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ABSTRACT

Experiments were designed to identify and purify human bone marrow (BM) stromal

precursor cells (SPC) by positive immunoselection, based on the cell surface expression

of the VCAM-1 and STRO-1 antigens. The STRO-lbright¡¿çAM-1+ BM cellfraction was

found to contain all measurable SPC. One out of two cells expressing this phenotype

formed a clonogenic cell cluster in vitro. Purified SPC were found to represent an early

noncycling population, lacking expression of lineage specific markers of stromalcell

commitment. ln vitro, all SPC clones demonstrated an osteoblast-like phenotype with the

ability to form a mineralized matrix. A proportion of these clones (38%) also developed

clusters of lipid laden adipocytes. ln vivo, all SPC clones produced a fibrous tissue where

a proportion of clones (49%) were also shown to develop a calcified osteogenic tissue.

These data infer that a proportion of human BM SPC are multipotential with the ability to

develop into fibroblast cells, adipocytes and osteoblasts and suggests that these cell

lineages share a common origin.

Normal human bone cells (NHBC) were found to express a range of p1 integrin adhesion

receptors which mediate NHBC binding to collagen and laminin and in part to fibronectin

but not to vitronectin. These cells displayed a heterogeneous phenotype based on the

cell surface expression of the STRO-1 and alkaline phosphatase (AP) antigens. NHBC

expressing STRO-1 exclusively (STRO-1+/AP-), were found to represent

osteoprogenitors both functionally by their reduced ability lo form a mineralized bone-

matrix over time and in the lack of their expression of various bone-related markers. The

majority of the NHBC which expressed the STRO-174P+ and STRO-174P- phenotypes

appeared to represent fully differentiated osteoblasts, while the STRO-1+/AP+ subset

represented an intermediate pre-osteoblastic stage of development. The data presented

in this study demonstrate a hierarchy of bone cell development in vitro.
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CHAPTER ONE: GENERAL INTRODUCTION

l.O INTRODUCTION

The organs of animals are generally comprised of two types of tissues, a supportive

fibrous network of connective tissue, referred to as the stroma (Greek: mattress), and a

specialised functionaltissue called the parenchyma, which gives each organ its distinctive

character. There appears to be a complex and interdependent relationship between

stromal and parachymal cells which is necessary for normal function. ln humans, the bone

marrow organ forms the soft inner core of most bones at biilh, and contains the sites of

active haemopoiesis (red marrow). The development of haemopoietic cells in vivo occurs

in intimate association with a heterogeneous population of connective tissue type cells

and their associated biosynthetic products, where haemopoiesis is thought to be under

the direct control of the underlying stroma [Weiss, 197ô; Dexter,1977; Lichtman, 1981;

Allen et al, 1981; Bentley, 1912a;Tavassoli and Friedenstein, 1983; Simmons et al, 1987;

Allen et al, 19901.

Tradìtionally, the bone and bone marrow stromaltissues have been studied as two distinct

fields of research. There is increasing evidence that both tissues are interrelated both

functionally in their regulation of haemopoiesis and through a common ontogeny [Owen,

1gg3l. During foetal development, the bone marrow begins to appear following the

formation of new bone around cartilage rudiments. Bone marrow develops as a

consequence of invading mesenchymal cells and associated blood vessels penetrating

into the medullary cannals of the rudimentary bone, forming a reticular and sinusoid

meshwork upon which haemopoietic stem cells can later seed and proliferate. The

reticular cells of the pre-haemopoietic marrow stroma are thought to be derived from

stromal precursor cells (SPC) found in the perichondrium of the developing osteogenic

tissue which houses the bone marrow cavity [Bianco and Riminucci, 1998]. ln adults, the

bone marrow tissue is also believed to harbour SPC with the ability to develop into the

different mature elements of the stroma including the bone forming cells referred to as



osteoblasts [Owen, 1985;Owen and Friedenstein, 1988]. The present thesis reviews the

various stromal cell types which comprise the bone and bone marrow tissues. ln addition,

this thesis addresses a poorly understood aspect of stromal cell biology, namely the

developmental relationships between the different bone and bone marrow stromal cell

lineages. ln particular, evidence for the existence of a multi-potential bone marrow stromal

stem cell is discussed, and includes an examination of the cellular and molecular

characteristics of this precursor cell population.

1.1 THE BONE MARROW MICROENVIRONMENT

Haemopoiesis occurs initially in the yolk sac during the initial stages of mammalian

embryogenesis and later progresses to the liver and spleen during the development of the

foetus. Towards the end of foetal life, haemopoiesis begins to settle in the bone marrow

and evetually becomes the major site of blood cell formation in the post-natal organism.

However, haemopoiesis also continues to occur in the spleerts of rodents following birth

[Moore and Metcalf, 1970; Migliaccio et al, 1986; Dommergues et al, 1992]. ln human

infants, all the bone marrow is haemopoietic, but during childhood there is progressive

fatty replacement of marrow throughout the long bones until in adults, haemopoietic

marrow is confined mainly to the vertebrae, ribs, sternum, skull, sacrum and pelvis, and

proximal ends of the femur.

A specialised haemopoietic inductive microenvironment, with the capacity to support local

haemopoiesis, must first form in each of the respective tissues during development before

migrating haemopoietic stem cells (HSC) can seed and develop [Van Den Heuvel et al,

19871. The existence of a specialised haemopoietic inductive microenvironment is

supported by the observation that haemopoietic rescue, in recipients of allogeneic and

autologous HSC transplants, only occurs once the infused HSC 'home' into the bone

marrow viathe circulation lTill and McOulloch, 1961;Robertson, 1979]. Spangrude and

colleagues (1988), using fluorescence-activated cell sorting (FACS), demonstrated that a

minor subpopulation of murine HSC which exhibit a phenotype of low levels of the Thy-1
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antigen, lineage marker negative and stem cell antigen-1 positive (Thy-1low Lin- Scal+),

have the capacity to reconstitute the lymphoid and myeloid compartments in lethally

irradiated mice. Subsequent studies demonstrated that as few as thirty HSC, sorted on

the basis of this Thy-t bLin-/Sca1+ phenotype in combination with the low retention of the

fluorescent supravital dye rhodamine 123 (RntZ3dutt¡, are able to completely repopulate

the myeloid and lymphoid compartments of irradiated recipients for many months post-

transplant [Szilvassy et al, 1989; Li and Johnson, 1992; Wolf et al, 1993; Uchida and

Weissman, 19921.

FACS analysis of primate and human bone marrow has identified a rare population of

non-cycling HSC characterised by their high expression of the CD34 antigen (CDS+hiOh ¡

[Andrews et al, 1986], and by their ability to completely reconstitute the haemopoietic

system in lethally irradiated baboons and in humans treated with high-dose

chemoradiotherapy [Berenson et al, 1988; Berenson et al, 1991]. ln analogy with the

murine haemopoietic system, subsequent studies have constructed a detailed composite

phenotype of primitive multipotential human HSC: CD34+/CD38-/Rh123dull¡¡¡U-tlo/lin-

/HLA-DR- [Haylock et al, 1995]. Differentiation of HSC into lineage restricted (committed)

progenitors is accompanied by a reduced proliferative potential and the acquisition of

lineage specific markers. The HSC are thought to maintain themselves by a process of

self-renewal, where some of their progeny lose this ability and go on to differentiate into

the committed progenitor cells of the myeloid and lymphoid cell lineages. This occurs in a

well defined hierarchy of cellular differentiation which is under the influence of the

surrounding stroma (Figure 1) [Siminovitch et al, 1963; Lewis and Trobaugh, 1964; Fowler

et al, 1967, Prchal et al, 19781.

The regulation of haemopoiesis by stromal cells is thought to involve many complex

interactions between haemopoietic progenitor cells, stromal cells and the products of

these cells (summarised in Tables 1 and 2) including:the production of cytokines, which

express a range of biological activities [reviewed in Dorshkind, 1990; Brizziel. al, 1991;
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Table 1. Cytokines produced by bone marrow stromal cells that regulate the growth of

haemopoietic and stromal cellgrowth and functionl.

Cvtokine Receptor (R) Taroet Cells

tL-1

tL-3

tL-4

tL-6

tL-7

tL-8

lL-11

LIF

M-CSF/CSF-1

G-CSF
GM.CSF

SCF

TNF-a

flt3 Ligand

TGFFI

BMP-2

IFN-a

bFGF

(FGF-2)

IGF-1

PDGF

EGF

tL-1-R1

lL-3-Ra, GM-CSF-Rp

lL-4-R

lL-6-Ra,9p130

tL-7-R

tL-8-R

lL-1 1-R, 9p130
LIF-Ra,9p130

c-fms

G-CSF-R

GM-CSF-Rcl & -Rl3

c-kit

TNF-Ra, TNF-Rp

flr3/ïr2 TKR
Type I, Type ll

Type lll(Betaglycan)

ALK-2,-3-,6, T-ALK
IFN-R

FGFRl/flg, FGFR2rbek,

K-Sam, flg-2, HSPG, CFR

Type lIGF-R, IGFBP
PDGF-Ro(,-Rp

EGF-R

Myeloid & Lymphoid cells, Osteoclasts,

Stromal & Endothelial cells

Myeloid & Lymphoid cells, Osteoclasts

Myeloid, Lymphoid & Stromalcells,

Osteoclasts

Myeloid & Lymphoid cells, Osteoclasts,

Stromal & Endothelial cells

Lymphocytes, Megakaryocytes

T-cells, Neutrophils

B-cells, Megakaryocytes

Osteocl asts, Stromal, Endothelial,

Myeloid cells

Monocytes/macrophage, Osteoclasts

Neutrophils

Myeloid cells, Osteoclasts

Myeloid cells, Osteoclasts
Ubiquitous

Bone Marrow CD34+ cells

Ubiquitous

Osteobl asts, Chondrocytes, Myoblasts

Haemopoietic & Stromal cells

Ubiquitous

Lymphoid & Stromal cells
Myeloid & Stromalcells

Stromal & Endothelial cells

(1) Adapted from [Dorshkind, 1990; Brizzi et al, 1991 ; Olsson et al, 1992; Miyajima et al,

1992; Massague and Pandiella, 1993; Metcalf, 1993; Bagby, 1994; Alexander, 1998;

Rubinstein, et al, 19981. For descriptions of abbreviations refer to "abbreviation" section.



Figure 1. A schematic representation of the development of haemopoietic tissue (adapted

from Bagby, 1994; Morrison et al, 1995). The differentiation of haemopoietic stem cells

(CD34+/CD38-) through different developmental lineages ultimately gives rise to

functional mature blood cell types as shown. Clonogenic haemopoietic progenitor cells

are referred to as: colony forming units (CFU); Burst forming unit (BFU). Haemopoietic

cell lineages: B (B-lymphocyte); Baso (Basophil); E (Erythroid); Eo (Eosinophil); GM

(Granulocyte/Macrophage); Meg (Megakaryocyte);T-cell (T-lymphocyte). Growth factors

and cytokines involved in haemopoietic ditferentiation: Colony stimulating factors (CSF-G,

-M, -GM); erythropoietin (EPO); stem cell factor (SCF); lnterleukins (lL-1 to lL-11);

megakaryocyte growth and differentiation factor(MGDF).
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Olsson et al, 1992; Miyaiimaet al, 1992; Massague and Pandiella, 1993; Metcalf, 1993;

Bagby,'1994;Alexander,1998;Rubinstein,etal,1998l;andtheexpressionofabroad

repertoire of adhesion molecules which serve to mediate specific cell-cell and cell-matrix

interactions [reviewed in Albelda and Buck, 1990; Long, 1992; Hynes, 1992;Carlos and

Harlan, 1994; Simmons et al, 1994a; Clark and Brugge, 1995; Aplin et al, 1998;

Humphries et al, 19981. However, the precise role of individual stromal cell types in the

support and regulation of haemopoiesis has yet to be determined.

1.2 CELLS OF THE BONE MARROW CONNECTIVE TISSUE

The supportive stroma in bone marrow comprises a network of loosely woven connective

tissue laden with haemopoielic cell clusters and consisting of a extensive vascular supply

made up of thinly walled sinuses derived from blood vessels that infiltrate through the

cortical bone encasing the marrow (Figure 2). Haemopoiesis takes place in the

extravascular spaces between the marrow sinuses. The developing blood cells must then

pass through the sinus wallto enter the circulation [Weiss, 1970; Weiss, 1976; Lichtman,

1g811. ln humans, the bone marrow of long bones, is also characterised by an extensive

intrusion of trabecular bone. The unicellular layer that covers the surface of the bone is

called the endosteum and has been proposed as one possible site for the development of

osteogenic progenitor cells [Weiss, 1976].

The bone marrow microenvironment contains a variety of different cell types including;

reticular cells, smooth muscle cells, adipocytes, and endothelial cells, macrophage and

immature haemopoietic cells [Wiess, 1976; Lichtman, 1981; Bently, 1982a;Tavassoli and

Friedenstein, 1g83; Dexter et al, 1984;Allen et al, 19901. A similarly diverse population of

cells develops in vitro when BM aspirates are explanted under defined culture conditions

[Dexter et al, 1 g77]. The stroma which forms in these long-term bone marrow cultures

(LTBMC) possess the ability to support the development of haemopoietic progenitor cells

over several months without the addition of exogenous growth factors. ln contrast,

cultured stromal cells from different adult organs such as lung, kidney, skin, liver and

4



Table 2. Summary of cell adhesion molecule superfamilies on stromal and/or endothelial

cells 1 .

INTEGRIN S LIGANDIS)

c1p 1 (CDa9a/CD2e)

cl1þI(CD4eb/CD2e)

cl3p 1 (CDaec/CD29)

O.qþ t (CD4ed/CD2e)

cr5p 1 (CD49e/CD2e)

c[6p 1 (CD4gf/CD2e)

ct7p 1 (CDaeg/CD29)

cl8131 (CD4eh/CD2e)

avÊ1(CD51/CD29)

crvÊ3 (CD51/CD61)

o'6þ4(CD4ef/CD?)

avÊS (CD51/CD?)

Collagen, Laminin

Collagen, Laminin

Collagen, Laminin, Fibronectin, Epilligrin

Fibronectin, VCAM-1

Fibronectin

Laminin

Laminin

?

Fibronectin

Vitronectin, Fibronectin, Fibrinogen, F Vlll,

Collagen, Laminin, Thrombospondin,

Osteopontin, Bone sialoprotein
Laminin

Vitronectin, Fibronectin

lmmunoolobulin LIGANDIS)

rcAM-1 (CD54)

rcAM-2 (CDXX)

rcAM-3 (CD50)

vcAM-1 (CD106)

PECAM-1 (CD31)

LFA-3 (CD54)

THY-1

c-kit

crlpZ (CD1 1 a/CD1 8), CD43

rL[3¿(CD1 1alCD18)

O'LþZ(CD1 1alCD18)

aqßt (CD4ed/CD2e)

?

LFA-2

?

SCF

Continued.



Table 2. Summary of cell adhesion molecule superfamilies on stromal and/or endothelial

cells continued.

SELECTINS LIGAND(S)

E-Selectin (CD62E)

P-Selectin (CD62P)

sialyl Lewis-X, sialyl Lewis-a, PSGL-1

sialylLeiws-X, PSGL-1

SIALOMUCINS LIGAND(S)

cD34

GIyCAM-1

MadCAM-1

L-Selectin

L-Selectin

L-Selectin

Miscellaneous LIGAND(S)

cD44 (H-CAM)

Syndecans

CD36

Collagen, Fibronectin, MadCAM-1,

hyaluronic acid proteoglycans, Syndecan,

CD44, Collagen, Fibronectin, FGF-2

Collagen, thrombospondin

(1) Adapted from [Albelda and Buck, 1990; Long, 1992; Hynes,1992; Carlos and Hartan,

1994;Simmons et al, 1994a;Clark and Brugge, 1995;Aplin et al, 1998; Humphries et al,

19981



Figure 2. A schematic representation of the bone marrow microenvironment in vivo

(adapted from Allen et al, 1990). The reticular cells form the scaffolding, which supports

the developing immature hematopoietic cells. Macrophages aid in the support of

developing hematopoietic cells. Adipocytes represent adventitial reticular cells that have

accumulated fat in their cytoplasmic vacuoles. Endothelial cells form the venous sinuses

that infiltrate through the marrow connective tissue. The sinuses allow the passage of

blood cells into the circulation.
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spleen can all form adherent stromal layers but have a limited or poor capacity to support

haemopoiesis [Rios and Williams, 1990;Van Den Heuvel et al, 1991]. Depending on the

culture conditions used, the same bone marrow stroma can support the growth of both

myeloid and lymphoid progenitor cells [Whitlock and Witte,1982;Johnson and Dorshkind,

1e86l.

The adherent multicellular layers of human LTBMC consist of fibroblastic cells (60-70%),

endothelial cells (10-20%), macrophage (10-20%) and adipocytes (5-10%) and

extracellular matrix components such as fibronectin, laminin, collagen types l, lll and lV

and glycosaminoglycans [Gartner and Kaplan, 1980; Strobel et al 1986, Chen et al,

1g91bl. Similar cell types have also been described in LTBMCs derived from murine

marrow [Bentley et al 1981;Dexter, 1984a; Zuckerman et al, 1983]. Other cell types

present in the adherent layers of LTBMC include smooth muscle cells and osteoblast-like

cells [Charbord et a|,1985; Kassem et al 1991]. Thus the LTBMC system provides an in

vitro model system for studying the interactions between haemopoietic and stromal cells

and for investigating the ontogeny of both cell populations'

1.2.1 Reticular Cells

Reticular cells have a large irregular morphology, with long cytoplasmic processes and

are the predominant cell type of the bone marrow stroma. These cells secrete the

structural matrix of reticular fibres which support the haemopoietic tissue [Weiss, 1965;

Bessis, 19731. The extracellular matrix secreted by the reticular cells is composed mainly

of glycosaminoglycans attached to proteoglycans, fibronectin, and collagen types l, lll and

V [Bentleyet al, 1981;Bentleyet al, 1982a]. ln situ, reticularcells have also been shown

to express high levels of the nerve growth factor receptor, the endopeptidase, CD13, the

cell adhesion molecule VCAM-1 and express alkaline phosphatase activity but were found

to be negative for endothelial (Factor Vlll and CD34), neural (CD56 and neurofilament)

and haemopoietic markers (CD45 and CD68) [Westen and Bainton, 1979; Cattoretti et al,

1993;Jacobsen et al, 1996; Hempstead et al, 1991;Mallet et al, 1991;Orazi et al, 19921'
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The expression of the osteoblast-related marker, alkaline phosphatase suggests an

association with the bone forming cells. lndeed, it has been proposed that alkaline

phosphatase positive reticular fibroblasts in the vicinity of bone surfaces may serve as a

pool of osteogenic precursorcells [Bianco & Bonucci, 1991;Bianco and Boyde, 1993].

Those reticular cells that line the endothelium of the marrow sinuses are referred to as

adventitial reticular cells. The cytoplasmic processes of these cells cover the outer wall of

the sinus forming an adventitial sheath [Weiss, 1961;Weiss and Chen, 1975]. The

adventitial reticular cells are also thought to help regulate the migration of blood cells into

the circulation by varying their cover over the sinuses [Weiss, 1970]. The reticular cells

have an intimate association with myeloid progenitor cells and in particular with

granulopoiesis implicating a possible role in myeloid development [Westen and Bainton,

1979; Bianco and Riminucci, 19981.

1.2.2 Bone Marrow AdipocYtes

The adipocytes found in the bone marrow microenvironment are found in proximity to the

adventitial reticular cells that line the sinuses [Tavassoli, 1976]. Histological evidence

suggests that marrow reticular cells may have the capacity to develop into fat cells [Weiss

and Sakai, 1984; Bianco et al, 19881. Therefore, it remains to be determined whether

adipocytes represent a separate cell lineage. The bone marrow adipocytes are usually

smaller in size and are characterised by the appearance of multiple fat droplets with a

different fat triglyceride content and by an increase in the level of mitochondria, when

compared to mature adipocytes in the nonhaemopoietic areas [Tavassoli et al, 1978].

