. Effects of fibroblast growth
factor-4 (k-FGF) on long-term cultures of human bone marrow cells. Blood 1996:
87, 1282

Rajput B, Degen SF, Reich E, Walker EK, Axelrod J, et al. Chromosomal locations of
human tissue plasminogen activator and urokinase genes. Science 1985: 230, 672

Rambaldi A, Young DC, Griffin JD. Expression of the M-CSF (CSF-1) gene by human
monocytes. .Blood 1987: 69, 1409

Rapraeger AC, Krufka A, Olwin BB. Requirement of heparan sulphate for bFGF-
mediated fibroblast growth and myoblast differentiation. Science (Wash. DC)
1991: 252, 1705

Ratajczak MZ, Ratajczak J, Skorska M, Marlicz W, Calabretta B, Pletcher Jr. CH,
Moore J, Gewirtz AM. Effect of basic (FGF-2) and acidic (FGF-1) fibroblast
growth actors on early haematopoietic cell development. Br. J. Haematol. 1996:
93, 772

Rathjen PD, Nichols J, Toth S, Edwards DR, Heath JK, Smith AG. Developmentally
programmmed induction of differentiation inhibiting activity and the control of
stem cell populations. Genes Dev. 1990a: 4, 2308

Rathjen PD, Toth S, Willis A, Heath JK, Smith AG. Differentiation inhibiting activity
is produced in matrix-associated and diffusible forms that are generated by
alternative promotor usage. Cell 1990b: 62, 1105

Ray J, Peterson DA, Schinstine M, Gage FH. Proliferation, differentiation, and long-
term culture of primary hippocampal neurons. Proc. Nail. Acad. Sci. (USA) 1993:
90, 3602

Rebel VI, Dragowska W, Eaves CJ, Humphries RK, Lansdorp PM. Amplification of

Sca-1t Lin- WGA™ cells in serum-free cultures containing steel factor,
interleukin-6, and erythropoietin with maintenance of cells with long-term in
vivo reconstituting potential. Blood 1994: 83, 128

Redlitz A and Plow EF. Receptors for plasminogen and t-PA: an update. Bailliére's
Clinical Haematol. 1995: 8, 313

Reddel RR. Genes involved in the control of cellular proliferative potential. Ann. NY
Acad. Sci. 1998a: 854, 8.

Reddel RR. A reassessment of the telomere hypothesis of senecence. Bioessays 1998b:
20, 977

Reiter LS, Spertini O, Kruithof EK. Plasminogen activators play an essential role in
extracellular-matrix invasion by lymphoblastic T cells. Int. J. Cancer 1997: 70,
461

Remacle-Bonnet MM, Garrouste FL, Pommier GJ. Surface-bound plasmin induces
selective proteolysis of insulin-like-growth factor (IGF)-binding protein-4 (IGFBP-
4) and promotes autocrine IGF-II bio-availability in human colon-carcinoma cells.
Int. J. Cancer 1997: 72, 835

Renko N, Quarto N, Morimoto T, Rifkin DB. Nuclear and cytoplasmic localization of
different basic fibroblast growth factor species. J. Cell Biol. 1990: 109, 1

Resnick JL, Bixler LS, Cheng L, Donovan PJ. Long-term proliferation of mouse
primordial germ cells in culture. Nature 1992: 550

184



Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie CM. Origin of
endothelial progenitors in human poetnatal bone marrow. J. Clinical Invest.
2002: 109, 337

Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM. Purification and ex
vivo expansion of postnatal human marrow mesodermal progenitor cells. Blood
2001: 98, 2615

Rhogani M, Mansukhani A, Dell'Era P, Bellosta P, Basilico C, Rifkin DB, Moscatelli D.
Heparin increases the affinity of basic fibroblast growth factor for its receptor but
is not required for binding. J. Biol. Chem. 1994: 269, 22156

Rich CB, Nugent MA, Stone P, Foster JA. Elastase release of basic fibroblast growth
factor in pulmonary fibroblast cultures results of elastin gene transcription - A
role for basic fibroblast growth factor in regulating lung repair. /. Biol. Chem.
1996: 271, 23043

Richard C, Liuzzo JP, Moscatelli D. Fibroblast growth factor-2 can mediate cell
attachment by linking receptors and heparan sulfate proteoglycans on
neighbouring cells. J. Biol. Chem. 1995: 270, 24188

Rifkin DB and Moscatelli D. Recent developments in the cell biology of basic fibroblast
growth factor. J. Cell. Biol. 1989: 109, 1

Robb L and Elefanty AG. The hemangioblast--an elusive cell captured in culture.
Bioessays 1998: 20, 611

Robbins KC, Summaria L, Hsieh B, Shah RJ. The peptide chains of human plasmin.
Mechanism of activation of human plasminogen to plasmin. JJ. Biol. Chem. 1967:
242, 2333

Roberts R, Gallagher J, Spooncer E, Allen TD, Bloomfield F, Dexter TM. Heparan
sulphate bound growth factors: a mechanism for stromal cell mediated
haematopoiesis. Nature 1988: 332, 376

Robledo MM, Hidalgo A, Lastres P, Arroyo AG, Bernabeu C, Sanchez-Madrid F,
Teixido J. Characterization of TGF-beta 1-binding proteins in human bone
marrow stromal cells. Br. J. Haematol. 1996: 93, 507

Rogalsky V, Todorov G, Den T, Ohnuma T. Increase in protein kinase C activity is
associated with human fibroblast growth inhibition. FEBS Lett. 1992: 304, 153