Marrow adipocytes do not undergo lipolysis in response to acute starvation as do

adipocytes in other fat sites and are sensitive to corticosteroids but are unaffected by the

actions of insulin [Greenberger, 1978; Greenberger, 1989; Bathiia et al 1979]. Adipocytes

increase in number in areas of decreasing haemopoietic activity (yellow marrow) and may

provide energy stores for cellular processes and/or serve as a mechanism 1o block the

passage of blood cells into the sinuses [Tavassoli et al, 1974]. During skeletal maturation,
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the red marrow in the central cavities of the long bones is slowly replaced by yellow

marrow, consisting mainly of fat cells.

ln addition to morphological criteria, adipocytes have also been characterised

histochemically by the abundance of certain lipid metabolising enzymes including;

lipoprotein lipase, the human adipocyte lipid binding protein and the obese gene product

(leptin) lZhanget al, 1994; MacDougald and Lane, 1995;Gimble et al, 1996; Flier, 19971.

Furthermore studies have shown that adipogenesis is dependent on the appropriate

expression of the early transcriptional activating factors, the peroxisomal proliferator

activated receptor y2 (PPARy2) and the COAAT/enhancer binding protein (CiEBPa)

[reviewed in MacDougald and Lane, 1995]. This is analogous to the master regulatory

gene MyoD (myocyte origin) whose expression is essential for the differentiation of

myoblasts and the development of smooth muscle [Davis et al, 1987a].

1.2.3 Bone Marrow Endothelium

Endothelial cells form a complete covering of the inner sudace of the sinuses. These cells

are broad and flat with irregular edges which overlap with other endothelial cells forming

the barrier between the circulation and the bone marrow [Weiss, 1961;Watanabe, 1966].

ln blood vessels larger than capillaries, endothelial cells may form the intracellular rod

shaped granules called Weibel-Palade bodies which contain the blood coagulation

component Factor Vlll (von Willbrand factor). Other markers have also been associated

with an endothelial-like phenotype including the CD34 antigen [Watt et al, 1987], and

members of the immunoglobulin superfamily involved in cell adhesion, homing and

migration such as, the MUC-18 antigen (CD146) [Pickl et al, 1997;Bardin et al, 1996]and

the VCAM-1 antigen [Jacobsen et al, 1996]. Vascular endothelial cells have also been

characterised by their predominant production of the basement membrane constituents,

laminin and collagen type lV. Functionally, vascular endothelial cells possess the ability to

regulate the passage of maturing blood cells into the marrow sinuses and seem to have a

significant role in the 'homing'of transplanted HSC to the marrow and lymphocytes to the
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dilferent lymphoid tissues [Weiss, 1978;Tavassoli and Hardy, 1990; Carlos and Harlan,

1991; lssekutz, 19911.

1.2.4 Smooth muscle cells and pericytes

Smooth muscle cells and pericytes, line the bone marrow capillaries which in turn are

accompanied by both myelinated and non-myelinated nerve fibres [Lichtman, 1981]'

pericytes are fibroblast-like cells with long cytoplasmic processes that partly surround the

endothelial cells. Smooth muscle cells and pericytes synthesise collagen type lV and

laminin. The presence of myosin, actin and tropomysin in pericytes suggests that these

perivascular cells may have a contractile function, similar to that of smooth muscle cells

[D'Amore, 1990; Shepro and Morel, 1993; Schor et al, 1995]. Another proposed role for

pericytes is that these cells may be a potential source of stromal progenitors with the

capacity to develop into other stromal cell types including fibroblasts, smooth muscle cells

and tsteoblasts [reviewed in Schor and Canfield, 1998]. However, the proposal that

pericytes are a pool of stromal stem cells remains to be proven. This is due in part to the

lack of specific markers for pericytes, which makes it difficult for isolating pure populations

of these cells for assessing their growth and developmental properties

1.2.5 Bone Marrow MacroPhages

Bone marrow macrophages although haemopoietic in origin, seem to be present at

different sites of the bone marrow microenvironment. They occur in association with

haemopoietic clusters and at the sinuses where the adventitial reticular cells reside

[Weiss, 1976]. The macrophages have a stellate morphology with extended cytoplasmic

processes but are distinguished morphologically from reticular cells by the presence of

large amounts of primary and secondary lysosomes and phagocytized materials. ln

addition, macrophages stain positive for acid phosphatase and non specific esterase and

express Fc receptors [Westen and Bainton, 1979; Yoffey and Yaffe, 1980; Dexter et al'

19g41 characteristics which also distinguish them from stromal elements. The cell surf ace

antigen cD14 is expressed specifically by human monocytes/macrophage and provides a
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means to discriminate between the macrophage and the different stromal elements in the

BM [Bazil et al, 1989; Simmons et al, 1991a]. Macrophages present in the BM have an

association with both developing erythrocytes and granulocytes, suggesting that

macrophag"r räy contribute to the maturation of these cells [Weiss, 1976; Westen and

Bainton, 19791.

1.3 OSTEOGENIC T¡SSUE

Bone is an organic matrix composed mostly of collagen type I (approximately 95%) with

the remainder of the matrix consisting of various other molecules such as proteoglycans,

other collagen types and non-collagenous proteins [reviewed in Robey, 1996]. The main

functions of bone are that: it provides the mechanical support for soft tissue; it functions

as a lever for muscle action; it is the major organ for calcium homeostasis; it is the major

site of haemopoiesis in adult humans. The sJglglh of bone comes from the formation of

calcium/ phosphate crystals (hydroxyapatite) deposited in the collagen matrix.

Structurally, there are two different kinds of bone which convey different functions

[reviewed in Marks and Hermey, 1996]. Cortical bone is the dense outer layer covering

most bones, while cancellous or trabecular bone, is the spongy porous bone within the

hollow cavities of cortical bone. Cancellous bone has a loosely organised porous matrix

made up of evenly layed lamellae forming a network of trabeculae, and is metabolically

more active than cortical bone. The cortical bone has a more compact matrix consisting of

organised tight bundles of collagen forming concentric lamellae, and provides mechanical

support. The collagen bundles in adjacent lamellae are layed down at right angles to form

multilayers surrounding a canal containing blood vessels, nerves and connective tissue,

where the whole complex is called a Harversian system. Each Harversian system is

surrounded by circumferential and interstital lamellae adding to the strength of the cortical

bone. The outer bone surface is called the periosteum consisting of collagen fibres,

fibroblastic cells and an inner layer of osteoprogenitor cells. Similarly, the connective

tissue layer that lines the internal cavities of bone, also contains osteoprogenitor cells at
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the bone surface and is called the endosteum. The growth of bone tissue results from the

proliferation and differentiation of osteoprogenitor cells at different sites in osteogenic

tissue.

During embryogenesis, the osteoblasts arise from two separate sources [reviewed in

Caplan, 19881. The first source of osteoblasts are derived from the mesoderm, which give

rise to the majority of the bones in the skeleton [Hall, 1978]. Bone formation during

embryogenesis occurs by a process termed endochondral ossification in which

osteoblasts are responsible for the initial conversion of a cartilage template into bone.

Cartilage templates are composed mainly of collagen type ll that originally form during

embryogenesis. This occurs when mesenchymal cells condense and then differentiate

into the cartilage producing cells known as chondrocytes. Endochondral ossification in the

post-natal organism also occurs in the epiphyseal growth plate and is responsible for the

longitudinal growth of the long bones (Figure 3). The epiphyseal side of the cartilage is

comprised of a zone of resting chondrocytes, followed by a zone of proliferating

chondrocytes, which align themselves in columns parallel to the long axis of the bone.

Below the proliferating zone lies the hypertrophic cartilage zone where chondrocytes

undergo hypertrophy and are characterised by the production of collagen type X. The

hypertrophic chondrocytes begin to degenerate and die, resulting in the mineralisation of

the surrounding cartilage-matrix. This is preceded by the penetration of blood vessels and

the invasion of osteoblasts and the bone resorbing cells referred to as osteoclasts. The

combined activities of the bone cells eventually leads to osteoclastic breakdown of the

calcified cartilage-matrix and the development of a new mineralized bone-matrix by

osteoblasts.

The craniofacial skeleton develops from the second embryonal source of osteoblasts

derived from the neural crest [Hall, 1978]. These osteoblasts produce bone by the

process of intramembranous ossification which also contributes to the growth of short

bones and the thickening of long bones in the post-natal organism (Figure 4). The starting
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Figure 3. A sche¡natic illustration of the growth of the long bones. The events during the

growth of long bones occurs via endochondral ossification (adapted from Erlebacher et

al, 1gg5), where proliferation and maturation of resting chondrocytes in the epiphyseal

growth plate leads to the formation of a calcified-cartilage matrix by hypertrophic

chondrocytes, which eventually undergo cell death. This matrix in turn provides the

scaffolding for the formation of new trabecular bone in the metaphysis region as a result

of the activities of osteoblasts generated from incoming osteoprogenitors and osteoclasts

derived from the macrophage cell lineage. The cartilage above the growth plate in the

epiphysis region is also replaced with bone and bone marrow.
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Figure 4. A schgmatic illustration of the processes of intramembranous ossification

(adapted from Junqueira et al, 1989). Pre-osteoblasts in the mesenchyme develop into

functional osteoblasts that first form an osteoid composed mostly of collagen type l. The

osteoblasts then begin to mineralise the surrounding matrix to form a calcified bone

tissue. Those osteoblasts trapped inside the new bone, differentiate into osteocytes.

Osteoclasts, which are derived from haemopoietic tissue, act in resorbing the older bone

tissue as the new bone forms.
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po¡nt for the ossification is from the underlying condensed mesenchymal layer that gives

rise to osteoprogenitors defined by their capacity to proliferate and differentiate into

functional osteoblasts. Eventually a calcified matrix is formed resulting in the

encapsulation of some of the osteoblasts in lacunae. Once completely surrounded by

bone matrix the cells are termed osteocytes, which represent the terminally differentiated

cells of the bone lineage.

1.4 CELLS OF BONE TISSUE

1.4.1 Osteoblasts

Cells of the osteoblast lineage are responsible for the production of the bone matrix

constituents [Aubin and Liu, 1996]. Recent studies have demonstrated that osteoblasts

can regulate haemopoiesis in vitro and enhance the engraftment of allogeneic HSC in co-

transplantation studies [Taichman and Emerson, 1994; Taichman and Emerson, 1998;

EIL-Badri et al, 19981. This is perhaps not so surprising since osteoblasts in vitro are

known to synthesise a similar range of cytokines and express many of the adhesion

molecules detected in BM stromalcell cultures. Osteoblasls are identified morphologically

by their cuboidal appearance and by their association with newly synthesised bone matrix

(osteoid) at sites of active bone formation. These cells are characterised histochemically

by their expression of high levels of alkaline phosphatase (AP) activity and biochemically

by their ability to synthesise a wide range of bone-associated matrix proteins such as

co¡agen type I (COL-1), osteocalcin (OCN), bone sialoprotein (BSP), osteonectin (ON)

and osteopontin (OP) [Aubin and Liu, 1996; Robey et al, 1992; Robey et al, 1995; Robey'

1996j. These molecules such as AP, OCN, ON, BSP, and OP have been implicated as

being important mediators of the mineralisation process (see section 1.5). Additionally,

there is heterogeneity of the osteoblast phenotype according to the proliferative and

functionalstate of the cell population [Aubin and Liu, 1996; Liu et al 1997].
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Studies using in situ hybridization analysis have shown that differentiated osteoblasts

express the receptor complex for the PTH and PTH-related protein ILee et al, 1994].

parathyroid hormone (PTH) stimulation of osteoblasts has long been known to trigger the

activation of two second messenger systems [Abbou-Samra et al, 1992]. Activation of

adenyl cyclase leads to the generation of cAMP, while activation of phopholipase C leads

to the generation of inositol phosphates and diacylglycerol [Morris and Bilezikian, 1996].

pTH stimulates a variety of responses in osteoblasts including: an increase in the

synthesis of collagen type l; a reduction in alkaline phosphatase activity; regulation of the

transport of inorganic phosphate and calcium;the production of cytokines such as lL-11

and IGF-1 [Hall and Dickson, 1985; Simon et al, 1988; Schmid et al, 1994; Arao et al,

1994; Elias et al, 19951.

The recent discovery of the function of the DNA-binding protein CBFAI (also known as

AML3 and pEBP2aA) has provided insights into molecular mechanisms responsible for

early osteogenic commitment. CBFAl is a homologue of the runt family of transcription

factors and has been specifically associated with osteogenic tissue in rodents [Ducy et al,

1997; Komori et al, 1997; Rodon and Harada, 19971. The precise function of CBFAl is

unknown but it is thought to regulate the osteoblast specific gene osteocalcin by

complexing with the osteocalcin promoter [Rodon and Harada, 1997]. Ultimately the

differentiation of osteoblasts appears to be dependent on the appropriate expression of

the CBFAI transcription factor, as demonstrated in vivo by the development of a CBFAI

knockout mouse [Otto et al, 1997]. Future studies are still required to precisely define the

role of CBFAI in bone cell development

1.4.2 Bone Lining Cells

One of the least characterised bone cell types are the bone lining cells, which cover the

majority of the bone surfaces. The bone lining cells have a flat, elongated morphology and

either lack the expression or exhibit low levels of osteoblast-related markers such as

alkaline phosphatase, bone sialoprotein and PTH/PTHrp-receptor [reviewed in Aubin and
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liu, 1g961. Bone lining cells also appear to be functionally inactive in respect to bone

formation or resorption. lt has been proposed that bone lining cells may be stimulated to

develop into active osteoblasts with the capacity to form new bone [Dobnig and Turner,

1 9s51.

1.4.3 Osteocytes

Osteocytes are thought to be terminally differentiated osteoblasts that occupy a space or

lacunae in an ordered pattern within the calcified bone-matrix. They represent the

predominant cell type in bone tissue. The osteocytes have a stellate shape with long

cytoplasmic processes, that extend through small canals (canaliculi) in the matrix to blood

vessels, adjacent osteocytes and bone lining cells lNijweide et al, 1996]. ln situ

hybridization and immunohistochemical studies have shown that otseocytes express a

range of bone-matrix proteins including collagen type l, osteopontin and osteonectin

[Aubin and liu, 1996]. Other bone cell-related markers such as alkaline phosphatase,

bone sialoprotein, osteocalcin and PTH-PTHrp receptor have been shown to be either

weakly expressed or absent in osteocytes [Van der Plas et al, 1994]. Functionally,

osteocytes appear to have a limited capacity to synthesise new bone-matrix'

One of the main functions of osteocytes is that they collectively form a mechanosensory

system which is sensitive to mechanical stress [Oster, 1989; Van der Plas and Niiweide,

1gg2l. Deformation or strain of bone tissue results from mechanical stress and leads to

the flow of interstitial fluid through the osteocyte canalicular network from areas of high

strain to areas of low strain. ln vitro, fluid flow has been shown to greatly affect osteocyte

metabolism even more that other cell types such as osteoblasts, fibroblasts and

endothelial cells [Reich et al, 1990]. Osteocytes are affected through direct fluid shear

stress and through the movement of ions over their cell surfaces, which modulates the

production of signalling factors, such as nitric oxide and prostaglandins. These factors in

turn act to stimulate other factors such as IGF-1 that regulate bone formation and bone

resorplion by osteoblasts and osteoclasts, respectively [Nijweide et al' 1996].
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1.4.4 Osteoclasts

Another bone cell population, osteoclasts are large motile cells often displaying multi-

nucleation witl'i irregular cytoplasmic branches. Osteoclasts are derived from

haemopoietic progenitor cells of the monocyte/macrophage lineage lSuda et al, 1996;

Vaananen, 19g6; Suda et al, 19971. These cells are responsible for the resorption of bone

during development, growth and repair. Osteoclasts are characterised histochemically by

high levels of tartrate-resistant acid phosphatase (TRAP) activity and by their expression

of cell surface receptors for calcitonin, and vitronectin, (the integrin ctvpg) [Suda et al,

1gg7]. Bone resorption occurs when differentiated osteoclasts attach to calcified tissues

where they develop a ruffled border and clear zone at the site of contact with the bone-

matrix lSuda et al, 1996; Vaananen, 1996]. This process is then followed by the release of

acids and lysosomal enzymes into the spaces beneath the ruffled border, resulting in the

breakdown of the calcified matrix.

1.5 COMPONENTS OF THE BONE AND BONE MARROW EXTRACELLULAR CELL

MATRIX

1.5.1 Collagen Fibrils

Bone is composed mainly of collagen type I with smalltraces of collagen types lll and V,

while collagen type lll is the main collagen constituent of the BM extracellular matrix

[Zuckerman and Wicha, 1983] and to a lesser extent collagen types land V. These

molecules are part of the fibrillar collagen family which includes the cartilage specific

molecules, collagen types ll and Xl. The principal amino acids composing these collagens

are glycine, proline and hydroxyproline. The collagens are characterised by their

continuous triple helix structure. For example, collagen type I is composed of two ct1

peptide chains and one o2 peptide chain which form a tropocollagen molecule [Rossert

and de Crombrugghe, 1996; Eyre, 19961. Aggregates of tropocollagen molecules result in

the formation of collagen fibrils with unique lransverse striations determined by the
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overlapping arrangement of the tropocollagen molecules for each collagen type. The

fibrils have a very high tensile strength and provide lhe structural frame-work for the bone

and marrow connective tissues. Aggregation of collagen type I fibrils leads to the

formation of collagen fibres and bundles [Rossert and de Crombrugghe, 1996; Eyre,

19961.

Collagen also plays a role in cell adhesion in the BM, as demonstrated by the ability of

haemopoietic progenitors to bind to collagen type I in vitro [Koenigsmann et al, 19921. The

inhibition of collagen synthesis in LTBMCs by the addition of cis-4-hydroxyproline

interferes with the development of the stromal layer and blocks the development of

haemopoiesis [Zuckerman et al, 1985]. Similarly, in BM stromal cultures, stimulated with

retinoic acid, cis-4-hydroxyproline inhibition of collagen type I production caused a

decrease in the number of cells expressing the osteoblastic marker, alkaline phosphatase

[Shi et al, 1996]. ln addition, osteoclasts and osteoblasts are also known to bind to

co¡agen in vitro [Grzesik et al, 1994; Helf rich et al, 1996]l which may contribute directly to

the regulation of bone remodelling in vivo. Functionalstudies have shown that when pre-

osteoblast cells were cultured onto collagen type I gels expression of the bone-related

protein osteopontin was strongly upregulated [Traianedes et al, 1996]. Collagen has also

long been known to be involved in the mineralization process. ln vivo, hydroxyapatite

crystals, the mineral identified in bone, dentine and calcified cartilage, are found aligned in

an ordered pattern parallel to the collagen fibrils [Boskey, 1992]. The importance of

collagen in bone development is demonstrated by the congenital defects in collagen type I

synthesis that manifests as the various forms of osteogenesis imperfecta. This condition

may be associated with bone deformity, osteoporosis and spontaneous fractures. The

defect in synthesis is attributed to a genetic resulting from single point mutations in either

one of the genes that encode for the a1 or a2 peptides of collagen type I [Shapiro et al'

1 9961.
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1.5.2 Glycosaminoglycans and Proteoglycans

The amorphous intercellular ground substance which fills the spaces between cells and

the fibres of the connective tissue is composed of mainly two components,

glycosaminogtycans (GAGS) and structural glycoproteins. The GAGS (Hyaluronic acid,

chondroitin sulfate, keratin sulfate, dermatan sulfate and heparin sulfate) are repeating

units of polysaccharides usually made up of a uronic acid, either glucuronic or iduronic

acid and a hexosamine, either glucosamine or galactosamine. These long chain

polysaccharides are heavily sulfated and with the exception of hyaluronic acid, form

proteoglycans by binding covalently to a protein core [Macrum et al, 1987; Ruoslahti,

1989; Ruoslahti, 1989; Gallagher, 1989;Jackson et al, 19911. Hyaluronic acid is found in

abundance in cartilage, and is known to be one of the ligands for the cell adhesion

molecule (proteoglycan) CD44 [Aruffo et al, 1990]. The bone and bone marrow connective

tissue contains mainly chondroitin sulfate (>70%) and to a lesser extent various levels of

hyaluronic acid, heparin sulfate, dermatan sulfate and keratan sulphate (>30% in total)

[Hunter et al, 1983;Wight et al, 1986;Waddington et al, 1989;Spooncer et al, 1991]. Due

to their high viscosity, GAGS have a lubricating function in connective tissue but their

main function appears to be keeping structural integrity by interacting with collagen fibrils

[Jackson et al, 1991].

ln addition, GAGS are able to bind exogenous growth factors synthesised by bone and

marrow cells. lt has been shown that heparan sulphate is able to bind a range of different

cytokines such as GM-CSF, lL-3 and bFGF [Gordon et al, 1987; Roberts' 1988]' Heparan

sulphate is bound covalently to extracellular matrix and stromal membrane bound

proteoglycans and is also involved in the adherence of HSC to these proteins [Siczkowski

et al, 19921. The binding of GM-CSF and lL-3 to heparan sulfate and the presentation of

them in a biologically active form to the haemopoietic progenitor cells may be one

mechanism for the enhanced local regulation of haemopoiesis in the BM [Hattersley et al,

1991;Kerby et al, 19921. Similarly the growth factor bFGF [Ruoslahti and Yamaguchi,

1gg1l becomes activated after complexing with its respective cell surf ace receptor and
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with heparan sulfate, either on the surface membrane of target cells, as free heparin or in

the form of a proteoglycan such as syndecan-1 [Kim et al, 1994]. Basic FGF is involved in

the regulation of both haemopoietic and stromal cell differentiation, growth and function as

well as having a role in blood vessel formation, cell migration, bone remodelling and

tissue repair. Another cytokine, TGFP also important in the regulation of haemopoiesis

and bone remodelling, is known to bind to two proteoglycans, betaglycan and decorin

through the protein core ratherthan the GAGs themselves [Lopez-Casillas et al, 1991;

Santra et al, 19g71. Betaglycan helpsTGFP attach to its receptors, while decorin, which

associates with collagen type I fibrils, acts to neutralise TGFB activity. Recombinant

decorin protein core has also been shown to inhibit cell adhesion and proliferation in vitro

[yamaguchi et al, 1990; Santra et al, 1997]. Proteoglycans may therefore provide long-

term reservoirs of growth factors in the ECM by protecting the cytokines against

degradation by proteolytic enzymes, in addition to acting as mediator components in

regulating cell growth, function and cytokine activity in haemopoiesis and bone

development.

1.5.3 Glycoprote¡ns

Glycoproteins are molecules containing a protein moiety that undergo postranslational

modification resulting in the addition of N- and O-linked oligosaccharides. The

carbohydrates themselves can also be furiher modified by the addition of phosphate

and/or sulfate. Several glycoproteins have been identified in the bone and marrow

connective tissue which seem to be important in the interaclion of neighbouring cells and

in the adhesion of cells to their substrate.

The large glycoprotein laminin is composed of three subunits, one ct-chain (400 kDa) and

two p-chains (200 kDa) which form a cross-like structure with one long and three short

arms [Timpl, 1989; Beck et al, 1990; Yurchenco and o'Rear, 1990]. Laminin is a major

constituent of the basal laminae and is found in association with collagen type lV and

heparan sulphate proteoglycans to provide adhesive and structural support between the
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blood vessels and the bone marrow stroma. ln vitro, laminin promotes cell adhesion,

migration, differentiation and growth of a variety of different celltypes. These interactions

are governed by various integrin type cell surface receptors which utilise laminin as a

ligand lRuoslahti, 1991] (see Chapter 7).

Fibronectin is a large glycoprotein (aaO kDa) found in serum and bone and BM connective

tissue. This molecule is made up of two nonidentical peptide unils and functions in cell

adhesion, motility, proliferation, differentiation and migration [Hynes, 1985; Hynes, 19901.

ln addifion, fibronectin binds to fibrin, heparin, gelatin and collagen on different binding

sites of the molecule [Pierschbacher and Ruoslahti, 1984; D'Souza el al,1991]. Studies

have shown that fibronectin, produced by bone marrow fibroblastic cells, provides

anchorage for erythroid progenitors, whereas granulocyte-macrophage progenitors bind

only weakly to fibronectin [Tsai et al, 1987]. Cell adhesion can be partially blocked by anti-

fibronectin antibodies suggesting that other molecules are involved in the attachment of

haemopoietic progenitor cells to stroma [Coulombel et al 1988]. Studies using anti-

fibronectin antibodies specific for various regions of the fibronectin molecule, showed that

different cell populations bound preferentially to different fibronectin fragments IPuleo and

Bizios, 1992; Underwood et al, 1992; Dalton et al,19951. Bone cells, endothelialcells and

fibroblasts were all shown to attach to both the heparin binding site and cell binding site

on fibronectin but not to the gelatin binding site. ln addition, corneal epithelial cells only

bound to the cell attachment site while melanoma cells bound preferentially to the heparin

binding site. Alternate binding sites on molecules like fibronectin may induce a variety of

cellular responses such as cell differentiation or migration by the activation of different

signalling pathwaYs.

Vitronectin is another serum glycoprotein, also found in BM and bone in low amounts, and

is known to bind to plasminogen activator inhibitor enhancing its activity IPreissner, 1991].

Although, the exact role of vitronectin in haemopoiesis and bone formation is largely

unknown, this molecule has been shown to mediate the adhesion of a variety of ditferent
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cell types such as osteoclasts through the classical vitronectin cell surtace receptor, the

integrin cyp3 [Helfrich et al, 19921. However, evidence suggests that osteoblasts use an

alternative receptor to bind with vitronectin [Aarden et a|,1996].

Alkaline phosphatase is a membrane bound glycoprotein anchored through a glycosyl-

phophatidylinositol moiety covalently attached at the carboxylterminus of the polypeptide.

ln humans, four AP isoenzymes are encoded by four distinct genes [Millan, 1988; Harris,

1990; Moss, 1gg2l. Three of these AP isoenzymes demonstrate a tissue-specific pattern

of expression and are therefore referred to as intestinal, placental and germ cell

(placental-like) Ap. The fourth AP isoenzyme has a wide tissue distribution, and is most

abundant in bone, liver and kidney (Bone/iver/kidney AP or tissue-nonspecific AP). The

different isoforms of bone/liver/kidney AP can be distinguished by differences in their

physiochemical properties such as heat stability and electrophoretic mobility. These

isoforms have the same polypeptide sequence, and differ only by postranslational

modification involving different carbohydrate motifs [Harris, 1990]. The exact function of

these molecules in bone and bone marrow tissues remains to be determined. AP may

have a specific role in skeletal mineralization by stimulating calcium phosphate

precipifation and by helping to orientate mineral deposition in osteoid IMoss, 1992' Whyte'

1e941.

Osteonectin, also known as secreted protein rich in cysteine (SPARC)' culture shock

protein and basement membrane-4o protein (BM-aO) [Mason et al, 1986a; 1986b]' is a

glycoprotein of 43 kDa that contains EF-Hand calcium binding domains [Swaroop et al,

1gggl. Findlay et al (1ggg) demonstrated that osteonectin is highly conserved between

species. The molecule was first identified as a major (5-10%) noncollagenous protein in

bone [Termine et al, 1981]. Because osteonectin was initially purified from foetal bovine

bone extract, based on its binding to hydroxyapatite and collagen, it was thought to play a

major role in mineralization [Termine et al, 1981]. Osteonectin is also found on many non

osteogenic celltypes including platelets and endothelium [Villarreal et al, 19911. Platelet
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osteonectin has a larger molecular weight (3 kDa) than that found in bone and is known to

interact with thrombospondin forming a complex that is thought to mediate platelet-platelet

and platelet-endothelium adhesion, and may be involved in blood coagulation [Clezardin

et al, 19881. ln vitro studies have shown that osteonectin is secreted by endothelial cells in

response to certain types of injury, inducing changes in the adhesion of endothelial cells

[Goldblum et al, 1994]. This study demonstrated that osteonectin regulates endothelial

barrier function through F-actin-dependent changes in cell shape, causing the appearance

of intercellular gaps, providing a pathway for the extravasation of macromolecules' The

physiological function of osteonectin is not known but may involve mediation of cell

adhesion and proliferation to facilitate repair of tissue damage and regulation of the

extracellular matrix during bone remodelling.

Osteopontin (OP), also known as SPP1,2ar, pp69 and bone sialoprotein-1 (BSP-1), is a

44to75 kDa glycophosphoprotein with high affinity for calcium ions and contains aspartic

rich domains and an Arg-Gly-Asp (RGD) tripetide sequence also found in other ECM

molecules such as bone sialoprotein (BSP-ll), collagen, fibronectin and vitronectin [Butler,

1gggl. Bone cells are believed to be the major site of synthesis and secretion of OPN

IMark et al, 1987]. Osteopontin is also found in many other sites outside of osteogenic

tissue including the kidney, sensory epithelium of the ear, unidentified cells in the brain,

the metrial gland of the placental decidua and in various body fluids such as milk and

urine. These studies have identified OP synthesis in cells associated with osteogenic

tissue including preosteoblasts, osteoblasts, bone lining cells, osteocytes, some

fibroblastic cells of the marrow and hypertrophic chondrocytes [Yoon et al, 1987; Mark et

al, 1987; Mark et al, 1988a; Nomura; 1988, Weinreb et al, 19901. Osteoblast and

osteoclast function may be mediated through their binding to OP, present predominantly

in the osteoid, via integrin-RGD mediated adhesion [Grzesik and Robey, 1994; Ross et al,

19931. Osteopontin is thought to negatively regulate the mineralization process by acting

as an inhibitor of hydroxyapatite crystal formation and growth [Boskey et al, 1993; Hunter

et al, 1g941. The synthesise of OP has also been shown to be enhanced in a wide variety
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of transformed mammalian cells and may be related to the metastatic process [Senger,

1989; Craig et al, 19901.

Bone sialoprote¡n (BSP-Il) is a 46 to 75 kDa glycoprotein that constitutes about 10-15% of

the noncollagenous proteins found in the mineralized compartment of bone and is

characterised by multiple polyglutamic acid sequences and a RGD sequence IFisher et al'

1gg3; 1gg0l. unlike oP, the tissue distribution of BSP seems to be restricted to

mineralized tissues such as bone, dentin, cementum and calcifying cartilage of the growth

plate [Fisher et al, 1983; Bianco et al, 1991;MacNeil et al, 1994]' However, trophoblasts

of the developing placenta also express high levels of BsP where hydroxyapatite crystals

have been associated with aging trophoblasts in late term human placentas [Bellahcene

et al, 1gg4]. Breast cancertumours also express BSP are known to metastasise to bone

[Bellahcene et al, 1gg4]. Given the strong affinity of BSP for hydroxyapatite crystals and

collagen the function of BSP is largely unknown but it is thought to be involved in the

earliest events of the mineralization process' BSP is not expressed by preosteoblasts but

is detectable in developing osteoblasts and is strongly expressed in fully differentiated

osteoblasts and osteocytes [Bianco et al, 1991 ; Chen et al, 1991 a]. Functionally, BSP can

support cell attachment in a RGD-dependent and RGD-independent manner and may act

to mediate cell shape and migration [Oldberg et al, 1988; Mintz et al, 1994]. One study

has shown that BSp induces a dose-dependent increase in osteoclast resorption in pit

assays in vitro [Raynal et al, 1996]. lt has also been used as a marker of : bone turnover

due to bone resorption [Seibel et al, 1996]; increased joinl destruction measured in

samples of synovial fluid [Saxne et al, 1995]; an indicator of the relative severity of

multiple myeloma at presentation, pretreatment [Seibel et al, 1996]; a marker of breast

cancer in relation to its ability to metastasise to bone [Bellahcene et al, 1994]'

osteocalcin (ocN) also known as bone gla protein (BGP) is a small protein

(approximately 5.5 kDa) that constitutes 20"/" ol the noncollagenous protein in bone and

contains three highly conserved vitamin K-dependent y-carboxylated glutamic acid (gla)
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residues. Vitamin K is essential for its biosynthesis which is stimulated by 1'25-(OH)2 D3

[Hauschka et al, 1975; Price et al, 1976; Price and Baukol, 1980]. As described in section

1.4.1 the transcription factor CBFAI binds to the OCN gene promoter and regulates its

expression. other ECM related gla proteins found in bone include matrix gla protein and

protein S and are predominantly synthesised in cartilage and in the liver, respectively.

Studies have shown that OCN is expressed by differentiated osteoblasts and osteocytes

and is generally considered to be bone specific [reviewed in Ducy and Karsenty, '1996a].

The measurement of OCN levels in plasma is used as a biochemical indicator of bone

turnover. However, there are several reports of OCN message in other cell types such as

megakaryocytes fi-hiede et al, 1994], and in adipocytic cell lines [Benayahu et al' 1997]'

Studies have also demonstrated the presence of OCN protein in some hypertrophic

chondrocytes and preosteoblasts [Mark et al, 1988b; Gerstenfeld and Shapiro' 1996]'

ocN has a high affinity for hydroxyapatite where studies have shown that the growth of

mineral crystal can be inhibited in the presence of osteocalcin [Romberg et al, 1987]. The

exact role of OCN is not known, however knock out studies in the mouse have resulted in

a phenotype which developed an increase in cortical bone thickness and density [Ducy et

al, 1996b1. These studies concluded that ocN was a negative regulator of bone

formation, however surprisingly osteoclastic function appeared lo be unaffected in the

knockout mouse. The ability of OCN to mediate osteoclast differentiation and/or function

remains to be assessed.

The cellular and the extracellular matrix components of bone and marrow demonstrates

the complex nature of these tissues which gives them the unique ability to support and

regulate haemopoiesis and to maintain the structural integrity of the skeletal system'

Given the extent to which these tissues have been studied in terms of their ultrastructure

and function, it is still not clear of the precise origin of the different stromal cell lineages

found in bone and marrow and the exact relationship between the various stromal cell

types
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1.6 ORIGIN OF BONE AND BM STROMAL CELLS

1.6.1 Stromal Precursor Cells in Bone Marrow

Due to the diversity of the BM stromal cell population, attempts to characterise the

biological properties of each cellular component have been complicated in part by the lack

of lineage specific markers which might facilitate precise identification and isolation of

each cell type. One of the major questions concerning stromal cell differentiation relates to

the origin and developmental relationship between each component of the marrow

stroma. Studies in rodents and in humans have demonstrated that BM stromal tissue is

capable of extensive regeneration following a variety of insults ranging from radiation and

cytotoxic drugs to mechanical disruption [Knopse et al, 1966; Tavassoli and Crosby, 1968;

Patt and Maloney, 1975; Simmons et al, 19871. Given the heterogeneous composition of

the marrow stromal tissue, these studies suggest at least two possible scenarios. Firstly,

each of the different stromal cell lineages may represent a separate self-maintaining

population within the BM. Alternatively, the repair and turnover of the bone and BM

connective tissue may result from the proliferation and differentiation of a population of

multi-potential stromal precursor cells (SPC) with the capacity to give rise to each of the

different stromal elements.

Putative stromal precursor cells isolated from rodent spleen, thymus, lymph node and

bone marrow were first identified by their ability to form adherent colonies consisting of

fibroblast-like cells (colony forming unit{ibroblastic; CFU-F) when grown in short-term

liquid culture conditions IFriedenstein, 1970]. Subsequent studies identified BM CFU-F in

a number of other species, including humans [Castro-Malaspina et al, 1980]. The CFU-F

were shown to be clonal in nature using various techniques [Friedenstein, 1976;

Friedenstein, 1970; Castro-Malaspina et al, 1980; Owen et al, 1987; Perkins and

Fleischman, 19901. ln vivo, the majority of the BM CFU-F were found to be in a non-

cycling state [Castro-Malaspina et al, 1980;Castro-Malaspina et al, 1981], analogous to
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HSC which are known to be a population of quiescent cells [Sutherland et al, 1989; Brant

et al, 19901.

CFU-F colonies isolated from the BM of virtually all species, are heterogeneous in size

and morphology (Figure 5), prompting the suggestion that they develop from clonogenic

progenitors at various stages of differentiation [Owen, 1985]. A proportion of CFU-F also

demonstrated an extensive replating potential after passaging [Friedenstein et al 1976;

Simmons and Gronthos, 19911. These observations led Friedenstein to propose that the

CFU-F compartment contains SPC with the characteristics of stem cells. To test this

theory, clones of CFU-F derived from mouse BM were grown and expanded in vitro and

then transplanted beneath the renal capsules of syngeneic host animals to assess the

developmental potential of each clone [Friedenstein et al, 1980]. Analysis of the

transplanted material revealed that a minor proportion (approximately 15%) of the CFU-F

clones produced a connective tissue containing all the different stromal cell types listed

above, including bone cells and vascular cells. These stromal organs were also shown to

have the capacity to support local haemopoiesis. A further 15'/" ol the BM CFU-F clones

produced a calcified bone-matrix only, while the remainder formed either a soft connective

tissue or f ailed to give rise to any tissue [Friedenstein et al, 1980]. The blood cells

contained within the stromal organs were identified as being derived from the host animal

while the fibroblast-like cells were determined to be of donor origin using immunological

and chromosome analyses. Similarly, when whole aspirates of rodent marrow from a

donor animal were implanted into ectopic sites (such as renal, hepatic and muscular

tissue) a stromal organ developed in the recipient animal prior to the establishment ot

haemopoiesis [Tavassoli, 1968; Tavassoli and Khademi 1980]. The ectopic stromal

organs were shown by chromosome analysis to be of donor stromal origin while the

haemopoietic cells associated with the stroma were shown to be derived from the host

animal [Maniatis, 1971; Tavassoli, 1975;Tavassoli, 1980]. However, these early studies

failed to determine the origin of the vascular cells which formed an extensive network

within the stromal organs. Since angiogenesis originates from the mesoderm [Risau and
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Figure 5. ln vi[ro expanded BM colony forming units-fibroblastic (CFU-F). Light

photomicrographs of day 14 BM CFU-F fixed in 2/" paralormaldehyde and stained with

0.1olo toluidine blue. PanelA depicts the variation in colony size of day'14 CFU-F (10X).

Panel B represents a day 14 CFU-F with high proliferative potential containing many

hundreds or lhousands of cells (10X). Panel C depicts the typical morphology of

individual fibroblasþlike cells, present in an individual colony as either long bi-polar cells

or flat irregular cells, (40X).
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Flamme, 1gg5l, it remains to be proven whether in the post-natal organism there exists a

precursor cell common to endothelial cells and the other stromal celltypes in the marrow

microenvironment. Recent studies have identified embryonic stem cells isolated from

chick embryonic bodies with the capacity to form haemopoietic cells and adherent

stromal-like cells characteristic of endothelial cells in vitro [Choi et al, 1998]. However,

there is no evidence for the existence of a common stem cell between haemopoietic cells,

stromal cells and endothelial cells in the postnatal organism (see section 1.5.3)'

Other investigators have demonstrated that a proportion of CFU-F derived from rodent

marrow were induced to form adipocytes in the presence of the glucocorticoid

hydrocortisone [Bennett et al, 1991]. These observations were consistent with those

previously reported describing the induction of adipocytes by glucocorticoids in different

stromal cell lines [Grigoriadis et al, 1988; Yamaguchi and Kahn, 1991;Dorheim et al,

19931. Furthermore, approximately 4O/" of CFU-F clones comprising either fibroblastic or

adipocytic cells were induced to form an osteogenic tissue when transplanted in vivo

using diffusion chambers implanted into nude mice [Bennett et al, 1991]. These studies

support the stromal stem cell hypothesis proposed by Owen and Friedenstein where by

analogy with the haemopoietic system, there exists a hierarchy of cellular differentiation

supported at its apex by a population of self-renewing, multi-potential stromal stem cells

[Owen, 1985; Owen and Friedenstein 1988] (Figure 6). CFU-Fwhich yielded BM organs

were hypothesised to be derived from multi-potent stromal stem cells while those CFU-F

which gave rise to only bone or soft connective tissue were proposed to be SPC of more

restricted developmental potential (committed stromal progenitors).