Rogelj S, Weinberg RA, Fanning P, Klagsbrun M. Characterization of tumors produced
by signal peptide-basic fibroblast growth factor-transformed cells. J. Cell.
Biochem. 1989: 39, 13

Romer J, Bugge TH, Pyke C, Lund LR, Flick MdJ, Degen JL, Dang K. Impaired wound
healing in mice with a disrupted plasminogen gene. Nat. Med. 1996: 2, 287

Rosenfield M, Keating A, Bowen-Pope DF, Singer JW, Ross R. Responsiveness of the
in vitro hematopoietic microenviroment to platelet-derived growth factor.
Leukemia Res. 1985: 9, 427

Rosenthal SM, Brown EdJ, Brunetti A, Goldfine ID. Fibroblast growth factor inhibits
insulin-like growth factor-II (IGF-II) gene expression and increases IGF-I
receptor abundance in BC3H-1 muscle cells. Mol. Endrocrinol. 1991: 5, 678

Rougier F, Cornu E, Praloran V, Denizot Y. IL-6 and IL-8 production by human bone
marrow stromal cells. Cyfokine 1998: 10, 93

Rowley DR. Glucocorticoid regulation of transforming growth factor-f activation in
urogenital sinus mesenchymal cells. Endocrinology 1992:131, 471

Ruoslahti E and Yamaguchi Y. Proteoglycans as modulators of growth factor
activities. Cell 1991: 64, 86

Saksela O, Moscatelli D, Rifkin DB. The opposing effects of basic fibroblast growth
factor and transforming growth factor activity in capillary endothelial cells. J.
Cell. Biol. 1987: 105, 957

Saksela O, Moscatelli D, Sommer A, Rifkin DB. Endothelial cell-derived heparan
sulfate binds basic fibroblast growth factor and protects it from proteolytic
degradation. J. Cell Biol. 1988: 107, 743

185



References

Saksela O and Rifkin DB. Cell-associated plasminogen activation: regulation and
physiological functions. Ann. Rev. Cell. Biol. 1988: 4, 93

Satomura K, Derubeis AR, Fedarko NS, Ibaraki-O'Conner K, Kuznetsov SA, Rowe
DW, Young MF, Gehron Robey P. Receptor tyrosine kinase expression in human
bone marrow stromal cells. J. Cell. Physiol. 1998: 177, 426

Salonen E-M, Zitting A, Vaheri A. Laminin interacts with plasminogen and its tissue-
type activator. FEBS Lett. 1984: 172, 29

Salonen E-M, Sakesela O, Vartio T, Vaheri A, Nielsen LS, Zeuthen J. Plasminogen
and tissue-type plasminogen activator bind to immobilized fibronectin. J. Biol.
Chem. 1985: 260, 12302

Sasada R, Kurokawa T, Iwane M, Igarashi K. Transformation of mouse BALB/3T3
cells with human basic fibriblast growth factor ¢cDNA. Mol. Cell. Biol. 1988: 8,
588

Sato Y and Rifkin DB. Autocrine activities of basic fibroblast growth factor: regulation
of endothelial cell movement, plasminogen activator synthesis, and DNA
synthesis. J Cell Biol. 1988: 107, 1199

Scherrer A, Wohlend A, Kruithof EK, Vassalli JD, Sappino AP. Plasminogen
activation in human acute leukaemias. Br J Haematol. 1999: 105, 920

Schofield KP and Gallagher JT. Fibroblast growth factors and haematopoiesis. In:
Annual Research Report, Christie Hospital (NHS) Trust. Scott D (ed), 1994, 16

Schuppan D, Schmid M, Somasundaram R, Ackermann R, Ruehl M, Nakamura T,
Riecken EO. Collagens in the liver extracellular matrix bind hepatocyte growth
factor. Gastroenterology 1998: 114, 139

Sensebe L, Li J, Lilly M, Crittenden C, Herve P, Charbord P, Singer JW.
Nontransformed colony-derived stromal cell lines from normal human marrows.
I. Growth requirement and myelopoiesis supportive ability. Exp. Hematol. 1995:
23, 507

Sensebe L, Mortensen BT, Fixe P, Herve P, Charbord P. Cytokines active on
granulomonopoiesis: release and consumption by human marrow myeloid
stromal cells. Br. J. Haematol. 1997a: 98, 274

Sensebe L, Deschaseaux M, Li J, Herve P, Charbord P. The broad spectrum of
cytokine gene expression by myoid cells from the human marrow
microenviroment. Stem Cells 1997b:15, 133

Seshadri T and Campisi J. Repression of c-fos transcription and an altered genetic
program in senescent human fibroblasts. Science 1980: 247, 205

Shaklai M. Cellular components of stroma in vivo in comparison with in vitro systems.
In: Handbook of the hemopoietic microenviroment. Tavassoli M (ed). Humana
Press NJ 1989: 219

Shapiro F, Pytowski B, Rafii 8, Witte L, Hicklin DJ, Yao TdJ, Moore MA. The effects of
Flk-2/f1t3 ligand as compared with c-kit ligand on short-term and long-term
proliferation of CD34+ hematopoietic progenitors elicited from human fetal liver,
umbilical cord blood, bone marrow, and mobilized peripheral blood. J.
Hematother. 1996: 5, 655

Shapiro RL, Duquette JG, Nunes I, Roses DF, Harris MN, Wilson EL, Rifkin DB.
Urokinase-type plasminogen activator-deficient mice are predisposed to
staphylococcal botryomycosis, pleuritis, and effacement of lymphoid follicles. Am.
J. Pathol. 1997: 150, 359