Following on from the pioneering work of Freidenstien and Owen, various studies have

supported the concept of a multi-potential stromal stem cell population in aspirates of BM

using a variety of in vivo assays. Cultured stromal cells derived from rodent marrow have

the capacity to develop into fibrous tissue, fat, bone and cartilage when transplanted in

vivo using a variety of transplantation vehicles including, demineralized bone, gelatin and
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Figure 6. Hypothetical hierarchy of stromal stem cell differentiation (adapted from Owen,

19BS; 1gB8). The stromal precursor cell (SPC) compartment includes all cells with the

ability to form clonogenic clusters (CFU-F) in vitro. These cells have the potential to

develop into one or several of the mature stromal cell types listed using available in vitro

or in vivo differentiation assays.
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collagen gels, porous synthetic sponges, dilfusion chambers, porous hydroxyapatite

coated ceramic cubes, and when transplanted directly into ectopic sites of recipient

animals [Ashton et al, 1980; Friedenstein et al, 1982;Bab et al, 1984; 1986; Mardon et al,

1987; ohgushi et al, 1989; Goshima et al, 1991; Umezawa et al, 1992; Ohgushi et al,

1993; Benayahu et al, 1994; Cassiede et al, 1996; Krebsbach et al, 1997; Mizuno et al,

1gg7l. ln contrast, initialexperiments utilizing adult human marrow, failed to detect cells

with osteogenic potential following the ectopic transplantation of BM stromal cells

implanted into nude mice using diffusion chambers [Ashton et al, 1985; Davies' 1987]. To

date, only a handful of studies have demonstrated the developmental potential of human

BM stromal cells in vivo. One study has reported the formation of bone and cartilage in

diffusion chambers implanted with marrow from young children but not from adult marrow

[Bab et al, 19BB]. Another such study found that bone formation in vivo was dependent on

pretreating the human stromalcells in vitro with dexamethasone and ascorbate for several

weeks prior to transplantation [Gundle et al, 1995]. The majority of the marrow samples in

this study were also obtained from young subjects indicating that there may be age-

related differences in the osteogenic potential of human bone marrow stromal cells. Using

alternative modes of transplantation, studies have shown that cultured adult human

stromal cells are capable of forming bone but not cartilage when transplanted

subcutaneously into nude mice, using porous hydroxyapatite coated ceramic cubes and

when injected directly into the calvaria or hind legs of immunodeficient (SCID) mice

[Haynesworth et al, 1992a;James et al, 1996]. ln parallel experiments, Haynesworth et al

(1992a) failed to demonstrate bone lormation in diffusion chambers, implying that

osteogenic differentiation in human BM stromal cells is dependent on the type of

transplantation model used. More recently, Kusnetsov et al (1997) have demonstrated

that a proportion (58%) of individually expanded CFU-F derived from human marrow were

capable of forming bone in vivo using HA cubes implanted into SCID mice. Comparative

studies between different modes of transplantation and using different mouse strains as

hosts, had a significant bearing on the frequency of stromal cells developing a mineralised

bone-matrix [Krebsbach et al, 1997; Kuznetsov et al, 1997]. Collectively, these studies
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highlight the need for further development and refinement of approaches to assess the full

differentiation potential of human SPC in vivo.

1.6.2 Characterisation of SPC ln Vitro

The majority of studies designed to investigate the properties of SPC in vitro have utilised

unfractionated populations of bone marrow mononuclear cells to generate primary

cultures of fibroblast-like cells generated from the proliferation of CFU-F colonies. Whole

aspirates of marrow contain both haemopoietic accessory cells and committed stromal

cells, which may in part explain the appearance of phenotypically distinct stromal colony

types (macrophage-like, endothelial-like and fibroblast-like) in cultures derived from

murine BM. Macrophage/monocyte type clusters were characterised functionally by their

ability to phagocytose small particles and by their expression of the murine myeloid cell

markers, F4l8O,714,Mac-1, and T20O [Wang and Wolf, 1990; Perkins and Fleischman,

1g9O; pen et al, 1gg3l. ln contrast, so called endothelial-like colonies contained rounded

nonphagocytic cells which were shown by immunological staining to express collagen

type lV and laminin but not collagen types I and lll. lmmunohistochemical analysis

demonstrated that these cell clusters also stained with antibodies to the endothelial

related markers, MECA-99, MECA-32, MJ7 and von Willebrand's factor [Wnag and Wolf,

1990; perkins and Fleischman, 1990; Pen et al, 19931. Fibroblast-like colonies exhibited a

high proportion of alkaline phosphatase positive cells and were found to express collagen

types l, lll, lV, V, fibronectin and the smooth muscle-specific actin isoforms recognised by

the mabs CGA-7 and HHF-35 [Wang and Wolf, 1990; Perkins and Fleischman, 1990;Van

Den Heuvel et al; 1g91 ; Pen et al, 19931. Many of the colonies were also found to contain

mixed populations of cells representative of all three phenotypes. Subsequent analysis of

different cFU-F colonies derived from mouse chimeras, demonstrated that the

macrophages in the mixed colonies were donor in origin while the stromal elements were

derived from the host mouse strain [Perkins and Fleischman, 1990].
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The generation of various cloned murine BM stromal cell lines displaying fibroblastic-,

endothelial-, or preadipocytic-like phenotypes, have been shown to support both

myelopoiesis and lymphopoiesis. This is in contrast to macrophage-like cell lines which

have not been successful in supporting long-term haemopoiesis in vitro [Zipori et al, 1985;

Brockbank et al, 1986; Kodama et al, 1986; Hunt et al, 1 987; ltoh et al, 1989; Suzuki et al,

1992; Dorheim et al, 1993; Knospe et al, 19931. However, the ECM analysis of most

murine cell lines, regardless of their morphological features, is generally not predictive of

their ability to support haemopoiesis [reviewed in Deryugina and Muller-Sieburg, 1993].

One study has shown that the fibroblastic-like murine BM stromal cell line KUSA-MTAg,

has the capacity to support haemopoiesis both in vitro and in vivo, and can be induced in

the presen ce ol S-azacytidine to develop into distinct stromal cell types including

osteocytes, adipocytes and myotubes, and to form bone when transplanted

subcutaneously into SCID mice [Umezawa et al, 1992]. Several other haemopoietic

supporting sfromal cell lines can also be induced to form differentiated osteoblast-like

cells and or fat laden adipocytes in vitro [Gimble et al, 1990; Benayahu et al 1991 ; Knospe

et al, 1993; Doreheim et al, 19931. These data suggest that stromal cell lines

characteristic of bi- or multi-potential stromal progenitor cells may be responsible for

maintaining the primitive HSC population.

The in vitro characterisation of BM SPC in other species, such as rat and rabbit has

illustrated the developmental potential of these cells using various assay systems. As

described above, cultured CFU-F clones derived from rabbit marrow have the potential to

develop clusters of adipocytes in the presence of hydrocortisone where a proportion of

these cells have the potentialto form an osteogenic tissue in vivo IBennett et al, 1991].

Under similar culture conditions, CFU-F colonies were also found to have a marked

increase in the expression of the osteoblast marker alkaline phosphatase [Owen et al,

1gg7l. A more recent study demonstrated the induction of a chondrocyte-like phenotype in

culture expanded rabbit BM CFU-F [Johnstone et al, 1998]. Single cell suspensions were

grown in aggregate cultures, in the presence of ascorbate and TGF-Þ1. Chondrogenesis
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was assessed by the down regulation of collagen type I expression, the upregulation of

AP, and by the appearance of the cartilage specific markers collagen types ll and X

[Johnstone et al, 1998]. Therefore according to the culture conditions used, rabbit BM

CFU-F can display a range of phenotypes characteristic of different stromal cell lineages.

Culture expanded CFU-F colonies derived from rat bone marrow have been shown to

express various fibroblastic and osteoblastic related markers such as collagen types I and

lll, OP, ON, and AP. However, other ostensibly specific bone markers such as OCN, BSP

and PTH-R were not detected [Maniatopoulos et al, 1988; Leboy et al, 1991;Kasugai et

al, 1991 ; Simmons et al, 1 991 ; Kamalia el al, 1992a; Rickard et al, 19941. ln vitro, rat BM

stromal cells were found to develop an osteoblast-like phenotype when cultured for

several weeks in the presence of the glucocorticoid, dexamethasone [Maniopoulos et al,

1988;TsujiT et al, 1990; Simmons et al, 1991; Kasugai et al, 1991;Leboy et al, 1991;

Rickard et al, 19941. Osteogenic differentiation in the BM stromal cultures was

characterised by the expression of the bone related markers described above in addition

to BSP and OCN, following stimulation with 1,25-dihydroxyvitamin D3 (1,25(OH)ZDg).

Furthermore, small mineralized nodules formed throughout the cultures after a period of

exposure to growth medium supplemented with ascorbate, dexamethasone and B-

glycerophosphate [Maniopoulos et al, 1988;Tsuji et al, 1990; Kasugai et al, 199'1]' The

bone-like nodules were found to be positive for von Kossa staining and were shown to be

composed of hydroxyapatite crystals identicalto that observed in bone in association with

collagen fibrils. Similar culture conditions have also been used to promote the

development of an osteogenic-like phenotype, and the formation of a mineralized matrix,

in cultures of stromal cells derived from BM aspirates of other species including humans

[Howlett et al, 1986; Owen et al, 1987; Schoeters et al, 1992; Barling et al, 1989;

Benayahu et al, 1991;Mathieu et al, 1992; Kamalia et al, 1992b; Thomson et al, 1993;

cheng et al, 1994; Gronthos et al, 1994; Beresford et al, 1994; Jaiswal et al, 19971.

However, the ability lo form a calcified-matrix for certain species duch as rat and human,

was found to be dependent on the continuous presence of glucocorticoids in the culture
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medium. This may reflect species differences in the frequency of early and committed

progenitor cell populations in BM, where glucocorticoids may act to promote osteogenic

differentiation in primitive multi-potential SPC.

lmmunohistochemical studies have shown that cultured CFU-F derived from adult human

marrow are AP positive, synthesise collagen types I and lll and lack expression of the

endothelial marker factor Vlll antigen [Castro-Malaspina et al, 1980]. lt has also been

reported that stromal cells derived from human BM CFU-F clones constitutively express

the adipocyte marker lipoprotein lipase and the bone-related markers AP, OP and ON

[Vilamitjana-Amedee et al, 1993; Rickard et al; 1996]. ln addition, the expression of the

bone markers OCN and PTH-R could also be induced in CFU-F colonies following

induction with 1,25-dihydroxyvitamin D3 and dexamethasone, respectively. Thus the

growth of BM CFU-F in the presence of serum seems to promote the commitment of their

progeny towards a more differentiated phenotype characteristic of reticular cells,

osteoblasts and adipocytes. However, when cultured under conditions permissive for

mineral formation, human BM stroma produce sheets of mineral of varying densities

across the whole adherent layer, unlike the nodule formation observed in rodent cultures.

The development of these in vitro differentiation assays has helped pave the way to

identify and isolate cell lines derived from bone marrow representative of either distinct

mature stromal cell lineages or expressing properties characteristic of multi-potential SPC.

The generation and study of mesenchymal cell lines as models of stromal development, is

an important step to understanding the processes of cellular differentiation and may

facilitate the discovery of genes regulating commitment and differentiation within the bone

and bone marrow stromal cell system. Collectively, these studies demonstrate the

presence of cells in bone marrow cultures with the potential to form bone, fat, smooth

muscle, cartilage and fibrous tissue. The question arises as to whether these progenitor

cells are only committed to a particular stromal cell lineage or whether the different

phenotypes generated can be induced in a more primitive stromal cell precursor
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population. ln analogy with haemopoietic progenitor cells, a stromal precursor population

may contain a hierarchy of primitive multi-potent SPC and lineage restricted bi- and uni-

potent progenitor cells.

1.6.3 Characterization of BM SPC ln Vivo

The incidence of clonogenic stromal precursor cells in unfractionated BM is in the range of

one CFU-F per five thousand to ten thousand BM mononuclear cells (BMMNC) plated

[Castro-Malaspina et al 1980;Simmons and Torok-Storb, 1991a; 1991b; Falla et al, 1993;

Waller et al, 1995a]. The rarity of the SPC population is a major limitation to their study, a

problem compounded until recently by a shortage of information regarding the

immunologic phenotype of these cells and a lack of efficient enrichment procedures.

To date, there has only been a few studies which describe the phenotypic properties of

SpC in aspirates of rodent BM. SPC were identified in S{luoracil (5-FU) treated aspirates

of murine marrow by fluorescence-activated cell sorting (FACS) based upon the

composite immunophenotype; lymphoid and myeloid cell lineage (Lin) negative/ Stem cell

antigen-1 (Sca-1) positive/ wheat germ agglutinin (WGA) bright (lin-/Sca-1+fl¡VGAbrigh\

IFalla et al, 1 993; Van Vlasselaer et al, 1994]. This cell population was shown to possess

the potentialto develop a calcified bone-matrix in vitro in the presence of ascorbate and p-

glycerolphosphate. Under these culture conditions there was an increase in alkaline

phosphatase activity and the production of osteocalcin following treatment with

1,25(OHZ)D3. Although this phenotype is similar to that previously reported for murine

haemopoietic stem cells, these studies were able to distinguish the two populations based

on differences in their light scatter characteristics: osteoprogenitors were found to have a

higher forward and perpendicular light scatter than candidate HSC. ln addition, the

stromal precursor cells lacked the haemopoietic surface markers fhy1.2 and c-kit

characteristic of primitive murine HSC but were found to express the endothelial cell

markers, Sab-1 and Sab-2 and the fibroblastic marker KM16 [Van Vlasselaer et al, 19941.
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Studies of human foetal BM based on FACS analysis, have shown that stromal precursor

cells express the CD34 antigen at high levels but were distinguished from the bulk of

haemopoietic progenitors by their lack of CD38 and HLA-DR [Hang and Terstappen,

1992; Waller et al, 1995a1. Single SPC isolated by FACS from foetal human BM were

claimed to have the potentialfor differentiation into multiple stromal cell lineages including

bone and cartilage [Huang and Terstappen, 1992]. While clearly an important study, these

data must however be interpreted with caution since for several stromal elements

(particularly the osteogenic and chondrogenic lineages), cell type specific,

immunohistologically defined markers of differentiation were not employed, their

identification being based on morphological criteria only. lt was further claimed that within

this CDO4+/CD38-/I-|LA-DR- subpopulation were so-called "common stem cells" with the

potential to develop into both haemopoietic and stromal cell progeny [Huang and

Terstappen, 19921. This conclusion was subsequently retracted by the authors based on

further analysis of this heterogenous population which demonstrated that haemopoietic

progenitors were contained within a CDSO+ (ICAM-3) subset of the CD34+/CD38-/HLA-

DR- cells while SPC were restricted to a CD50- subset [Waller et al, 1995b].

Prior to these studies, other researchers have also proposed that BM stromal cells and

haemopoietic cells are derived from a common stem cell [Keating et al, 1982]. However,

the majority of reports investigating the 'common stem cell theory' have concluded that

these represent two distinct stem cell populations in the postnatal organism [Maniatis et

al, 1971;Tavassoli et al, 1975; Tavassoli and Khademi 1980, Fialkow et al, 1977;

Friedenstein et al, 1978;Golde et al, 1980; Bentley et al, 1982b;Lim et al, 1986; Simmons

et al, 19871. Although the term'mesenchymal stem cell'has become popular of late

[Bruder et al, 1994; Caplan and Dennis, 1996], this nomenclature infers the existence of a

common precursor for all mesenchymal tissue. With no substantial evidence to support

this view, particularly in the postnatal organism, the alternative historical acronym'CFU-F'

or the preferred term 'stromal precursor cell' are both used throughout this thesis to

described those cells in the BM which can give rise to clonogenic cell clusters in vitro.
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Consistent with the observations in foetal human BM, antibodies to CD34 were

subsequently shown to bind to CFU-F in adult BM [Simmons and Torok-Storb, 1991b].

However, unlike the high level of CD34 antigen expression characteristic of foetal BM

SPC, adult BM SPC express CD34 but at considerably lower levels, at least 1O-fold less

than that exhibited by haemopoietic progenitors in the same sample. ln addition, not all

CFU-F are recovered in the CD34+ fraction which might reflect either inefficient capture of

SPC as a result of low CD34 antigen density or heterogeneity of CD34 expression within

the SPC compartment [Simmons and Torok-Storb, 1991b]. Forthese reasons, and the

fact that the CD34+ cell fraction represents a mixed progenitor cell population, the

selection of CFU-F based on the use of CD34 antibody does not represent the method of

choice for isolating these cells from adult human BM.

Differences in the cell surface expression of haemopoietic and stromal cells have been

observed in various studies providing a means to isolate the two cell populations. For

example, stromal precursor cells can be recovered from human BM aspirates based on

their binding of the lectin, soybean agglutinin which does not bind at detectable levels to

haemopoietic progenitors [Ebell et al, 1985; Sutherland et al, 1989; Simmons and Torok-

Storb, 1gg1bl. Stromal precursorcells can also be partially enriched from unfractionated

human bone marrow aspirates based on their lack of expression of cell surface antigens

characteristic of myeloid, erythroid and lymphoid cells [Simmons and Torok-Storb, 1991a;

1gg1b; simmons et al, 1994b;Van Vlasselaer et al, 1994;Waller et al, 1995b; Rickard et

al, 1g961. The isolation and purification of the CFU-F population in the absence of

accessory cells and mature stromal cells becomes a crucial issue to establish whether all

these cells or only a proportion exhibit a phenotype characteristic of multi-potential

stromal stem cells. The development of antibody reagents with restricted specificity for

SpC would therefore be a significant advance for identifying and isolating pure

populations of human BM SPC.
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1.6.4 Novel Markers ldentified on Human BM SPC

The murine mab STRO-1, previously developed by Simmons and Torok-Storb (1991a),

reacts with as yet an unidentified antigen expressed on approximately 10% of adult

human BMMNC.,Within this minor population are essentially all assayable CFU-F. STRO-

1+ BMMNC are a heterogeneous population, the majority (approximately 90%)of which

comprise late stage glycophorin A+ erythroblasts, together with a minor proportion of

CDlg+ B-cells. CFU-F are restricted to the minor population of STRO-1+ cells which lack

glycophorin A [Simmons and Torok-Strob,1991a]. There was no detectable binding of the

STRO-1 mab to either haemopoietic progenitors (CFU-GM, BFU-E, BFU-Meg, CFU-

GEMM) or to their precursors (pre-CFU) [Simmons and Torok-Storb 1991a; Gronthos and

Simmons unpublished observationsl. The STRO-1 mab was found to bind to the human

erythroleukaemia cell line HEL-DR+ and to Epstein-Barr virus-immortalised B-cell lines

but was not reactive with a range of myeloid and T-lymphoid cell lines including, KG1,

KG1a, HL60, U937, CEM and Jurkat.

Adult BM cells sorted on the basis of STRO-1 expression have previously been shown to

develop into an adherent stromal layer when grown under LTBMC conditions with an

increased capacity to support haemopoiesis in comparison to stroma derived from

unfractionated BM [Simmons and Torok-Storb, 1991a]. The adherent layers derived from

STRO-1+ BM consist of a number of phenotypically distinct stromal cell types including

fibroblasts, smooth muscle cells and adipocytes but lacked the presence of macrophage

and endothelial cells which are readily detected in LTBMC derived from unfractionated

BM [Simmons and Torok-Storb, 1991a].