Sheffield L. Hormonal regulation of epidermal growth factor receptor content and
signaling in bovine mammary tissue. Endocrinology 1998: 139, 4568

Shibata T and Inoue S. Mature T cells are part of adherent cells in human long-term
bone marrow cultures. Exp. Hematol. 1986: 14, 234

Shieh JH, Peterson RH, Moore MA. Cytokines and dexamethasone modulation of IL-1
receptors in human neutrophils in vitro. J. Immunol. 1993: 150, 3515

Siczkowski M, Clarke D, Gordan MY. Binding of primitive hematopoietic progenitor
cells to marrow stromal cells involves heparan sulphate. Blood 1992: 80, 912

186



References

Silverstein RL, Harpel PC, Nachman RL. Tissue plasminogen activator and urokinase
enhance the binding of plasminogen to thrombospondin. J. Biol. Chem. 1986:
261, 9959

Simmons PJ, Zannettino A, Gronthos S, Leavesley D. Potential adhesion mechanisms
for localization of haematopoietic progenitor to bone marrow stroma. [Review].
Leukemia & Lymphoma. 1994: 12, 353

Simmons PdJ, Levesque JP, Zannettino AC. Adhesion molecules in haemopoesis.
Baillieres Clin. Haematol. 1997: 10, 485

Simmons PJ, Gronthos S, Zannettino ACW. The development of stromal cells. In: Zon
L, ed. Hematopoiesis: A developmental approach. New York: Oxford university
press, 2001:718

Sprengers ED and Kluft C. Plasminogen activator inhibitors. Blood 1987: 69, 381

Stanley R, Guilbert LJ, Tushinski RJ, Bartelmez SH. CSF-1 -a mononuclear
phagocyte lineage-specific hemopoietic growth factor. J. Cell Biochem. 1983: 21,
151

Stefansson S and Lawrence DA. The serpin PAI-1 inhibits cell migration by blocking
integrin o33 binding to vitronectin. Nature 1996: 383, 441

Sternberg D, Peled A, Shezen E, Abramsky O, Jiang W, Bertolero F, Ziport D. Control
of stroma-dependent hematopoiesis by basic fibroblast growth factor: stromal
phenotypic plasticity and modified myelopoietic functions. Cytokines Mol. Ther.
1996: 2, 29

Stewart FM, Temeles D, Lowry P, Thraves T, Grosh WW, Quesenberry PJ. Post-5-
fluorouracil human marrow: stem cell characteristics and renewal properties
after autologus marrow transplantation. Blood 1993: 81, 2283

Stocum DL. Stem cells in regenerative biology and medicine. Wound. Repair Regen.
2001: 9, 429

Sungaran R, Markovic B, Chong BH. Localization and regulation of thrombopoietin
mRNA expression in human kidney, liver, bone marrow, and spleen using in situ
hybridization. Blood 1997: 89, 101

Sutherland HJ, Lansdorp PM, Henkleman DH, Eaves AC, Eaves CJ. Functional
characterisation of individual human hematopoietic stem cells cultured at
limiting dilution on a supportive marrow stromal layer. Proc. Natl. Acad. Sci.
(USA) 1990: 87, 3584

Sutherland HdJ, Hogge DE, Eaves CJ. Growth factor regulation of the maintenance
and differentiation of human long-term culture-initiating cells (LTC-IC).
Leukaemia 1993. 7, S122

Taipale J, Koli K, Keski-Oja J. Release of transforming growth factor-81 from the
pericellular matrix of cultured fibroblasts and fibrosarcoma cells by plasmin and
thrombin. J. Biol. Chem. 1992: 267, 25378

Takai K, Hara J, Matsumoto K, Hosoi G, Osugi Y, Tawa A, Okada S, Nakamura T.
Hepatocyte growth factor is constitutively produced by human bone marrow
stromal cells and indirectly promotes hematopoiesis. Blood 1997: 89, 1560

Takakura N, Watanabe T, Suenobu S, Yamada Y, Noda T, Ito Y, Satake M, Suda T. A
role for hematopoietic stem cells in promoting angiogenesis. Cell 2000: 102, 199

Takuwa N, Zhou W, Kumada M, Takuwa Y. Ca(2+)-dependent stimulation of
retinoblastoma gene product phosphorylation and p34cdc2 kinase activation in
serum-stimulated human fibroblasts. /. Biol. Chem. 1993: 268, 138

Tamm I, Kikuchi T, Zychlinsky A. Acidic and basic fibroblast growth factors are
survival factors with distinctive activity in quiescent BALB/c 3T3 murine
fibroblasts. Proc. Natl. Acad. Sci. USA 1991: 88, 3372

Tanaka Y, Adams DH, Hubscher S, Hirano H, Siebenlist U, Shaw S. T-cell adhesion
induced by proteoglycan-immobilized cytokine MIP-183. Nature 1993: 361, 79

Tanaka H, Shimizu M, Horikawa I, Kugoh H, Yokota J, Barrett JC, Oshimura M.
Evidence for a putative telomerase repressor gene in the 3p14.2-p21.1 region.
Genes Chhromosmes Cancer 1998: 23, 123

187



References

Tavassoli M. Fatty involution of marrow and the role of adipose tissue in hemopoiesis.
In: Handbook of the hemopoietic microenviroment. Tavassoli M. (ed). Humana
Press NJ 1989: 57

Testa U, Pelosi E, Gabbianelli M, Fossati C, Campisi S, Isacchi G, Peschle C. Cascade
transactivation of growth factor receptors in early human hematopoiesis. Blood
1993: 81, 1442

Testa U, Frossati C, Samoggia P, Masciulli R, Mariana G, Hassan HdJ, Sposi NM,
Guerriero R, Rasato V, Gabbianelli M, Pelosi E, Valtieri M, Peschle C.
Expression of growth factor receptors in unilineage differentiation culture of
purified hematopoietic progenitor cultures. Blood 1996: 88, 3391

Till JE and McCulloch EA. A direct measurement of the radiation sensitivity of
normal mouse bone marrow cells. Radiat. Res. 1961: 14, 231

Torok-Storb B, Iwata M, Graf L, Gianotti J, Horton H, Byrne MC. Dissecting the
marrow microenviroment. Ann. N.Y. Acad. Sci. 1999: 872, 164

Touw I and Léwenberg B. No stimulative effect of adipocytes on hematopoiesis in long-
term bone marrow cultures. Blood 1983: 61, 770

Tresini M, Mawal-Dewan M, Cristofalo VJ, Sell C. A phosphatidylinositol 3-kinase
inhibitor induces a senescent-like growth arrest in human diploid fibroblasts.
Cancer Res. 1998: 58, 1

Tsuji K, Lyman SD, Sudo T, Clark SC, Ogawa M. Enhancement of murine
hematopoiesis by synergistic interactions between steel factor (ligand for c-kit),
interleukin-11, and other early acting factors in culture. Blood 1992: 79, 2855

Tuschl T and Borkhardt A. Small inrefering RNAs: a revolutionary tool for the
analysis of gene function and gene therapy. Mol. Interventions 2002: 2, 158

Uemura N, Ozawa K, Takahashi K, Tojo A, Tani K, Harigaya K, Suzu S, Motoyoshi
K, Matsuda H, Yagita H, Okumura K, Asano S. Binding of membrane-anchored
macrophage colony-stimulating factor (M-CSF) to its receptor mediates specific
adhesion between stromal cells and M-CSF receptor-bearing hematopoietic cells.
Blood 1993: 82, 2634

Van Damme A, Vanden Driessche T, Collen D, Chuah MK. Bone marrow stromal cells
as targets for gene therapy. Curr. Gene Ther. 2002: 2. 195

Van der Werf F, Nobuhara M, Collen D. Coronary thrombolysis with human single-
chain, urokinase-type plasminogen activator (pro-urokinase) in patients with
acute myocardial infarction. Ann. Intern. Med. 1986: 104, 345

Vainio O, Dunon D, Aissi F, Dangy JP, Monagny KM, Imhof BA. HEMCAM, an
adhesion molecule expressed by c-kit(+) hemopoietic progenitors. J. Cell Biol.
1996: 135, 1655

Venesio T, Taverna D, Hynes NE, Deed R, MacAllan D, Ciardiello F, Valverius EM,
Salomon DS, Callahan R, Merlo G. The int-2 gene product acts as a growth factor
and a substitute for base fibroblast growth factor in promoting the differentiation
of a normal mouse mammary epithelial cell line. Cell Growih Differ. 1992: 3, 63

Viard I, Jaillard C, Saez JM. Regulation by growth factors (IGF-I, b-FGF and TGF-
beta) of proto-oncogene mRNA, growth and differentiation of bovine
adrenocortical fasciculata cells. FEBS Leit. 1993: 328, 94

Villaschi S and Nicosia RF. Angiogenic role of endogenous basic fibroblast growth
factor released by rat aorta after injury. Amer. J. Pathol. 1993: 143, 181

Virtanen J, Yldnne J, Vartio J. Human erythroleukemia cells adhere to fibronectin:
evidence for a Mr190.000-receptor protein. Blood 1987: 69, 578

Vlodavsky I, Folkman R, Sullivan R, Friedman R, Ishai-Michaeli JS, Klagsburn M.
Endothelial cell-derived basic fibroblast growth factor: synthesis and deposition
into subendothelial extracellular matrix. Proc. Natl. Acad. Sci. (USA) 1987 84,
2292

Waegell WO, Higley HR, Kincade PW; Dasch JR. Growth acceleration and stem cell
expansion in Dexter-type cultures by neutralization of TGF-beta. Exp. Hematol.
1994: 22, 1051

188



References

Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Little evidence for
developmental plasticity of adult hematopoietic stem cells. Science 2002: 298, 361

Wang QR, Yan ZJ, Wolf NS. Dissecting the hematopoietic microenviroment. V1. The
effects of several growth factors on the in vitro growth of murine bone marrow
CFU-F. Exp. Hematol. 1990: 18, 341

Wang E and Tomaszewski G. Granular presence of terminin is the marker to
distinguish between the senescent and quiescent states. J. Cell. Physiol. 1991:
147, 514

Wang E, Lang HD, Liao P, Wong A. Recombinant alpha-interferon inhibits colony
formation of bone marrow fibroblast progenitor cells (CFU-F). Amer. J. Hematol.
1992: 40, 81

Wang H and Sullivan AK. Inhibitors of hematopoietic colonies are produced by certain
rat fibroblastoid cell lines and are modulated by corticostercids. Exp. Hematol.
1993: 21, 675

Wang S, Moerman EJ, Jones RA, Thweatt R, Goldstein S. Characterization of IGFBP-
3, PAI-1 and SPARC mRNA expression in senescent fibroblasts. Mech. Ageing
Dev. 1996: 92, 121

Wang JCY, Doedens M, Dick JE. Primitive human hematopoietic cells are enriched in
cord blood compared with adult bone marrow or mobilized peripheral blood as
measured by the quantitative in vivo SCID-repopulating cell assay. Blood 1997:
89, 3919