The murine mab 6-1g (lgG2a) was found to be reactive with an 80 kDa protein expressed

on human neuroblastoma but not with cells in unfractionated blood or bone marrow, using

immunofluorescence and flow cytometric analysis lAbboud et al, 1986; lyer et al, 1990]. 6-

19 mab was found to bind to human bone marrow stroma, endothelial cells, foreskin and

lung fibroblasts. studies were performed where unfractionated human bone marrow was
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incubated with 6-19 and complement before the cells were cultured in erythroid (BFU-E),

myeloid (CFU-GM) and stromal (CFU-F) progenitor cell assays. The growth of

haemopoietic progenitors was unaffected by the 6-19 dependent complement mediated

cytotoxicity. ln contrast almost 100% of the CFU-F were killed, indicating that 6-19 reacted

with stromal precursors. Furthermore, bone marrow cells treated with 6-19 and

complement were unable to establish an adherent stromal layer under LTBMC conditions.

The function and identity of the 6-19 antigen is not known.

The murine mab HOP-26 (lgM) reacts with an unknown antigen with a restricted

distribution pattern during bone formation [Joyner et al, 1997]. ln sections of human foetal

limb HOP-26 binds to cells close to new bone formation in periosteum and between bone

trabeculae. Similarly, in adult trabecular bone tissue, HOP-26 was found to react with a

minor population of cells within the bone marrow spaces but was not expressed on

osteoblasts, adipocytes, fibrous lissue, skin, muscle, appendix, brain, tonsil, or the

osteosarcoma cell lines, MG63 and SAOS. ln addition, the mab HOP-26 reacted with a

minor population of unfractionated BM both at the cell surface and intracellularly.

lmmunopanning experiments demonstrated that the CFU-F population was able to be

isolated from unfractionated BM using HOP-26 coated dishes. The frequency of CFU-F

was increased by 46 fold following immunopanning when compared to unfractionated BM

with approximately 70"/o recovery of the expected total CFU-F population.

A panel of murine mabs (SH-2, SH-3 and SH-4) was previously generated following

immunisation with cultured BM stromal cells [Haynesworth et al, 1992b]. All three mabs

were shown to react with human stromal elements both in vivo and in vitro but were

unreactive with BM derived haemopoietic cells. ln sections of various tissues all three

mabs identified unknown components in the extracellular matrix but fail to react with

active osteoblasts and differentiated osteocytes in sections of bone. The mabs SH-3 and

SH-4 were also found to react with chondrocytes from articular and rib cartilage. However,

the identity of the type of cells that these mabs react with is unknown. Reactivity with SH -
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2, SH-g and SH-4 with CFU-F in aspirates ol BM has not be determined but might be

predicted given that all three mabs identify antigens constitutively expressed on BM

stromal cells in vitro.

The development of the mab SB-10 was based on its reactivity to an antigen identified on

undifferentiated alkaline phosphatase negative stromal elements in the periosteum of

foetal mouse bone [Bruder et al, 1997]. lmmunostaining of various tissues with SB-10

showed reactivity with epithelium of the oesophagus, intestinal serosa, the epidermis of

the skin and the capsule of the adrenal gland. Primary cultures of BM stromal cells, bone

cells derived from trabecular bone chips, and the osteosarcoma cell lines MG63 and

U2OS were all found to constitutively bind SB-10. lt remains to be determined whether the

mab SB-10 can identify CFU-F in aspirates of human bone marrow. Peptide sequence

analysis was performed following purification of the SB-10 antigen (approximately 99 kDa)

and was subsequently used to clone the cDNA encoding the SB-10 antigen [Bruder et al,

1993al. Analysis of the sequence data demonstrated homology with human activated

leukocyte-cell adhesion molecule (ALCAM). The ALCAM molecule is a member of the lg

superfamily and is a ligand for the CD6 antigen expressed on lymphoid cells and therefore

may play a role in cell migration andior homing of haemopoietic cells.

1.6.5 Osteogenic Progenitors in Bone Tissue

Various methods have been developed for the isolation and culture of cells from

osteogenic tissue at different stages of skeletal development, for a variety of different

species including humans [Beresford et al, 1984; 1986; Auf'mkolket al, 1985; Ashton et

al, 1g85; Robey and Termine 1985; Bellows et al, 1986; Koshihara et al, 1987;

Gerstenfeld et al, 1987; Lomri et al, 1988; Marie et al, 1989;Owen et al, 1990;Johansen

et at, 1992; yao et al, 1994; Boss et al, 1996; Gallagher et al, 19961. Collectively, these

studies have demonstrated that cells isolated from bone display an osteoblast-like

phenotype, under various culture conditions, characterized by the expression of different

bone-relafed markers such as COL-1, AP, ON, OP, BSP, PTH-R' However, bone cell
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cultures are thought to be comprised of a mixed population of osteogenic cell types,

representative of different developmental stages. The identification of osteogenic

precursor cell populations in these cultures has been difficult mainly due to the choice of

an appropriate model system. To complicate matters, differences in the properties and

behaviour of osteogenic cells have also been observed due to age-, species-, and sex-

related differences, and in their responsiveness to hormones and growth factors in vitro

lTsujiet al, 1990; Fedarko et al, 1992; Pfeilschifter et al, 1993; Shigeno and Ashton, 1995;

euarto et al, 1995;Gerstenfeld et al, 1996;Davis et al, 1997; Depollack et al, 1997; lshida

and Heersche, 19971. There is also evidence that even within the same organism

osteogenic cells isolated from different anatomical sites may not be functionally equivalent

[Kasperk et al, 1995; Rawlinson et al' 1995].

ln analogy with the marrow system, studies have identified osteoprogenitor cells isolated

from bone fragments by their capacity to develop an osteogenic tissue when transplanted

into ectopic sites of recipient animals [Simmons et al, 1982; Yamamoto et al' 1991;

Nakahara et al, 1991;Gundle et al, 19951. ln addition, bone derived osteoprogenitors

have the ability to form a mineralized bone-matrix following stimulation for several weeks

in the presence of ascorbate, B-glycerophosphate with or without the addition of

dexamethasone [Sudo et al, 1983; Ecarot-Charrier et al, 1983; Nefussi et al, 1985;

Bellows et al, 1g86; 1987; 1991;Koshiharaet al, 1987;Gerstenfeld et al, 1987;Beresford

et al, 1g93; Gallagher et al, 19961. The in vitro formation of a three-dimensional

mineralized matrix throughout the cultures was found to resembled new or woven bone in

vivo and was shown to be associated with collagen fibrils [Bellows et al, 1987; Bhargava

et al, lgBB; Ecarot-Charrier et al, 1988; Gerstenfeld et al, 19881. Nodule formation in

rodent bone cultures was also comparable to the development of mineralized nodules in

cultures of rodent BM stromal cells as described above [Maniopoulos et al, 1988]. The

nodules were shown to contain a small number of viable cells (approximately 100 cells)

resembling osteoblast-like cells at the surf ace and osteocyte-like cells inside the nodules.

ln addition, each nodule is believed to be derived from the proliferation and differentiation
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of a single osteoprogenitor cell [Bellows et al, 1986; 1987; Bhargava et al, 1988]. The

authors in one study were able to measure the number of osteoprogenitors in a given cell

population isolated from foetal rat calvaria, by demonstrating a linear relationship between

the number of cells plated and the number of bone nodules formed. Using Poisson

distribution statistics, it was calculated that there is approximately 1 osteoprogenitor per

OO0 cells of the total cell population in cultures derived from foetal rat calvaria under

standard growth conditions [Bellows and Aubin, 1989]. To date, the osteoprogenitor cells

in rodent and human bone cell cultures have yet to be fully characterized.

Subsequent studies demonstrated that there exists at least two populations of nodule

forming osteoprogenitors in primary cultures derived from foetal rat calvaria. The

predominant osteoprogenitor population was found to express the cell surface marker AP

as demonstrated by immunoselection using mabs specific for AP [Bellows et al, 1990;

Turksen and Aubin, 1991; Herbertson and Aubin, 19971. The majority of these cells were

capable of forming nodules in vitro in the absence of glucocorticoids such as

dexamethasone. A second osteoprogenitor population lacked expression of AP was also

identified where nodule formation was found to be dependent on the presence of

dexamethasone. ln addition, the proliferative and differential potential of nodule forming

osteoprogenitor cells was found to decrease with successive passages, demonstrating

that this cell population has a limited capacity for self-renewal in vitro IMcCulloch et al,

1gg1l. These studies are therefore consistent with the existence of a hierarchy of

osteogenic differentiation in bone cell cultures: according to the expression of AP, where

the AP negative osteoprogenitors appear to be the more primitive progenitor population.

Comparative studies have shown that rat bone cultures contain more AP positive

osteoprogenitors when compared to rat bone marrow cultures, demonstrating differences

in the frequency of early osteoprogenitor cells at different anatomical sites [Bellows et al,

1990; Turksen and Aubin, 1991;Herbertson and Aubin, 19971. Overall, osteogenic

precursor cells therefore appear to display similar characteristics and cellular properties to

osteoprogenitors isolated from bone marrow aspirates.
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ln analogy with the capacity of various mouse embryonic and bone marrow cell lines to

form bone, cartilage, fat and muscle in the presence of 5-azacytidine [Constantinides et

a1,1977;Taylor and Jones 1979; 1982; Umezawa et al, 1992; l, cloned rodent cell lines

derived from osteogenic tissue could also be induced to form muscle, fat, cartilage and

bone in vitro [Grigoriadis et al, 1988;Yamaguchi and Kahn, 1991]. Together these data

provide circumstantial evidence that there exists multi-potential progenitors within

osteogenic and non osteogenic tissues with the capacity to differentiate into various

functional mature stromal cell types. Recently, one study has identified a stromal

progenitor population present in stromal cultures prepared from foetal rat periosteum.

FACS analysis demonstrated that these cells had low perpendicular and forward light

scatter properties and were found to be in the G 1 and S phases of the cell cycle [Zohr et

al, 1g971. The putative SPC population, referred to as S-cells, lacked the expression of

the differentiation markers; collagen types l, ll, lll, osteopontin, alkaline phosphatase and

the adhesion molecule CD44 lZohr el al, 19971. Furthermore, when the S-cells were

cultured under conditions permissive for osteogenic differentiation, they were found to

express all the above markers and demonstrated an enhanced ability to develop von

Kossa positive mineralised nodules in vitro, in comparison to other cell fractions. ln

addition, the S-cells demonstrated the ability to develop cartilage, adipocyte and smooth

muscle phenotypes in vitro, based upon histochemical and immunological criteria.

However, the presence of bi- or multi-potential stromal progenitors in cell cultures derived

from human osteogenic tissue remains to be determined.
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1.7 oBJECTIVES

Thus far this thesis has reviewed studies which have focussed in large part on the

phenotypic characteristics and properties of bone and bone marrow stromal cells and their

precursors. There is clearly a need to develop more specific reagents and cell isolation

procedures in order to aid in the identification and purification of stromal precursor cells in

order to properly study their biology. The present thesis examines the characteristics of

the STRO-1 antigen and examines the utility of the STRO-1 antibody reagent as a means

fo)isotate and purify human BM SPC. The thesis also aims to determine the properties of

-SpC 
in particular: the growth requiremenls of SPC in vitro;the morphologicalfeatures and

immunophenotype of SPC; the gene expression pattern of stromal lineage-restricted

markers; the developmental potential of purified SPC in respect to their ability to form

bone and other stromaltissues both in vitro and in vivo'

The second series of studies in this thesis were designed to characterise normal human

bone cells (NHBC) in vitro, by firstly examining their integrin expression patterns and

adhesive properties to various extracellular matrix proteins. Moreover, the feasibility of

using cultured bone cells as an in vitro model of human bone cell development was

investigated by identifying NHBC at various stages of differentiation, based on the cell

surface expression of the STRO-1 and alkaline phosphatase antigens. lsolation of

phenotypically distinct bone cell subpopulations would be subjected to further analysis of

their osteogenic commitment, based both on their expression of bone-associated matrix

proteins and the osteogenic transcription factor CBFA1 and by the ability of each

subpopulation to form a mineralized bone matrix in vitro'
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CHAPTER TWO: MATERIALS AND METHODS

2.1 SUBJECTS AND SPECIMENS

2.1.1 Bone Marrow SPecimens

Fresh bone marrow (BM) aspirates from the iliac crest and the sternum and peripheral

blood (PB) samples were obtained from normal adult volunteers (20-35 years old) with

their informed consent on the established normal donor program of the Leukaemia

Research Unit in the Hanson Centre for Cancer Research, Adelaide, South Australia.

Bone marrow mononuclear cells (BMMNC) and peripheral blood mononuclear cells

(PBMNC) were routinely obtained on a Lymphoprep gradient (S.G. 1.077 glml) (Nycomed,

Oslo, Norway) by centrifugation at 4OO x g for 30 min. The light density interface cells

were removed and then washed twice in lF buffer (section 2.5.1a), by centrifugation at

4OO x g for 5 min at 4oC. The cell pellet was resuspended in fresh lF butfer and left to

incubate on ice before being used for cellculture and/or immunological studies.

2.1.2 Normal Human Bone Cells

pieces of trabecular bone from the tibia and the femoral head of normal individuals (30-75

years old) were generously supplied by Dr. S.E. Graves during routine knee and hip

replacements performed in the Department of Orthopaedic Surgery and Trauma at the

Royal Adelaide Hospital, South Australia. The bone chips were cut with a sterile scalple

into small pieces of approximately 4 mm2 then washed vigorously three times in PBS

(section 2.2.1b) to remove the non-adherent hematopoietic component. The bone chips

were then cultured as described in section 2.2-2d.

2.2CELL CULTURE

All tissue culture was performed in Class 2 "biohazard" laminar flow hoods (Gelman

Sciences). Cell cultures were incubated at 37"C (Forma Scientific air incubator), in an

atmosphere containing 5% COZ in air to maintain pH 7.0, and a relative humidity ol 97"/".
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Cell densities and viabilities were determined using a haemocytometer and trypan blue

dye exclusion by incubating the cells in 0.41" trypan blue (w/v) in phosphate buffered

saline (PBS) and then counting the cells using a light microscope.

2.2.1 General Buffers and BasalMedia

Tissue culture solutions were made with Milli-Q water prepared by further purifying the

Milli-RO water through two beds of ion exchange resins, a carbon filter and an organic

filter using a Milli-QFPLUS sysls¡ (Millipore Corp., USA). Solutions and buffers were

subsequently sterilised by autoclaving 130oC lor 20 min or filter sterilisation as indicated

or filter sterilized using either a sterivex GS 0.22 mm filter system (Millipore Corp.), bottle

filter (Corning, USA), Spin-X filter, (Costar, MA, USA) or by 0.22 mm ministart filters

(Sartorius, Germany). Following buffer preparation, all solutions were stored al4'C, -20"C

or -80'C as indicated.

(a) Hank's Balanced Salt Solution (HBSS)

Single strength Hank's balanced salt solution (HBSS: Ca2+- and Mn2+{ree), consisted of

0.14 M NaCl (BDH Chemicals), 5 mM KCl, 0.3mM Na2HPO4.12H2O,0.4 mM KH2PO4'

4.2mM NaHCO3 (BDH),5.5 mM glucose, 1% Phenol Red in 0'1 M NaOH (M&B' UK)

dissolved in Milli-Q water and buffered with 20 mM N-2-Hydroxyethylpiperazine N'-2-

ethaneslphonic acid pH7.2 (HEPES: Boehringer-Mannheim, Australia). The HBSS was

subsequently autoclaved-sterilised as above.

(b) Phosphate Buffered Saline (PBS)

Single strength PBS (C¿2+- and Mn2+-free) comprised 0.14 M NaCl (BDH Chemicals), 3

mM KCI (BDH Chemicals), I mM Na2HPO4.12H20 (BDH Chemicals), and 1 mM

K12PO4 (BDH Chemicals) dissolved in Milli-Q water. The pH was adjusted to 7.4 with 1

M HCI prior to sterilisation by autoclaving.
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(c) Roswell Park Memoriallnstitute Medium (RPMI-1640)

Single strength RPMI-1640 (Life Technologies, Glen Waverley, Victoria, Australia) was

prepared by dissolving one RPMI-1640 sachet into 970 mls of Milli-Q water. The medium

was supplemented with penicillin (100 i.u./ml) (CSL, Melbourne, Australia), streptomycin

(100 pg/mt) (G|BCO BRL) and buffered with 10 mM HEPES and27 mls of 7.5'/. (wlv)

NaHCO3 and subsequently filter-sterilised and stored at 40C

(d) Dulbecco's Modified Eagles Medium (DMEM)

Single strength DMEM (GIBCO BRL, USA) was prepared by dissolving one sachet of

DMEM powder into 940 mls of Milli-Q water. This was supplemented with penicillin (100

i.u./ml), streptomycin (100 ¡rg/ml) and buffered with 10 mM HEPES and 52 mls of 7.5%

(wtu) NaHCOg (BDH). The medium was then filter-sterilised and stored at 4oc.

(e) Alpha Modification of Eagle's Medium (cl-MEM)

Single strength a-MEM (with glutamine, without sodium bicarbonate; Flow Laboratories,

lrvine, Scotland) was prepared by dissolving one sachet into 960 mls of Milli-Q water

supptemented with penicillin (100 i.u./ml), streptomycin (100 tlg/ml) and buffered with 26

mls of T5% (wN)sodium bicarbonate. The medium was filter-sterilised and stored at 4oC.

2.2.2Cell Culture Of Primary Tissues

Serum lots of foetal calf serum (FCS: batch 593; GIBCO BRL, Victoria, Australia), bovine

serum albumin (BSA:Cohn fraction V; Sigma, St Louis, MO) and horse serum (HS, batch

g100SO0-3; Cytosystems) were selected following extensive batch testing for optimal

clonal growth of haemopoietic progenitor cell colonies and proliferation of primary stroma

precursors (CFU-F).

(a) BM CFU-F Clonogenic Assay (Serum RepletQ

Details of this procedure have been described elsewhere [Gronthos and Simmons, 1995;

Gronthos et al, 19981. Single strength cr-MEM was supplemented with 20% (vlv) FCS' 2
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mM L-glutamine (LifeTechnologies) and p-mercaptoethanol (5 x 105 M). The medium

was filter sterilised and stored at 4oC. BMMNC or STRO-1 + sorted cells (0.1 to 1.0 x 105

cells/ml) were cultured in triplicate wells (6-96-well plates; NUNC, lntermed, Roskilde,

Denmark) and incubated at 37oC in 5/" COZlor 14 days. Day 14 cultures were washed

twice with warm BPMI-1640 and then fixed for 20 min in 1% (w/v) paraformaldehyde in

pBS (BDH Chemicals). Once fixed the cultures were stained with 0.1% (w/v) toluidine

blue (in 1% paraformaldehyde solution) for t hr then rinsed out in tap water. Aggregates of

greater than 50 cells were scored as CFU-F using an Olympus SZ-PT dissecting light

microscope (Olympus Optical Co. Ltd., Tokyo, Japan). Colony size was also determined

by measuring the diameter (mm) of day 14 CFU-F with the use of a graded monocular

eye piece and a standard graticule.