Wel Y, Waltz DA, Rao N, Drummond RJ, Rosenberg S, Chapman HA. Identification of
the urokinase receptor as an adhesion receptor for vitronectin. J. Biol. Chem.
1994: 269, 3238

Wei Y, Lukashev M, Simon DI et al. Regulation of integrin function by the urokinase
receptor. Science 1996: 273, 1551

Weimar IS, Miranda N, Muller EJ, Hekman A, Kerst JM, de Gast GC, Gerritsen WR.
Hepatocyte growth factor/scatter factor (HGF/SF) is produced by human bone
marrow stromal cells and promotes proliferation, adhesion and survival of
human hematopoietic progentior cells (CD34+). Exp. Hematol. 1998: 26, 885

Weinstein R, Riordan MA, Wene K, Kreczkos, Zhon M, Dainiak N. Dual role of
fibronectin in hematopoietic differentiation. Blood 1989: 73, 111

Weissman IL, Anderson DJ, Gage F. Stem and progenitor cells: origins, phenotypes,
lineage commitments, and transdifferentiation. Annu Rev. Cell. Dev. Biol. 2001:
17, 387

Wen FQ, Kohyama T, Skold CM, Zhu YK, Liu X, Romberger DJ, Stoner J, Rennard SIL.
Glucocorticoids modulate TGF-beta production. Inflammation 2002: 26, 279

Wetzler M, Estrov Z, Talpaz M, Kim KJ, Alphonso M, Srinivasan R, Kurzrock R.
Leukemia inhibitory factor in long-term adherent cultures: increased levels of
bioactive protein in leukemia and modulation by IL-4, I1.-1 beta, and TNF-alpha.
Cancer Res. 1994: 54, 1837

Whetton AD and Graham GdJ. Homing and mobilization in the stem cell niche. Trends
Cell Biol. 1999: 9, 233

Whitelock JM, Murdoch AD, Iozzo RV, Underwood PA. The degradation of human
endothelial cell-derived perlecan and release of bound basic fibroblast growth
factor by stromelysin, collagenase, plasmin, and heparanases. J. Biol. Chem.
1996: 271, 10079

Whitlock CA and Witte ON. Long-term cultures of B-lymphocytes and their precursors
from murine bone marrow. Proc, Natl. Acad.Sci. (USA) 1982: 79, 3608

Wilhelm OG, Wilhelm S, Escott GM, Lutz V, Magdolen V, Schmitt M, Rifkin DB,
Wilson EL, Graeff H, Brunner G. Cellular glycosylphosphatidylinositol-specific
phospholipase D regulates urokinase receptor shedding and cell surface
expression. J. Cell. Physiol. 1999: 180, 225

Willnow TE, Goldstein JL, Orth K, Brown MS, Herz J. Low density lipoprotein
receptor-related protein and gp330 bind similar ligands, including plasminogen

189



References

activator-inhibitor complexes and lactoferrin, an inhibitor of chylomicron
remnant clearance. JJ. Biol. Chem. 1992: 267, 26172

Wilson EL and Dowdle EB. Secretion of plasminogen activator by normal, reactive and
neoplastic human tissues cultured in vitro. Int. J. Cancer. 18978: 22, 390

Wilson EL, Becker MLB, Hoal EG, Dowdle EB. Molecular species of plasminogen
activators secreted by normal and neoplastic human cells. Cancer Res. 1980:40,
933

Wilson EL, Jacobs P, Dowdle EB. The secretion of plasminogen activators by human
myeloid leukemic cells in vitro. Blood 1983: 61, 568

Wilson EL and Francis GE. Differentiation-linked secretion of urokinase and tissue
plasminogen activator by normal and neoplastic human cells. J. Exp. Med. 1987:
165, 1609

Wilson EL, Rifkin DB, Kelly F, Hannocks M-J, Gabrilove JL. Basic fibroblast growth
factor stimulates myelopoiesis in long-term human bone marrow cultures. Blood
1991: 77, 954

Wilson JG and Tavassoli M. Microenvironmental factors involved in the establishment
of erythropoiesis in bone marrow. Ann. N.Y. Acad. Sci. 1994: 718, 271

Wineman J, Moore K, Lemischka I, Muller-Sieburg C. Functional heterogeneity of the
hematopoietic microenvironment: rare stromal elements maintain long-term
repopulating stem cells. Blood 1996: 87, 4082

Wing LR, Bennett B, Booth NA. The receptor for tissue plasminogen activator (t-PA)
in complex with its inhibitor, PAI-1, on human hepatocytes. FEBS Lett. 1991:
2178, 95

Winkler TH, Melchers F, Rolink AG. Interleukin-3 and interleukin-7 are alternative
growth factors for the same B-cell precursors in the mouse. Blood 1995: 85, 2045

Winkles JA, Friesel R, Alberts GF, Janat MF, Liau G. Elavated expression of basic
fibroblast growth factor in an immortalized rabbit smooth muscle cell line. Am. J.
Pathol. 1993: 143, 518

Witte PL, Frantsve LM, Hergott M, Rahbe SM. Cytokine production and heterogeneity
of primary stromal cells that support B lymphopoiesis. Eur. J. Immunol. 1993:
23, 1809

Wolf ML, Bucley JA, Goldfarb A, Law C-L, LeBien TW. Development of a bone marrow
culture for maintenance and growth of normal human B cell precursors. J.
Immunol. 1991: 147, 3324

Wolf BB, Vasudevan J, Henkin J, Gonias SL. Nerve growth factor-y activates soluble
and receptor bound single chain urokinase-type plasminogen activator. J. Biol.
Chem. 1993: 268, 16327

Wolswijk G and Noble M. Cooperation between PDGF and FGF converts slowly
dividing O-2Aedult progenitor cells to rapidly dividing cells with characteristics of
O-2Aperinatal progenitor cells. J. Cell. Biol. 1992: 118, 889

Wright N, Lain De Lera T, Garcia-Moruja C, Lillo R, Garcia-Sanchez F, Caruz A,
Teixido J. Transforming growth factor {beta}l downregulates expression of
chemokine stromal cell-derived factor-1:functional consequences in cell migration
and adhesion. Blood 2003: in press

Wynford-Thomas D. Cellular senescence and cancer. J. Pathol. 1999: 187, 100

Yang M, Li K, Lam AC, Yuen PM, Fok, TF, Chesterman CN, Chong BH. Platelet-
derived growth factor enhances granulopoiesis via bone marrow stromal cells.
Int. J. Hematol. 2001: 73, 327

Yamaguchi Y, Mann DM, Ruoslahti E. Negative regulation of transforming growth
factor-B by the proteoglycan decorin. Nature 1990: 346, 281

Yamashita J, ioth H, Hirashima M et al. Flkl-positive cells derived from embryonic
stem cells serve as vascular progenitors. Nature 2000: 408, 92

190



References

Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM. Cell surface, heparin-like
molecules are required for binding of basic fibroblast growth factor to its high
affinity receptor. Cell 1991: 64, 841

Ye RD, Wun TC, Sadler EJ. ¢cDNA cloning and expression in Escherichia coli of a
plasminogen activator inhibitor from human placenta. J. Biol. Chem. 1987: 262,
3718

Yoon SY, Tefferi A, Li CY. Bone marrow stromal cell distribution of basic fibroblast
growth factor in chronic myeloid disorders. Haematologica. 2001: 86, 52

Yoshimura S, Takagi Y, Harada J, Teramoto T, Thomas SS, Waeber C, Bakowska JC,
Breakefield XO, Moskowitz MA. FGF-2 regulation of neurogenesis in adult
hippocampus after brain injury. Proc. Natl. Acad. Sci. (USA) 2001: 98, 5874

Yu J-Y, DeRuiter SL, Turner DL. RNA interference by expression of short-interfering
RNAs and hairpin RNAs in mammalian cells. Proc. Natl. Acad. Sci. (USA) 2002:
99, 6047

Yuen D, Mittal L, Deng CX, Choi K. Generation of a primitive erythroid cell line and
promotion of its growth by basic fibroblast growth factor. Blood 1998: 91, 3202

Zandstra PW, Conneally E, Petzer AL, Piret JM, Eaves CJ. Cytokine manipulation of
primitive human hematopoietic cell self-renewal. Proc. Natl. Acad. Sci. (USA)
1997: 94, 4698

Zannettino AC, Buhring HJ, Niutta S, Watt SM, Benton MA, Simmons PJ. The
sialomucin CD164 (MGC-24v) is an adhesive glycoprotein expressed by human
hematopoietic progenitors and bone marrow stromal cells that serves as a potent
negative regulator of hematopoiesis. Blood 1998: 92, 2613

Zhoa LR, Daun WM, Reyes M, Keene CD, Verfaillie CM, Low WC. Human bone
marrow stem cells exhibit neural phenotypes and ameliorate neurological deficits
after grafting into the ischemic brain of rats. Exp. Neurol. 2002: 174, 11

Ziegler FC, de Sauvage F, Widmer R, Keller GA, Donahue C, Schreiber RD, Malloy B,
Hass P, Eaton D, Matthews W. In vitro megakaryocytopoietic activity of c-mpl
ligand (TPO) on purified murine hematopoietic stem cells. Blood 1994: 84, 4045

Zuckerman KS, Prince CW, Gay S. The hemopoietic extracellular matrix. In:
Handbook of the hemopoietic microenviroment. Tavassoli M (ed). Humana Press
NJ 1989: 399

191



Appendix

Appendix.

1. Chemicals and Reagents.

1.1. Protease- and Inhibitor-Free BSA.

BSA was dissolved in water to give a final concentration of 8 mg/ml. Acid-labile
protease inhibitors were removed by adjusting the solution to pH 3.0 with 0.1 M HCI
and incubating at room temperature for two hours. The solution was then neutralised
with 0.1 M NaOH. Protease activity was removed with diisopropyl fluorophosphate
(DFP), as described in the preparation of plasminogen (Appendix 1.3). Three ml aliquots
of protease- and inhibitor-free BSA were stored at -20°C.

1.2. Cytokines.
Cytokine dilutions (FGF-2, TGF-8, GM-CSF, G-CSF, IL-18, and PDGF) were
made immediately prior to use into either serum-free RPMI medium containing 0.4

mg/ml protease- and inhibitor-free BSA or RPMI medium containing 10% FCS.

1.3. Human plasminogen.

Plasminogen was purified from human plasma by passing filtered human plasma
through a lysine sepharose affinity column at 4°C (Deutsch and Mertz, 1970). The
absorbed plasminogen was eluted with 0.2 M 6-aminocaproic acid in 0.1 M potassium
phosphate buffer, pH 7.3. The optical density of each fraction was determined at 280
nm. The solution in the tubes that comprised the peak were pooled. The solution was
then dialysed against PBS. To inactivate traces of contaminating plasmin, the
plasminogen was treated with DFP at a final concentration of 10 mM for one hour at
37°C. This treatment was repeated again before extensive dialysis against PBS to

remove unreacted DFP. The plasminogen was aliquoted and stored at -20°C.