(b) BM CFU-F Clonogenic Assay (Serum Deprived)

This method is a modification of the serum deprived medium (SDM) developed for the

growth of haemopoietic progenitor cells [Migliaccio et al, 1988; Lansdorp and Dragowska'

19g21 and was adapted forthe growth of stromal progenitors [Gronthos and Simmons,

19951. Single strength a-MEM was supplemented with 1o¡rg/ml bovine pancreas derived

insulin (Sigma), 2/" (wlv) BSA, 4 pg/ml human low density lipoprotein (LDL: Sigma,

L121139), 2OO ¡^tg/ml iron saturated human transferrin, 2 mM L-glutamine,

dexamethasone sodium phosphate ('10€ M) (DEX: David Bull Laboratory, Sydney,

Australia), 1OO FÀ/ L-ascorbic acid-2-phosphate (ASC-2P: Novachem, Melbourne,

Australia), p-mercaptoethanol (5 x 105 M), 1O ng/ml platelet derived growth factor-BB

(PDGF: Pepro Tech lnc., Rocky Hill, NJ) and lOngiml epidermal growth factor (EGF:

Sigma). The SDM was made fresh as required and was filter sterilised prior to its use. Cell

culture vessels (6 to 96-well plates; NUNC) were pre-coated with purified fibronectin

(Boehringer Mannheim, Germany) diluted in PBS to give a final coating concenlration of 5

¡tglcmz surface area for 90 min at RT. Following this the fibronectin solution was pipetted

off, and the vessels were then rinsed once with PBS. BMMNC or STRO-1+ sorted cells

(0.1 fo 1.0 x 105 cells/ml) were cultured in triplicate and incubated at 37oC in5"/"CO2for
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14 days. Day 14 cultures were washed twice with warm RPMI-1640 and then fixed tor 20

min in 17o paraformaldehyde (in PBS). Atter fixation the cultures were stained with 0.1 %

toluidine blue (in 1% paraformaldehyde solution) for thr then rinsed out in tap water.

Aggregates of greater than 50 cells were scored as CFU-F using an Olympus SZ-PT

dissecting light microscope (Olympus Optical Co. Ltd., Tokyo, Japan). Colony size was

also determined by measuring the diameter (mm) of day 14 CFU-F with the use of a

graded monocular eye piece and a standard graticule.

Other growth lactors/ cytokines used in this study include: Recombinant Human (rHu-)

basic fibrobtast growth factor (bFGF: GIBCO BRL); rHu-long R3 insulin{ike growth factor-

1 (lGF-1 : Gro Pep Pty Ltd, Adelaide, Australia); interleukin-1 beta (lL-1 b), tumor necrosis

factor alpha (TNFa), vascular endothelial cell growth factor (VEGF), stem cell factor

(SCF) (Pepro Tech lnc., Rocky Hill, NJ); rHu-interleukin-3 (lL-3), interleukin-6 (lL-6),

interleukin-g (lL-9), interleukin-11 (lL-11), granulocyte-macrophage-colony stimulating

factor (GM-CSF), macrophage-colony stimulating factor (M-CSF), transÍorming growth

factor beta (TGFB), macrophage inflammitory protein-1 alpha (MlP-1ct), leukaemia

inhibitory factor (LlF), bone morphogenic protein-2 (BMP-2) (Kindly donated by Dr' S'

Clark, Genetics lnstitute); rHu-interleukin-4 (lL-a), interleukin-7 (lL-7), interferon gamma

(lFNv), Human growth factor (HGF), Leptin (Genzyme Corp., Cambridge, MA); rHu-

granulocyte-colony stimulating factor (G-CSF) (R & D Systems, Minneapolis, MN); rHu-

interleukin-g (lL-B: Dr W. Smith, Human lmmunology, H.C'C.R.); rHu-interferon alpha 2a

(lFNç1 2a: Roche Ltd.); purified mouse nerve growth factor (NGF: Kindly donated by Dr. B.

Rush, Flinders Medical Centre, Adelaide, Australia).

(c) Osteo-induction of BM CFU-F In Vitro

This method is a modification of two different procedures [Maniatopoulos et al 1988;

Matsumoto et al 19911 adapted and optimised for human bone marrow cells [Gronthos et

al, 19941. STRO-1 + sorted BMMNC (1 x 103 cells/cm2 culture flask; Corning, USA) were

cuttured in standard OFU-F growth medium (2.4.1) with Asc-2P (100 rrg/ml) al37oc, 5"/"
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6p2. After 7 days the culture medium was switched to osteo-inductive medium consisting

of single strength a-MEM supplemented with 1O% FCS,2 mM L-glutamine, DEX (10€M),

100 ¡rg/ml ASC-2P, 1.8 mM KHZPO¿, (BDH Chemicals) to give a final phoshate

concentration of 2.9 mM, and 10 mM Hepes. The medium was filter sterilised and stored

at 4oC. Cultures were fed three times a week for up to six weeks and then sacrificed for

gene expression studies, osteocalcin measurements, electron microscopy and light

microscopy studies,

(d) Culture of Normal Human Bone Cells (NHBC)

Explants of trabecular bone from normal individuals were cultured as described previously

[Gronthos et al, 1997]. Bone chips prepared as described in section 2.1.2 were

suspended in a-MEM supplemented with 10% foetal calf serum, 2 mM L-glutamine and

100 ¡r,M ASC-2P and distributed (10-12 piecesfflask) into each of six 75 cm2 tissue-culture

flasks (Corning) per sample. Cultures were incubated at 37oC in 5/" COZ with complete

medium changes every 7 days for two weeks followed by complete medium changes

three times a week for a further 2 lo 4 weeks. Cells were harvested by

col I agen ase/d ispase di g estio n (Section 2.3.2).

(e) Culture of Human Umbilical Vein Endothelial Cells (HUVEC)

HUVEC were generously provided by Dr J. Gamble, (Division of Human lmmunology,

Hanson Centre for Cancer Research, Adelaide, South Australia) as single cell

suspensions. Primary cultures of HUVEC were grown in M199 medium suplemented with

1O% FCS, 2 mM L-glutamine, heparin sulfate (0.08 units/ml) and EGF (20 ng/ml). The

medium was filter sterilized and stored at 4oC and the HS and GF were added prior to

culture. The cultures were fed twice a week by complete media changes. Cells were

harvested by trpsin digest (Section 2.3.1).
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2.2.3 Maintenanoe of Cell Lines

Prior to use, all cell lines used in these studies were shown to be mycoplasma{ree using

the Gen-Probe Mycoplasma TC Rapid Detection System (Gen-Probe lnc., San Diego,

CA, USA). Adherent and non-adherent cell lines were subcultured, every 2 to 3 days, to

ensure maintenance of a logarithmic phase of growth, approximately 2x105 cells per ml

for non-adherent lines and 2x105 cells per 25 cm2 flask for adherent lines after trypsin

digestion (Section 2.3.1).

(a) Retroviral Packaging Cell Line (P4317)

The murine fibroblastic, amphotropic virus-packaging cell line, P4317 was obtained from

the American Type Culture Collection (ATCC: Rockville, MD), and was maintained in

DMEM supplemented with 1O% FCS and 2mM L-glutamine. Cultures were harvested by

trypsin detachment (Section 2.3.1). The medium was filter sterilized and stored at 4oC

untilrequired.

(b) Adherent StromalCell Lines

The human osteosarcoma cell lines (MG63, HOS and SAOS) and the murine bone

marrow stromal cell line (BMS2) were kindly provided by Dr. Karina Stewart (Bath lnstitute

of Rheumatic Diseases, Bath, U.K.). The human foreskin fibroblast cell line (HFF-2) was

generated by Dr. P.J. Simmons and the mouse osteoblast-like cell line (ST2) was kindly

provided by Dr. David Findlay (Department of Orthopaedic Surgery and Trauma, Adelaide

University, Adelaide, S.4., Australia). All cell lines were maintained in a-MEM medium

supplemented with 1O% FCS, 2 mM L-glutamine and 100 pM ASC-2P. The medium was

filter sterilised and stored at 4oC. Cells were harvested by trypsin detachment'
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2.3 ENYMATIC RELEASE OF ADHERENT CELLS

2.3.1 Trypsin-EDTA Digest

Trypsinisation solution consisted of 0.05% (w/v) trysin (Difco, USA) and 0.5 mM EDTA in

sterile PBS. The trypsin was firstly pre-warmed in a 37oC water bath. During this period

the medium from the adherent cell cultures was removed and the cells rinsed once in

sterile PBS. After aspirating off the PBS, the trypsin solution was added to the cells (1 ml

per 25 cm2 surface area). The cultures were placed in a 37oC incubator for 5 min to

detach the cells. The trypsin was inactivated in the presence of FCS by washing the cells

twice in lF buffer.

2.3.2 C oll agen ase/D ispase D i gest

Adherent cell cultures were washed in PBS as described in section 2.4.1.Ihe cells were

then incubated in a pre-warmed solution of collagenase (3 mg/ml in PBS) (Collagenase

Type l; Worthington Biochemical Co., Freehold, NJ) and dispase (4 mg/ml in PBS)

(Neutral Protease Grade ll; Boehringer Mannheim, GMBH, W' Germany) (1 ml per 25

cm2 surface area) for 60 min at 37oC. Single cell suspensions were then washed twice in

lF buffer.

2.4 CRYOPRESERVATION

2.4.1 Cryopreservation of Cells

primary cells and cell lines were cryopreserved in the presence of 10% analytical grade

dimethyl sulphoxide (DMSO: BDH Chemicals) to prevent the crystallisation and fracturing

of the cell membranes. Cells were harvested at log phase and resuspended at 0.5-1x107

cells/ml in cold lF buffer. Adherent cell lines were enzymatically digested as described

above to generate a single cell suspension. The cells were suspended in a volume of neat

FCS to give a cell concentration ol 2 X rc7 'mt, then left to incubate on ice for 15 min'

lmmediately prior to freezing, an equal volume of freezing mix (20"/" DMSO, 80% FCS),
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pre-cooled on ¡ce, was added dropwise to the cells with mixing over approximately 2-5

min to give afinal cell concentration of 1 x 1O7.ml. The cell mixture was aliquoted into

cryopreservation ampoules (Nunc, lntermed, Roskilde, Denmark) and control-rate

cryopreserved in a control rate freezer (KRYO 1O series) at 1oO/min from SoC to -12oC,

4oClmin from -12oC to -2OoC,OoC for 5 min, at 1oC/min from -2OoC to -40oC and

Ooo/m¡n f rom -40oC to -BO'C. The vials were then transferred to liquid nitrogen storage (-

196oc).

2.4.2 Thawing Cryopreserved Sam ples

The appropriate medium for the cell type was prewarmed to 37oC. Following rapid

thawing in a 37"C water bath, the sample was subsequently transferred to a 50 ml

polypropylene tube (Falcon; Becton Dickinson, Linkon Park, NJ), containing the

appropriate medium pre-cooled at 4oC. The sample was then washed twice by

centrifugation at 200 x g for 5 min at 4oC to remove any residúal DMSO prior to culturing.

2.5 IMMU NOLOGICAL STUDIES

2.5.1 General Buffer and Fixatives

(a) lmmunofluorescence Buffer (lF Buffer)

Single strength HBSS was suplemented with 5% FCS. The buffer was filter sterilized and

stored at 4oC.

(b) Blocking Buffer For Flow Cytometric Analysis

Single strength HBSS was supplemented with 1O% w/v BSA, 1O/" (vlv) normal human

serum (NHS: Red Cross, Adelaide, South Australia) and 5% FCS. The buffer was filter

sterilised and stored at 4'C.
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(c) Magnetic Act¡vated Cell Sorting Buffer (MACS)

Single strength Ca2+ and Mn2+ free PBS was supplemented with 1% BSA, 5 mM

ethylenediaminetetra-acetic acid (EDTA: BDH Chemicals)and 0.01% sodium azide (BDH

Chemicals). The buffer was filter sterilised and stored at 4'C.

(d) Flow Cytometry Fixative (FACS FIX)

Single strength PBS was supplemented with 1% (vlv) formalin (formaldehyde, ACE

Chemical Company, Adelaide, Australia), 2% (wlv) g D-glucose (AJAX Chemical

company), 0.01% sodium azide (sigma). The buffer was stored al4'c.

2.5.2 One-Colour Flow Cytometric Analysis using lndirect lmmuofluorescence

This procedure has been reported previously [Gronthos et al 1998]. The following method

describes the dection of cell surface antigens and can be applied to non-adherent cells

and single cell suspensions of adherent cells detached by enzymatic digestion. Cell

suspensions were resuspended in blocking buffer and incubated for 30 min on ice to block

non-specific binding to Fc receptors. Approximately 2x107 cells (for cell sorting) and 2 x

105 cells (for phenotypic analysis) were pelleted in 12 ml and 4 ml polypropylene tubes

(NUNC) respectively and resuspended in 50-2OO¡.rl of the monoclonal antibody (Mab)

supernatant or 20 ¡rg/ml of purified antibody for'1hr on ice. Control tubes, (2 to 5 x105

cells/tube) were reacted with the appropriate mouse monoclonal isotype negative control

antibodies (Table 3) under the same conditions. Following this, the cells were washed in

lF buffer and the second layer antibodies were added in a final volume of 100 ¡l

consisting of either goat anli-mouse lgM (¡"r-chain specific) or lgG (y-chain specific)

conjugated to either f luorescein isothiosyanate (FITC) or phycoerythrin (PE) (1/50 dilution)

(Southern Biotechnology Associates, Birmingham, AL). The cells were then incubated for

45 min on ice, and subsequently washed twice in lF buffer. Cells stained for flow

cytometric analysis only were resuspended in 500 prl of FACS FIX solution. Flow

cytometric analysis was performed using the EPICS-PROFILE ll (Coulter, Hialeah, FL)

flow cytometer while fluorescence aclivated cell sorting was conducted using the
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Table 3. List of antibodies used in this study

ANTIBODY: ISOTYPE

lDilution)

SPECIFICITY SOURCE

STRG1:mlgM (1/2)

6-19:mlgG2 (1/50)

Erythroid & Stromal cells,

CFU-F, Endothelial cells

Neuroblastoma, CFU-F,

Stromal & Endothelial cells

T-cell receptor complex (CD3)

Endopeptidase (CD10)

Aminopeptidase (CD13)

gp55/monocytes (CD14)

lntegrin p2(CD18)

gp/95 B-cells (CD19)

8p35, B-cells (CD20)

lntegrin p 1 (CD29)

lntegrin p1(CD29)

PECAM-1 (CD31)

9p67, Myeloid (CD33)

Sialomuscin CD34

9p45, Lymphocytes (CD38)

H-CAM (CD44)

Leukocyte antigen (CD45)

lntegrin CD49a/CD29

lntegrin CD49b/CD29

lntegrin CD49c/CD29

lntegrin CD49d/CD29

lntegrin CD49e/CD29

lntegrin CD49VCD29

lntegrin CDS1

lntegrin CD51/CD61

lntegrin avÞ5
lntegrin p3(CD61)

Dr. P. Simmons 1

Dr. C FranlzZ

BD3

Coulte14

Coulter
BD

Dr. P Battys

BD

BD

Dr. W. Carter6

Dr.J. GambleT

Dr. L. AshmanS

BD

Serotec9

BD

Telios 1o

Coulter

ATCCI 1

ATCC

Dr. E. Wanerl2
Telios

Prof. R. Atkinsl3
Serotec

Dr.J. Gamble

Serotec

Serotec

DAKO14

Leu4:mlgG1 (1/10)

J5-RD1 : mlgG2¿ (1/10)

MY7:mlgG1 (1/10)

Leu-M3: mlgG25 (1/10)

AntiGDlS : mlgGl (1/100)

Leul2: mlgGl (1/10)

81:mlgG1 (1/10)

P4C10: mlgGl (1/a)

61.2C4= mlgGl (1/50)

B2B1: mlgGl (1/a)

Leu-M9:mlgG1 (1/10)

QBEN-I0:mlgG1 (1/10)

Leu-l7:mlgG1 (1/10)

PlGl2:mlgG1 (1/a)

KC56:mlgG1 (1/10)

HB.245:mlgG1 (1:4)

ACl1:mlgG1 (1/50)

Pl85:mlgG1 (1/a)

P4G9:mlgG1 (1/a)

PHM2:mlgG1 (1/500)

4F10:mlgG25 (1/a)

P3G8:mlgG1 (1/a)

2Cíl6:mlgG1 (1/a)

PH59:mlgG1 (1/ )

Y2151: mlgGl (1/a)
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Table 3. List of antibodies used in this study, continued

ANTIBODY: ISOTYPE

(Dilution)

SPECIFICITY SOURCE

HLA-DR:mlgG-PE (1/10)

HCC-I:mlgM (1/2)

GMP-I¿10:mlgGt (1/a)

Dreg-56:mlgG1 (1/a)

Leu-8:mlgG1 (1/10)

19:mlgG1 (1/10)

F15.42: mlgGl (1/100)

6G10:mlgGt (1/a)

YB5-88:mlgG1 (1/4)

7H6:mlgG1 (1/4)

AA6: mlgG 1 (la)
12.2D6.2C7 : rlgG ( 1 /20)

Abl:mlgG1 (1i5)

ME20-4:mlgG1 (1/10)

AnIIPDGF-AB : glgG (S0¡tg/ml)

AntiPDGF-R: mlgG 1 (1/50)

AntiEGF : glgG (50p9/ml)

AntiEGF-R : mlgGl (1/50)

K35-1 Hl 1-9-7: mlgGl (1/5)

M-38:mlgG1 (1/100)

CllOl : mlgG2¿ (1/100)

WVIDI (9C5): mlgG2¿ (1/100)

AON-1: mlgG3 (1/100)

886: mlgG2a (1/10)

B4-78: mlgGl (1/100)

S-endo 1: mlgGl (1/10)

Factor Vlll: rlgG (1/1000)

QBEN-4O:mlgG1 (1/10)

MHC Class llantigen

cD59
P-Selectin (CD62P)

L-Selectin (CD62L)

E-Selectin (CD62E)

Transferrin-R (CD71)

THY-1 (CDeO)

vcAM-1 (CD106)

c-kit (CD117)

Stem Cell Factor

Glycophorin-A

CSF-1-Receptor, c-fms

IGF-1-Receptor

NGF-Receptor

hPDGF-AA, -AB, -BB

PDGF-Receptor-cl

hEGF

EGF receptor

Leptin Receptor

Collagen (pro) type I

Collagen type ll

Bone sialoprotein ll

Osteonectin

PlacentalAlk. Phos.

Bone/liver Alk. Phos.

MUC-18 (CD146)

Von Willebrand Factor

Thrombomodulin

BD

Dr. P. Simmons

Dr. M. Berndtl5

Dr. J Gamble

BD

DAKO

lmmunotechl6

Dr. B. MasinovskilT

Dr. L. Ashman

Amgen 18

Dr. L Ashman

Dr. C. Sherrl9
Oncogene Science2o

Amersham2l

ug22
Genzyme2S

UBI

Genzyme

Dr. D.J. Hilton24

DSHB25

DSHB

DSHB

DSHB

DAKO

DSHB

Dr. J Sampol26

DAKO

Serotec

Continued...



Table 3. List of antibodies used in this study, continued.

ANTIBODY: ISOTYPL
(Dilution)

SPECIFICITY SOURCE

144: mlgG2a (1/100)

Ki67:mlgG1 (1/10)

Negative Control Mabs

3D3:mlgG1 (1/4)

1A6.11: mlgG26 (1/4)

146.12:mlgM (1/4)

1D4.5:mlgGZa(1/4)

mlgG3 (1/10)

mlgGl-FITC (1/10)

cr-smooth muscle actin

Cellcycle antigen

(Gt, S, M, & G2)

Anti-Salmonella

Anti-Salmonella

Anti-Salmonella

Anti-Salmonella

Anti-Aspergillus

Anti-Aspergillus

Sigm¿28

DAKO

Dr. L Ashman

Dr. L Ashman

Dr. L Ashman

Dr. L Ashman

DAKO

DAKO

(1) Dept. Haematology, H.C.C.R., l.M.V.S, Adelaide South Australia; (2) Dept. Medicine,

University of Rochester, NY USA; (3) Becton Dickinson, Knoxfield, Melbourne, Victoria

Australia; (4) coulter lmmunology, Hialeah, Florida, usA; (5) Fred Hutchinson cancer

Research Center, Seattle WA USA;(6) Fred Hutchinson Cancer Research Center, Seattle

WA USA;(7) Dept. Human lmmunology, H.C.C.R., l.M.V.S, Adelaide South Australia;(8)

Dept. Haematology, H.C.C.R., LM.V.S, Adelaide South Australia; (9) Serotec, Oxford

England; (10) Telios Pharmaceuticals lnc., San Diego CA USA; (11) American Type

Culture Collection Rockville, MD USA; (12) University of Minnesota Medical School, St.

paul MN USA; (13) Monash Medical Cenlre, Melbourne Victoria, Australia; (13) Dept.