1.4. Urokinase.
Lyophilised human u-PA was dissolved in 0.1 M Tris-HCl, pH 8.1, containing 0.4
mg/ml BSA to give a final stock solution of 2000 Ploug units/ml. The solution was

aliquoted and stored at -80°C. Each aliquot was used only once. Each new preparation

of u-PA was standardised against the previous preparation.
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1.5, Fibrinogen.

To purifiy, lyophilised fibrinogen was dissolved with gentle stirring in 200 ml of
sterile HoO and then precipitated with 70 ml saturated ammonium sulphate (Laki,
1951). The "gummy" pellet was dissolved in 50 ml of 0.6 M NaCl and the pH adjusted to
7.4 with dilute NH,OH. The solution was dialysed at room temperature against 3
changes of 0.6 M NaCl containing antibiotics (77 U/ml penicillin and 31 ug/ml
streptomycin). The optical density of the fibrinogen solufion was determined at 280 nm
and the concentration adjusted to 10 mg/ml (a 1 mg/ml solution has an optical density of
1.3 at ODggyg).

Further purification of the fibrinogen was required before it could be labelled with
1251, To do this, one part of fibrinogen was mixed with 5 parts of 0.12 M lysine in 0.005 M
NaHyPO,, pH 7.0. The solution was cooled to 0°C on an ice/salt bath and the fibrinogen
precipitated with 8ml of 0°C ethanol (95%) (Mosesson, 1962). The precipitate was
collected by centrifugation and dissolved in 30 ml of 6.6 M NaCl. The fibrinogen was
precipitated a second time. After centrifugation, the precipitate was dissolved in 20 ml
of 0.6 M NaCl and dialysed at room temperature against PBS containing antibiotics (77
U/l penicillin and 31 pg/ml streptomycin). The concentration of the fibrinogen was
adjusted to 10 mg/ml. The solution was then aliquoted and stored at -20°C.

Purified fibrinogen was then iodinated using a 3 M excess of iodine monochloride
(Helmkamp et al., 1960). Briefly, 2 ml of a 10 mg/m] fibrinogen solution was mixed with
an equal volume of 2x borate buffer (0.32 M NaCl; 0.4 M H3BOj3, pH 7.65). One ml of
0.0003 M IC! was then added to 1 mi of 10 mCi 125 mixed well and rapidly added to the
fibrinogen solution. The solution was then passed through a Dowex column (AG1-XB
200-400 mesh) and the eluate dialysed at room temperaiure against 3 changes of PBS
containing antibiotics (77 U/ml penicillin and 31 pg/ml streptomycin). The concentration
of the fibrinogen was determined (ODogp: 1 mg/ml = 1.3) and the number of cpm in an
aliquot was counted using a gamma counter. The labelled fibrinogen was aliquoted and

stored at 4°C.

1.6. Antibodies.

Sheep anti-human u-PA and anti-human t-PA antibodies (Dept. of Immunology,
UCT), irrelevant sheep IgG from non-immune sheep serum (Sigma), rabbit anti PAI-1
antibodies (Dept. of Cell Biology, NYU Medical Center), and irrelevant rabbit IgG from
non-immune serum (Dept. of Cell Biology, NYU Medical Center) were purified using a

protein-G sepharose column. The antibodies were eluted from the column with 0.2 M
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glycine, pH 3.0. The solution in each fraction was neutralised with 2 M Tris-HCI, pH 9.0.
The optical density at 280 nm of each fraction was determined and the solution in the
tubes that comprised the peak were pooled. The sample was then dialysed against 3
changes of PBS. The samples were sterilised by filtration. The concentration of each
antibody solution was determined (a 1 mg/ml solution has an optical density of 1.3 at

ODggo). The samples were then aliquoted and stored at -20°C.

1.7. Buffers for SDS-Polyacrylamide Gel Electrophoresis.
1.7.1. Separating gel buffer.
The separating gel buffer, 4x, consisted of 0.4% SDS in 1.5 M Tris-HCI, pH 8.8.
1.7.2. Stacking gel buffer.
The stacking gel buffer, 4x, consisted of 0.4% SDS in 0.5 M Tris-HCI, pH 6.8,
1.7.3. Reservour buffer.
The reservoir buffer consisted of 0.1% SDS and 0.192 M glycine in
0.025 M Tris-HCI, pH 8.5.
1.7.4. Sample buffer.
The sample buffer, 4x, consisted of 12% SDS and 40% glycerol in
0.25 M Tris-HCI, pH 6.8.
1.7.5. Reducing sample buffer.
The reducing sample buffer, 4x, consisted of 12% SDS, 30% glycerol, and 20%
fi-mercaptoethanol in 0.25 M Tris-HCI, pH 6.8.

1.8. Versene buffer, 5x.
Versene buffer, 5x was prepared by dissolving 650 mg of EDTA, 500 mg of KCI,

20 g of NaCl, 4.23 g of NagHPO4-7H20, and 500 mg of KHoPO4 in 900 ml of HyO. The
pH of the solution was adjusted to 7.3. The volume of the solution was adjusted to 1 litre

and sterilised by autoclaving.
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2. Methods.

2.1. Preparation of 125]-Fibrin coated Linbro plates.

1251 fibrin coated Linbro plates were prepared with purified human fibrinogen
(Appendix 1.5). Sufficient iodinated fibrinogen was added such that each well contained
240 000 cpm. Thirty pg fibrinogen total was added per well. The plates were dried at
37°C for at least three days before use and stored at 37°C. 1%5I-fibrinogen was
converted to 125]-fibrin by the addition of 1 ml alpha minimal essential medium (¢cMEM)

to each well and incubating at 37°C. After two hours the wells were washed twice with
PBS, pH 7.0 and once with 0.1 M Tris-HCI, pH 8.1.

2.2. SDS-Polyacrylamide Gel Electrophoresis.

The procedures followed were as described by Granelli-Piperno and Reich, 1978.
In general an 11% polyacrylamide separating gel with a 4% polyacrylamide stacking gel
was prepared and used to separate proteins from BM stromal cell cultures. Both the
separating gel (Appendix 1.7.1) and the stacking gel (Appendix 1.7.2) contained a final
SDS concentration of 0.1%. To initiate polymerisation, catalysts were added: Temed (to
give a final concentration of 0.055% in the separating gel and 0.2% in the stacking gel)
and ammonium persulphate (to give a final concentration of 0.5% in the separating gel
and 0.4% in the stacking gel). The samples to be loaded onto the gel were diluted with
sample buffer (Appendix 1.7.4 and 1.7.5) at a ratio of 4:1 respectively. Electrophoresis

was performed at a constant current of 256 mA.

2.3. Western Blotting.

Following electrophoresis the proteins in the separating gel were transferred onto
a nitrocellulose membrane using semi-wet blotting (LKB apparatus) in blotting buffer
(39 mM glycine, 48 mM Tris, pH 8.3, 0.0375% (w/v) SDS, 4% methanol) at 0.8mA/cm?
for 2.5 hours. After transfer, the nitrocellulose membrane was washed with PBS to
remove all traces of the gel. Non specific binding sites were then blocked by immersing
the membrane for 30 minutes in a 5% (w/v) solution of dry milk (Carnation) in PBS.

Anti-PAI-1 antibodies, at a concentration of 5.6 mg/ml, were added to the
membrane in a fresh aliquot of a 5% solution of dry milk in PBS (the smallest volume
needed to cover the membrane was used). The membrane was incubated at room
temperature for 30 minutes with gentle rocking. The membrane was then washed
sequentially in the following buffers for 10 minutes each time: PBS containing 0.1% dry
milk and 0.1% Tween-20; PBS containing 0.1% dry milk and 0.5% Tween-20; PBS
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containing 0.1% dry milk and 0.1% Tween-20; PBS containing 0.1% dry milk, 0.1%

Tween-20 and 0.35 M NaCl; and PBS containing 0.1% dry milk and 0.1% Tween-20.
125]-protein-A (105 - 106 cpm/ml) in a 5% solution of dry milk in PBS was added to

membranes for 30 minutes at room temperature. The washing procedure was then

repeated after which then membrane was exposed to X-ray film at -70°C.

2.4, Preparation of the Fibrin-Plasminogen Agar Gel Slabs.

The fibrin-plasminogen agar gels were cast between two clean glass plates, held
0.8 mm apart by thin wires (Fig 1). The entire assembly was clamped together and
warmed in a 45°C incubator.

A stock solution of 2.5% (w/v) of agar in HeO was prepared by dissolving the agar
using a microwave. The solution was then transferred to a 45°C waterbath. A
fibrinogen/plasminogen/thrombin/Tris-HCl solution (2 mg/ml of purified bovine
fibrinogen, 50 pug/ml of purified human plasminogen and 0.03 units/m! of thrombin in 0.1
M Tris-HCl, pH 8.1) was prepared and incubated at 37°C. Sufficient agar was then
rapidly added to give a final concentration of 1.25%. The mixture was mixed well and
pippetted between the two pre-warmed glass plates with care being taken to avoid air
bubbles. The gel was allowed to solidify at room temperature, then kept in a humid
chamber at 4°C until needed. For reverse zymography, 3 mU u-PA was included in the
fibrinogen/plasminogen/thrombin solution.

>|:o T ?:j(..__ clazmp

glass plates

Fig 1. Apparatus required for pouring fibrin-plasminogen agar gels.
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3. Suppliers.

All chemical reagents of the highest possible grade were purchased from Sigma,
St Louis, MO, Aldrich Chemical Company, Milwaukee, USA, Baker, NJ, USA, or Fisher

Scientific, PA, USA.
Tissue culture plastic ware was purchased from Falcon, Becton Dickinson, NJ,

USA or Fisher Scientific, PA, USA.
Other reagents were purchased as follows:

American Diagnostica, Greenwich, CT, USA:
PAI-1 ELISA kits; PAI-2 ELISA kits.

Amgen, Thousand Oaks, CA, USA:
Human recombinant GM-CSF; human recombinant G-CSF (specific activity 1 x

108 U/mg in a BM colony assay); G-CSF ELISA kits.

Baxter, Miami, FL, USA:
Diff Quik.
Bethesda Res Labs, MD:
Protein molecular weight markers.

Bio-Rad USA:
Protein assay kit.

Calbiochem, La Jolla, CA, USA:
Hydrocortisone.

Leo Pharmaceutical Products, Denmark:
Lyophilised, purified human u-PA.

Flow Labs, McLean, VA, USA:
Linbro 24 well plates.

Genentech, San Francisco, CA, USA:
Human recombinant TGF-B1.

Gibco BRL, Life Technologies, MD, USA.:
McCoy's 5A medium; RPMI medium; nonessential amino acids; L-glutamine;
vitamins; sodium pyruvate; essential amino acids.

Hyclone, Logan, UT:
FCS (pretested batch).

International Laboratory for Biological Standards, London, UK:
International u-PA standards.

J.T. Baker, Philipsburg, NJ, USA:
TritonX-100,

Kabi, Stockholm, Sweden:
Lyophilised human fibrinogen.
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