Human lmmunology, H.C.C.R., l.M.V.S, Adelaide South Australia;(14) DAKOPATTS A/S,

Glostrup, Denmark; (15) Baker Research lnstitute, Melbourne Victoria; (16) lmmunotech,

coutter corp., Miami FL usA; (17) FCOS Corp., Seattle WA USA; (18) Amgen lnc.,

Thousand Oaks CA USA; (19) St. Jude Children's Research Hospital, Memphis, TN USA;

(20) Oncogene Science lnc., Manhasset, NY USA; (21) Amersham, Birmingham England;

(22) Upstate Biotechnology lnc., Lake Placid NY USA;(23) Genzyme Corp., Cambridge,

MA USA; (24);The Walter and Eliza Hall lnstitute of Medical Research, Parkville, Victoria

Australia; (25) Developmental Studies Hybridoma Bank, University of lowa, lA USA; (26)

CRTS, Marseilles, France; (27) Dept. Haematology, Westmead Hospital, NSW Australia;

(28) Sigma Chemical Co., St. Louis MO USA.



FACSIaTPLUS lBecton Dickinson, Sunnyvale, CA) flow cytometer in the Department of

Haematology of the Hansen Centre for Cancer Research, Adelaide, South Australia. Cells

were maintained at ¿oC throughout the cell sorting procedures. Positive expression was

defined as the level of fluorescence greater than 99% of the corresponding isotype

matched control antibodY.

2.5.3 Two-Colour Flow Cytometric Analysis using lndirect lmmuofluorescence

This procedure has been reported previously [Gronthos et al, 1988]. Briefly BMMNC were

resuspended in blocking buffer and incubated for 30 min on ice. Approximately 2x107

cells (for cell sorting) and 2 x 105 cells (for phenotypic analysis) were pelleted in

polypropylene tubes and resuspended in 200 Ul of primary antibody cocktail for t hr on

ice. The primary antibody cocktail consisted of saturating concentrations of the mouse

lgM monoclonal antibody STRO-1 and a mouse lgG monoclonal antibody for each tube

(Table 3). The mouse isotype lgM and lgG negative control Mabs were treated under the

same conditions. After the cells were washed in lF buffer, the second labels were added

in a final volume of 100 ¡rl consisting of goat anti-mouse lgM ¡r-chain specific-FITC (1/50

dilutiqn) and goat anti-mouse lgG y-specific-PE (1i50 dilution). The cells were incubated

for 45 min on ice, then washed twice in lF buffer before being analysed as described

above. Laser compensation was adjusted for each fluorochrome independently according

to the level of lluorescence emitted for each Mab isotype incubated with the

corresponding opposing isotype control Mab'

2.5.4 ThreeColour Ftow Cytometr¡c Analysis using lndirect lmmuofluorescence

Cells were incubated in blocking buffer then resuspended and incubated in primary Mab

cocktail as described above. The Mab cocktail consisted of saturating concentrations of

the mouse lgM Mab STRO-1 and the mouse lgGt Mab 84-78. The appropriate mouse

monoclonal isotype lgM, and lgGl negative controls (Table 3) were treated under the

same conditions. After the cells were washed in lF buffer, the second labels were added

in a final volume of 1OO ¡.rl consisting of goat anti-mouse lgM ¡-t-chain specific-PE (1/50

\-
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ditution) and goat anti-mouse lgGl y-specific-tri-color (TC) (1/50 dilution), and incubated

for 45 min on ice. The cells were then washed twice in lF buffer and analysed as decribed

above then fixed for 10 min with cold ethanol (70%) on ice. Following this, the cells were

washed thrice with PBS and then incubated in blocking bulfer for 15 min. The monoclonal

antibody Ki-67 coniugated to FITC was added directly to the cells (1/10 dilution) in

blocking buffer for 45 min on ice. The mouse lgGl-FITC conjugate negative control

antibody was treated under the same conditions. Dual-colour flow cytometric analysis was

performed as described in section 2.5.2.

2.5.5 Magnet¡c Act¡vated CellSorting (MACS)

This procedure has been described previously [Gronthos and Simmons, 1995, Gronthos

et al, 19981. Briefly, BMMNC (1 x 108 cells) were suspended into saturating levels of

mouse lgM or lgG Mab supernatant in a 14 ml polypropylene tube and incubated on ice

for 60 min. The cells were then washed two times in lF buffer and resuspended in 1 ml of

buffer containing the appropriate second layer isotype specific goat anti-mouse lgM (¡.r-

chain specific) or anti-mouse lgG (y-chain specific) biotinylated antibody (1/50 dilution)

(CALTAG Laboratories), for 45 min on ice. Following this the cells were washed twice in

MACS buffer and resuspended in 900¡/ of MACS buffer to which 100pr.l of streptavidin

microbeads (Miltenyi Biotec; Bergisch Gladbach, F.R.G.) were added (1Oprl of

microbeads/107 cells in 9¡.rl) for 15 min. Strepavidin-F|TO or -PE conjugate (1/50)

(CALTAG Laboratories, San Francisco, CA) was added directly to the same suspension

at the end of the incubation time for a further 5 min. The cells were then washed lwice in

MACS buffer and a small aliquot of cells was removed for flow cytometric analysis while

the remaining cells were passed through a Mini MACS magnetic column (column capacity

107 cells, Miltenyi Biotec) according to the manufacturers specifications. The eluate was

collected as the negative cell fraction. To obtain the bead-positive cells the column was

removed from the magnet and then flushed with MACS bulfer into a separate tube. Small

samples from each cell population were taken for flow cytometric analysis to determine

the antigen expression in the bulk, bead-positive and bead-negative cellfractions.
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2.5.6 Detection of Antigen Expression ln Situ

Adherent cell cultures were digested as described above and sub-cultured into 8-chamber

slides (Nunc, lnc, Naperville, lL). Non-adherent cells were prepared as cytospins on

gelatin coated slides. Sections of 5¡m were cut from frozen specimens using a 1720

Digital Kryostat (Wild Leitz; W. Germany) and placed onto gelatin coated glass slides.

prior to immunostaining, specimens were washed thrice with PBS and then fixed in

acetone/methanol 1:1 at -20oC for 15 min. Paraffin embedded samples were prepared as

5 pm thick sections on glass, slides pre-coated with Cell-Tak (Collaborative Sciences)

according to the manufacturer's specifications. To remove the wax, the sections were

treated with xylene for 5 min, then rehydrated through graded (100%, 90%,70I"' 5O%)

ethanol solutions for 5 min in each solution and finally rinsed in water.

After washing three times in PBS the specimens were left to block in either 5% normal

goal serum (NGS: for the rabbit anti-human and mouse anti-human antibodies) or 5"/"

normal rabbit serum (NRS: for the goat anti-human antibodies) for t hr at room

temperature. The blocking serum was removed and saturating levels of primary

antibodies (Table 3) were added lor 2hr at RT. The appropriate negative control mouse

antibodies, purified pre-immune rabbit serum and normal goat sera were used under the

same conditions. Following this, the slides were washed thrice in PBS and then incubated

with the respective secondary antibodies (goat anti-rabbit biotin conjugated, goat anti-

mouse biotin conjugated and rabbit anti-goat biotin conjugated; Vector Laboratories,

Burlingame CA) diluted 1l2OO, for a further 45 min. The cells were then washed three

times in PBS and were left to block in 1% BSA for 20 min. Streptavidin conjugated to FITC

(Caltag Laboratories South San Francisco CA) was then added to the cells at a dilution of

1/50 for a further 20 min. The specimens were then washed thrice in PBS and mounted

using 'Gurr' aqueous solution (Uvinert, BDH). The labeled specimens were examined

using an Olympus BH2-RFCA fluorescence microscope. Photographs were taken on

Ektachrome 4OO Kodak colour film and with TMAX 400 Kodak black and white film.
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Alternatively, antigen expression was also detected by peroxidase activity following

reactivity of the cells with biotin conjugated second labels using a peroxidase Vectorstain

ABC kit (PK-4010; Vector Laboratories) and a peroxidase substrate kit AEC (SK-4200;

Vector Laboratories). After staining, the specimens were washed thrice in water and then

counter stained with Mayer's haematoxylin (1/10 dilution) for 2 min. Specimens were then

washed with tap water and mounted as described above then analysed using an Olympus

IMT-2 inverted light microscope. Photographs were taken using Ektachrome 64 T colour

Kodak film.

2.5.7 Analysis of cell cycling status of sTRo-l+ cells by Ki-67 Reactivity

Single cell suspensions of MG63 cells were stained for STRO-1 using a goat anli-mouse

lgM-PE congugated second label as described in section 2.5.5. STRO-1+ BMMNC were

isolated by MACS as described above and then incubated with streptavidin PE for 15 min

on ice. After staining, the cells were washed twice with PBS and then tixed for 10 min with

cold ethanol (7O/.) on ice" Following this, the cells were washed thrice with PBS and then

incubated in blocking buffer for 15 min. The monoclonal antibody Ki-67 conjugated to

FITC was added directly to the cells (1/10 dilution) in blocking buffer for 45 min on ice.

The mouse lgG 1-FITC conjugate negative control antibody was treated under the same

conditions. Dual-colour flow cytometric analysis was performed as described in section

2.5.2..

2.6 CELL ADHESION ASSAY

This method is a modification of a previously described adhesion assay [Levesque et al,

19951. Non-tissue culture grade 48-well polystyrene plates (Nunc) were pre-coated

overnight at 4oC with various purified extracellular matrix proteins (ECM) at a

concentration of 5 ¡rg/cm2;collagen type I (rat), collagen type lll (mouse), collagen type lV

(mouse), collagen type V (human), vitronectin (human) (Collaborative Research lnc' Two

Oak Park, Bedford, MA), laminin (human), fibronectin (human) (Boehringer Mannheim
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GmbH, Germany) and BSA (Cohn fraction V, Sigma). The plates were then washed once

with adhesion buffer (HBSS supplemented with 20mM Hepes, 0.1% BSA, 1mM CaCl2,

1mM MgCl2,O.2mM MnCl2) and blocked at 37oC lor 2hr with 1.0% BSA in PBS.

Adherent bone cells from primary cultures were detached by collagenaseidispase

treatment, washed in adhesion buffer and resuspended in a final concentration of 106

cells/ml in the presence of 100¡rOi 51Cr (sodium chromate; Dupont-NEN, Wilmington, DE)

for t h at 37oC. The 51Cr-labelled bone cells were washed thrice in adhesion buffer then

plated at 105 cells/well in triplicate per matrix protein for 90 min at 37oC to permit cell

attachment to occur. Following this, the plates were washed six times in adhesion buffer

to remove all the unbound cells. The bound 51Cr-labelled bone cells were then lysed by

the addition of 0.5% SDS/O.1M NaOH. Radioactivity associated with the lysates was

quantitated by liquid scintillation counting. Cell attachment for the adhesion studies on

different ECM matrix proteins was calculated as a percentage of the input population. For

the inhibition studies cell attachment (cpm) for each condition was calculated as a

percentage of the corresponding wells containing isotype matched control antibody.

2.7 RETROVIRAL TRANSFECTION

The amphotropic retroviral packaging cell line P4317 was transfected with two different

LXSN retroviral constructs [Miller and Buttimore, 1986; Adam et al, 1991;Miller et al;

19931 LAPSN and LNPOZ (Figure 7), and was generously obtained from Dr. Hairong

peng Department of Virology and lnfectious Diseases. l.M.V.S., South Australia. The

P4317-derived culture supernatant (containing the amphotropic retroviral padicles) were

harvested from either the LAPSN or LNPOZ transfected P4317 cells in log phase and

filtered through a0.45 mm filter (Sartorius, Germany). Aliquots of 10 ml were used

immediately to infect subconfluent BM stromal cultures in 25 cm2 flasks. To facilitate

infection, hexadimethrine bromide (Polybrene; Sigma) was added at a final concentralion

of 4 ¡.rg/ml to the virus-containing supernatant. Stromal cultures were incubated with fresh

viral-supernatant three times over a72hr period. Following infection, the stromal cells

were washed twice in PBS, harvested by trypsin digest, then transferred to 25 cm2 tissue
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Figure 7. A schematic illustration of the retroviral vectors used in this study. (adapted

from Miller and Buttimore, 1986; Adam et al, 1991;Miller et al; 1993). Abbreviations:

LTR, retroviral long terminal repeat;AP, human placental alkaline phosphatase; SV40,

SV40 early promoter and enhancers; NEO, neomycin phosphotransferase gene; pA,

polyadenylation signal; PO, poliovirus 5'nontranslated region; LacZ gene or p-GAL, p'

galactosidase. The vector names are acronyms based on the order of genetic elements

within each vector: LAPSN; L (LTR), AP, S (SV40), N (NEO);. LNPOZ; L, N, PO, Z

(LacZp-GAL).
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culture flasks at low density. Transfected cells were selected with G41B at a final

concentration of 600 ¡-rg/ml for one week in regular a-MEM stromal growth medium.

Stable LAPSN and LPOZN transfectants were assesed for alkaline phosphatase (human

placental-AP, levamisole resistant) and p-galactosidase activity, respectively by

cytochemical staining (see section 2.14). The G418 resistant stromal cell lines were

maintained with regular growth media supplemented with 200 pg/m|G418.

2.8 TRANSPLANTATION OF STROMAL CELLS IN VIVO

All procedures described below were performed after obtaining approvalfrom the Animal

Ethic Committees of the University of Adelaide and the Royal Adelaide Hospitalil.M.V.S,

South Australia for the duration of the project. The animals used were either six week old

SCID mice and were housed in sterile microisolator cages in the sterile barrier room

located in the animal facility of the University of Adelaide. All surgical procedures were

performed in a non-biohazard laminar flow cabinet using sterile instruments. Prior to

operating the mice were anaethetised by a mixed gas flow of nitrous oxide (0.4 L/min) and

oxygen (1.0 L/min) and 2-3/o halothane and then maintained under anaethesia with a

reduced air flow with 1-2% halothane.

2.8.1 Kidney Capsule

(a) Preparation of Cells

Confluent stromal cultures grown in 25 cm2 flasks were washed twice with PBS then

gently teased off as a whole skin using a sterile scraper prior to transplantation.

(b) Ectopic lmplantation of Cell Preparations

Six week SCID mice were firstly anaethetised as descried above and then shaved on the

left hand dorsal side and was swabbed with Betadine. A 1 cm long incision was made

laterally along the skin using small curved Metzenbaum scissors. The skin on each side of

the cut was teased away from the underlying tissue. The skin flaps were separated and
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kept open to expose the underlying muscle by clamping and gently stretching the skin

flaps in opposite directions using spencer wells. Following this, a 1 cm lateral incison in

the muscle layer was made using a pair of pointy scissors. Two blunt forceps were then

inserted into the cavity, gently lifting out the kidney and allowing it to rest outside of the

incison. A small pointy pair of forceps was then used to pinch a small area of the kidney

capsule where a surgical gauge 19 needle (16.75 inch cancer implant needle; Popper &

Sons lnc, New Hyde Park NY) containing the stromal cell skin was inserted under the

renal capsule and the stromal cells injected out to from a blister undernealh the capsule.

Sterile cotton pads were used to stop any bleeding from the wound. Two blunt forceps

were then used to replace the kidney into the peritoneal cavity. Using a tapered needle

(Vicryl 4-O), three interupted stiches were used to bring the muscle facis layers together

and 2 sterile 9 mm wound clips (Clay Adams; Becton Dickinson, Sparks MD) were used to

suture the skin. The wound was washed liberally with Betadine and the mice were allowed

to recover in clean microisolator cages.

2.8.2 Diffusion Chambers

(a) Preparation of Diffusion Chambers and Cells

Diffusion chambers were assembled form commercially available componenets (Millipore

Corporation, Bedford, Massachusetts, USA). Plastic rings with the dimmensions of 13 mm

external diameter, 9 mm internal diameter and 2 mm thick were covered on each side by

membrane filters (HAWP 0.45 mm) using cement glue (MF Cement#1). The chambers

were then gas sterilized at the Royal Adelaide Hospital Srerilization Unit using ethylene

oxide

Confluent stromal cultures grown in 25 cm2 flasks were washed twice with PBS then

trypsinised as described above. Single cell suspensions were washed twice in growth

medium and resuspended into 2OO Ul of medium for each flask. The cells were injected

into the diffusion chambers through a hole in the external ring which was then sealed with
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a plastic plug. The diffusion chambers were left in growth medium and then thoroughly

rinsed in PBS prior to transplantation.

(b) Transplantation of Diffusion Chambers

Six week SCID mice were firstly anaethetised as described above and then shaved on the

ventral side below the diaphram where the site was subsequently swabbed with Betadine.

A pair of forceps was used to pinch the skin and a 1 cm long longitudinal incision was

then made along the skin using small curved Metzenbaum scissors. The skin on each

side of the cut was teased away from the underlying tissue using the same scissors. The

skin flaps were separated and kept open to expose the underlying muscle by clamping

and gently stretching the skin flaps in opposite directions using spencer wells. Following

this, a 1 cm longitudinal incison in the muscle layer was made using a pair of pointy

scissors. One diffusion chamber was transferred into the peritoneal cavily of the

abdomen. The wound was then sutured and sterilized as described above.

2.8.3 Transplantation of Polyvinyl Sponges

(a) Preparation of Sponges and Cells

Disks were made from 2mm sheets of polyvinyl alcohol sponge (Kanebo, PVA, Rippey

Co., Santa Clara, CA) using a 1O mm cork borer. Membrane filters (Millipore, 0.45 ¡.rrn) of

the same diameter were glued to both sides of each disk using MF Cement#1 glue

leaving the outer circumference of the disks open. The completed disks were sterilised

with ethylene oxide, and then soaked for 5 days in sterile PBS with daily changes of PBS'

Following this, the disks were incubated in 25 ¡rg/ml of fibronectin for two hr at RT. Excess

fibronectin was then drained off prior to the addition of cells to the disks.

Single stromal cell suspensions were prepared as described above. Cells were

resuspended into 100 ml of medium and then injected into the disks. The cells were
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allowed to settle in the disks for 30 min before the addition of growth medium. The disks

were thoroughly rinsed in PBS prior to transplantation.

(b) Transplantation of Polyvinyl Disks

Six week SCID mice were firstly anaethetised as descried above and then shaved on the

dorsal side parallel to the shoulders where the site was subsequently swabbed with

Betadine. A 1 cm long longitudinal incision was then made along the skin using small

curved Metzenbaum scissors. The skin on the lateral side of the opening was teased

away from the underlying tissue using blunt scissors to form two pockets behind each

shoulder. Following this, the sponge disks were rinsed in sterile PBS and then one disk

was inserted into each of the subcutaneous pockets. The opening in the skin was then

closed by applying 2 to 3 sterile wound clips. The wound was washed liberally with

Betadine and the mice were allowed to recover in clean microisolator cages'

2.8.4 Transplantation of Porous Ceramic Hydroxyapatite Cubes

(a) Preparation of Cells

Ceramic blocks of porous hydroxyapatite/TCP phosphate (Zimmer Corp., Warsaw, lN

USA) were used to cul27 mm3 cubes using a diamond wafering blade on a Buehler. The

cubes were gas sterilized with ethylene oxide and then incubated in a solution of 25 pg/ml

of fibronectin for 2 hr under vacuum to eliminate air pockets. Prior to adding the cells, the

blocks were blotted to remove excess fluid.

Single stromal cell suspensions were prepared as described above. The cells were

resuspended into 1OO ¡"rl of medium and then injected into the cubes. The cells were

allowed to settle in the cubes for 30 min before the addition of growth medium. The cubes

were thoroughly rinsed in PBS prior to transplantation.
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(b) Transplantation of Hydroxyapatite Cubes

Six week SCID mice were firstly anaethetised as descried above and then shaved on the

dorsal side parallel to the shoulders where the site was subsequently swabbed with

Betadine. A 1 cm long longitudinal incision was then made along the skin using small

curved Metzenbaum scissors. The skin on the lateral side of the opening was teased

away from the underlying tissue using blunt scissors to form two pockets behind each

shoulder. Following this, the HA cubes were rinsed in sterile PBS and then one cube was

inserted into each of the subcutaneous pockets. The opening in the skin was then closed

by applying 2 to 3 sterile wound clips. The wound was washed liberally with Betadine and

the mice were allowed to recover in clean microisolator cages.

2.9 Analysis of Cell Surface Antigens by Western blot

2.9.1 Buffers And Reagents

(a) Tris-SalineEDTA (TSE)

50 mM Tris-HC1, 150 mM sodium chloride, 1 mM EDTA ,0.1% sodium azide, pH 8.0

(b) 1ol" NP4o-TSE

1%(vlv) Nonidet P4O (NP40, Sigma-Aldrich, Castle Hill, NSW, Australia),50 mM Tris-

HC1, 150 mM sodium chloride, 1 mM EDTA ,0.1% sodiUm azide, in water, pH 8.0.

(c) 0.1olo NP4O-TSE

0.1"/" (vlv) Nonidet P4O, 50 mM Tris-HC1 , 1 50 mM sodium chloride, 1 mM EDTA ' 0'1V"

sodium azide, in water, PH 8.0.

(d) lOO x Protease lnhibitor Cocktail

To prepare a 100 x protease inhibitor cocktail, 40 mg of each of the following protease

inhibitors (all purchased from Sigma Chem. Co., USA) were dissolved in 10 ml of
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dimethytformamide (DMF); phenyl methyl sulphonyl fluoride (PMSF), L-[tosylamido-2-

phenyll ethyl chloromethylketone (TPCK), 1-chloro-3-tosylamido-7-amino-L-2-heptanone

(TLCK), p-nitrophenyl-p'-guanidino-benzoate-HCl (NPGB). The inhibitor cocktail was

stored at -20oC.

(e) Reducing SamPle Buffer

1 ml 0.5 M Tris-HCl, pH 6.8, 800 mlglycerol, 1.6 ml 10% SDS, 400 Ul p-mercaptoethanol,

200 pl O.QST" bromophenol blue and 4 ml Milli-Q water.

(f) Non-Reducing SamPle Buffer

1 ml 0.5 M Tris-HCl, pH 6.8, 800 ml glycerol, 1.ô ml 10% SDS, 200 ¡,rl 0.05% bromophenol

blue and 4.4mlMilli-Q water'

(g) Electrophoresis "Running" Buffer

0.3% Tris-HC|,1.44/" Glycine (lCN Biomedicals lnc., OH) ,0.1% SDS, pH 8.3 in water

(h) Transfer Buffer

0.3% Tris-HC| 1.44/o Glycine, 20% Methanol, pH 8.3 in water

(i) Separating Buffer

1.5 M Tris-HCl, pH 8.8

(j) Stacking Buffer

0.5 M Tris-HCl, PH 6.8

2.9.2Preparation of cell Lysaæs For Analysis by western Blotting

Cell surface lysates were prepared essentially as described by Cole et al (1987).

Routinely, single cell suspensions Single cell suspensions of adherent cell populations

were washed thrice in PBS and resuspended to 2 x 108 cells per ml and then placed on
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ice. Lysates were prepared by adding an equalvolume of cold 1% NP40-TSE and a 1/100

volume of protease inhibitor cocktail. The mixture was immediately chilled on ice, for 30

min with occasionalgentle mixing. The lysates were then microfuged at 14,000 x g for 15

min and were then used immediately for Western blotting.

To analyse cellsurface antigens by Western blotting, protein derived lrom 1-2 x 106 cell

equivalents (20 Fl) resuspended with 20 prl of 2X reducing or non-reducing sample buffer

where first boiled for 3 min and the proteins were separated on a 10"/" acrylamide SDS -

pAGE gelprepared according to the following formulation:20 mldistilled water + 16.6 ml

30% acrylamide + 12.5 ml 1.5 M Tris pH 8.8 + 0.5 ml 10% SDS. TEMED (20 Fl) and 10%

ammonium persulphate (0.5 ml) were added to the gel solution immediately before

pouring. The size of the immunoprecipitated proteins were determined by comparison with

pre-stained molecular weight standards (Seablue: NoVEX; San Diego' CA)' The gel was

electrophoresed at 20 mA until the bromophenol blue buffer front entered the separating

gel, at which time the voltage was raised to 40 mA, until the bromophenol blue buffer front

migrated to the end of the gel.

Following gel electrophoresis, the proteins were transferred onto Hybond PVDF

membrane (Amersham)Amersham, Poole, UK) overnight at 20 mA using a blotting

apparatus (Hoefer Scientific lnstruments, San Francisco, CA, USA). The membrane was

then cut into strips representing individual sample lanes. The filters were subsequently

blocked for t h at RT in 5% (w/v) membrane blocking reagent (Vistra Systems,

Amersham) in PBST. The blocked filters were washed in PBST for 1 x 15 min and 2 x 10

min periods at RT, then incubated with 3 ml of mab in the form of hybridoma tissue culture

supernatant in 1% BSA/PBS. The membrane was washed 4 times in PBST, 5 min per

wash at room temperature as and then incubated in 3 ml of 1:10,000 dilution of goat-anti

mouse lgG+lgM (H+L) conjugated to alkaline phophatase (Vistra Systems, Amersham) for

t h at RT. Following the immunolabelling, the membranes were washed as above and

then reacted with 1 ml of Vistra ECF substrate (Vistra Systems, Amersham) according to
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the manufacturer's recommendation. lmmunoreactive proteins were detected directly on

the pVDF membrane by fluorescence al 570 nm using a Molecular Dynamics

Fluorlmager.

2.10 ENZYMATIC MODIFICATION OF CELL SURFACE ANTIGENS

2.10.1 Treatment of STRO-I+ MG0g Cells with Proteases

To investigate whether the STRO-1 antigen was a protein sensitive to enzymatic digestion

single cell suspensions of trypsinised MG63 cells were washed in serum-free RPMI and

then incubated at 106/ml for t hr at 37"C in the same medium containing the following

proteases: bromelain, chymopapain, chymotrypsin, collagenase, dispase, elastase,

papain, pronase, proteinase K, and thermolysin at a final concentration of 20 mg/ml,

except for dispase (8 mg/ml) collagense (6mg/ml) and proteinase K (1 mg/ml)' All

enzymes were obtained from Boehringer Mannheim (Mannheim, Germany) with the

exception of papain (Sigma, USA), chymopapain (Boots, UK), collagense (Worthington)

and elastase (Calbiochem., USA). Following protease treatment, cells were washed twice

in assay medium and assayed for their reactivity to the STRO-1 mab by single-colour flow

cytometric analYsis.

2.11.2Treatment of MG63 Cells with Phosphatidylinositol-specific Phospholipase C

(Pr-PLC)

Loss of antigen expression following treatment with the enzyme Pl-PLC, is characteristic

of glycosyt-phosphatidylinositol (GPl)-linkage of membrane proteins. Single cell

suspensions of MG63 cells in log phase were washed several times in a-MEM

supplemented with 2/" FCS, and resuspended at a f inal concentration of 5 x 1O 6 cells per

ml. To this, 50 mU/ml of PI-PLC (Boehringer Mannheim) was added, and the cells were

incubated at 37'C for 2 hours (mock-treated cells were incubated in an equivalent manner

in the absence of Pl-PLC). Following this, the MG63 cells were washed in ice-cold lF

buffer in preparation for single-colour FACS analysis.
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2.10.3 Treatment of MG63 Cells with Tunicamycin

To determine whether the STRO-1 antigen was an N-linked carbohydrate MG63 cells

were incubated in the presence of tunicamycin (Boehringer Mannheim). Single cell

suspensions of MG63 cells were seeded into 96-well plates at a density of 5 x 1O3/well in

a-MEM supplemented with 1O% FCS,2 mM L-glutamine and 100 ¡rM ASC-2P and

incubated overnight at 37oC in 5% COZ. On the following day the cultures were fed with

fresh medium containing various concentrations of tunicamycin (0'0, 0'1, 0'3, 1'0, 3'0, and

10 ¡rg/ml) then left to incubate for a further 48 hr. Following this, the cultures were

processed for in situ immunofluorecence as described in section (2.5.6)'

2.11 ISOLATION AND ANALYSIS OF RNA

Sterile, disposable plasticware was considered to be essentially free of RNases, and was

used for the preparation and storage of RNA without pretreatment. General laboratory

glassware however, was treated by baking at 180'C for a minimum of 8 hours or

alternatively filled with a solution ol 0.1"/" (v/v) diethyl pyrocarbonate (DEPC, Sigma'

USA), a potent inhibitor of RNases. The DEPo-filled glassware was allowed to stand at

37"C for 2 h, rinsed several times with sterile water and autoclaved for 30 min. The

autoclave treatment, removes all traces of DEPC that might otherwise modify purine

residues in RNA by carboxymethylation. Equipment such as gel tanks, combs, and

perspex plates were alkali-treated prior to use by washing the column with a solution of

0.5 M NaOH. To remove residual alkali, the columns were subsequently washed with

severalcolumn volumes of DEPO-treated water'

2.11.1 Buffers and Solutions

All solutions were prepared in RNase{ree glassware, using DEPC-treated and autoclaved

water. Alternately, where possible, solutions were treated with 0'1% DEPC for a minimum

of 12 h at 37"C prior to autoclaving as above'
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(a) 1X TAE Buffer

The buffer was comprised of 40 mM Tris-acetate, 20 mM sodium acetate, 1 mM EDTA,

pH 8.2

(b)lxTBEBuffer

The buffer was comprised of 90 mM Tris, 90 mM boric acid, 2.5 mM EDTA, pH 8'3

(c) 10 x Running Buffer

The buffer was comprised of 20 mM 3-[N-Morpholino]propane-sulfonic acid (MOPS)

(sigma), 1 mM EDTA, 5 mM sodium acetate, pH 5.5. The pH was subsequently adjusted

to 7.0 with the addition of NaOH pellets.

(d) Loading Buffer

The buffer was comprised of 0.25% bromophenol blue (BDH), 0'25o/" xylene cyanol FF

(Sigma) and 20"/o Ficoll fl-ype 400, Pharmacia, Sweden) in DEPc-treated water'

(e) 1.5% Agarose Gel

To prepare 100 mls of 1.5% agarose gels, 1 g of molecular biology grade, RNase-free

agarose (lBl, connecticut, usA) was dissolvedinT2 ml of DEPo-treated water'

(f) 1Yo RNA Agarose Gel

To prepare 1OO mls ol 1"/" agarose gels, 1 g of molecular biology grade' RNase{ree

agarose was dissolvedinT2 ml of DEPC-treated water' After cooling to approximately

56.c, 1o ml of 10 x Running buffer, and 18 ml of 35% formaldehyde solution (final

concentratio n 2.2M;BDH, AnalR, Victoria, Australia) was added' Gels were subsequently

electrophoresed in 1 x Running buffer containing 2.2 M formaldehyde.
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(g) Deionised Formamide

To prepare deionised formamide, 20% (wN) Analytical Grade mix bed resin AG 501-X8

(Bio-Rad) was added to formamide solution (BöH) and stirred for several hours at room

temperature. Mix bed resin was subsequently removed by filtration through Whatman No.

1 paper, aliquoted and stored at -20'C.

(h) Sample Buffer

RNA sample buffer was prepared by adding together 100 ml 10 x Running buffer, 500 ml

deionised formamide, 178 pl 35% formaldehyde solution and 222 ¡^tl of DEPO-treated

water to make a finalvolume of 1 ml.

(i) 20 x Sodium Saline Citrate buffer(SSC)

A stock ol20xSSC was prepared bydissolving 175.3 g of NaCl and 88.2 g of sodium

citrate in DEpC-treated water. The pH was subsequently adjusted to 7.0 and the volume

made up to 1 litre.

(¡) 100 x Denhardt's Reagent

A stock of 100 x Denhardt's reagent was prepared by dissolving 10 g Ficoll Type 400

(Pharmacia, Sweden), 5 g polyvinylpyrrolidone (Sigma) 5 g BSA in 500 ml DEPC-treated

water

(k) Prehybridisation Solution

The prehybridisation solution contained the following: 1O ml deionised formamide; 5 ml of

20 x ssc; 1 ml 100 x Denhardt's reagent; 2oo d 10% sDs; 2 ml of 100 mM HEPES' pH

7.1;2OO ¡rl of 100 mM EDTA, pH 7.5; 200 ¡rl of 200 mM sodium pyrophosphate, pH 7'0;

2OO ¡r,l of 1o mg/ml, sheared and boiled salmon sperm DNA (Sigma) and 30 pl of 10

mg/ml IRNA (Gibco BRL) to make up a final volume of 20 ml' Routinely 5 ml of

prehybridisation solution was used per 1OO cm2 membrane in a Hybaid Oven

hybridisation bottle.
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(l) Reverse Transcription (RT) Reaction Buffer

The buffer contained 40 mM KCl, 50 mM Tris-HCl pH 8.3, 8 mM MgCl2, 0.5 mM

deoxyribonucleotide triphosphate mix (dNTP: Pharmacia/LKB, Sweden), 10 units of

RNasin (promega), and 100 units of Superscript MMLV reverse transcriptase (Life

Technologies, Australia) per 20 ¡rlreaction.

(m) Polymerase Chain Reaction (PCR) Buffer

A 10 x PCR buffer mix contained: 670 mM Tris HCI pH 8.8, 166 mM (NHa)ZSO4' 4'5%

Triton-X100,2pglml gelatin,20 mM MgCl2, 2 mM dNTP mix and 2'5 units of Amplitaq

DNA Polymerase (Perkin-Elmer, Norwalk, CT' USA)'

2.11.2lsolation Of TotalRNA: "The RNAzoITM B Method"

Total RNA was extracted from tissues and cultured cell lines using the RNAzoITM B

Method (Biotecx Laboratories, lnc., Houston, TX, USA) which represents a modification of

guanidinium isothiocyanate procedure described by Chomczynski and Sacchi (1987). For

the isolation of RNA, single cell suspensions in a 1.5 ml Eppendorf tube were washed

twice in cold pBS then pelleted and left on ice. The cells were then lysed by the addition

ol 0.2 ml of RNAzoITM B per 106 cells and the RNA solubilised by passing the lysate

severaltimes through a pipette tip. The RNA was extracted by the addition of 1/10 volume

of chloroform, mixed by vortexing and allowed to stand on ice for 5 min. The samples

were subsequently centrifuged at 12,OOO x g for 5 min at 4oC after which the aqueous

phase was removed and transferred to a new 1.5 ml Eppendorf tube. The total RNA was

then precipitated by the addition of an equal volume of isopropanol, and incubated on ice

lor 20 min. The RNA was pelleted by centrifugation at 12,000 x g for 15 min at 4'C'

washed in75"/" (v/v) ethanol and dried under vacuum for approximately 10 min. The RNA

pellet was resuspended in Milli-Q water and the absorbance values at 260 nm and 280

nm of each RNA sample was determined on a Beckman UV spectrophotometer' The

AzæAzao ratios of the RNA samples were consistently in the range of 1.6-2'0' The
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relationsh¡p of one 4269 unit equal to 40 ¡g/ml RNA was used in the calculation of RNA

concentrations. The RNA was used immediately, or stored at -20'C following the addition

of 1/10 volume 3M sodium acetate and 2.5 volumes absolute ethanol.

2.1'l.g Synthesis and Purification of Oligonucleotides

The following synthetic DNA primers were synthesised "in house" on an Applied

Biosystems 391 DNA synthesiser, in the Molecular Pathology Unit, Division of

Haematology, l.M.V.S., Adelaide, South Australia. Oligonucleotides were cleaved from the

synthesis columns by treating with ammonium hydroxide 30% (vtu) (BDH/Merck) Íor 20

min at RT. This was repeated three times and the oligonucleotides deprotected by the

overnight incubation at 56'C. The ammonium hydroxide was removed by vacuum

desiccation and the oligonucleotide pellet was dissolved in 200 ¡n of Milli-Q water and the

concentration determined by spectrophotometry at an OD of 260 nm assuming that an

A25g of 1.0 represents 33 pg/ml of DNA. The oligonucleotides (Table 4) were stored at

-2OoC at a concentration of 100 ng/ul.

2.11.4 Detection of osteocalcin mRNA by Northern Blot Analysis

Routinely, 20 ¡.rg of total RNA was pelleted by centrifugation at 12,000 x g, 4'C for 15 min'

The RNA was subsequentlywashed in70"/o ethanol, vacuum dried and denatured in the

presence of 12 ¡^tlof "sample buffer" and 2 ¡rlof 20 ¡rg/mlethidium bromide. Samples were

heated fo 6O.C for 5 min prior to loading on a denaturing 1% agarose gel in TBE followed

by electrophoresis in "running" buffer. The gels were subsequently washed for 30 min in

water and then ethidium bromide-stained. The integrity of the RNA was visualised and

photographed under ultraviolet illumination. The electrophoresed RNA was subsequently

transferred overnight by capillary action in 1O x SSC onto a nylon membrane (Shuleicher

& Schuell, Dassel, Germany). Following transfer, the filters were washed in 2 x SSC, air-

dried and the RNA covalently cross-linked to the filters by exposure to 0.4 Jlcm2 of UV

radiation in a Stratagene UV StratalinkerrM 1800. Filters were prehybridised for 4-16

hours al 42oC in a prehybridisation solution. After prehybridization, the blots were
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Table 4. Oligonucleotides used in this study

Transcript

IReference]

Primer Set

Upper Primer (UP)

Lower Primer (LP)

Product Size

(base pairs)

hGAPDH

[Tokunaga et al, 1987]

hOsteopontin

[Crosby et al, 1995]

hCBFAI

[Ogawa et al, 1993]

hCollagen type I

lOhu et al, 19851

hParathyroid

hormone receptor

[Bilbe et al, 1996]

hBone sialoprotein

[Kim et al, 1996]

hOsteonectin

[Villarreal et al, 1989]

hOsteocalcin

[Fleet and Hock, 1994]

hLipoprotein lipase

[Wion et al, 1987]

Human-adipocyte lipid

binding protein

[Vidal-Puig et al, 1997]

hPPARI¡2

lVidal-Puig et al, 19971

hObese gene product

[Masuzaki et al, 1995]

UP:TTGACCTCAACTACATGG 992

LP : GTGAAAACTTCGGTTGCTGG

UP:TTGCTTTTGCCTCCTAGGCA 430

LP : GTGAAAACTTCGGTTGCTGG

UP:GTGGACGAGGCAAGAGTTTCA 632

LP : TGGCAGGTAGGTGTGGTAGTG

UP:AGGGCTCCAACGAGATCGAGATCCG 222

LP : TACAGGAAGCAGACAGGGCCAACGTCG

UP:AGGAACAGATCTTCCTGCTGCA 571

LP : TGCATGTGGATGTAGTTGCGCGT

U P : TCAGCATTTTGGGAATGGCC

LP : GAGGTTGTTGTCTTCGAGGT

UP: ATGAGGGCCTGGATCTTCTT

LP : CTGCTTCTCAGTCAGAAGGT

U P : ATGAGAGCCCTCACACTCCTC

LP : CGTAGAAGCGCCGATAGGC

UP : ATGGAGAGCAAAGCCCTGCTC

LP : GTTAGGTCCAGCTGGATCGAG

U P : AGTCAAGAGCACCATAACCTTAGA

LP : CCTTGGCTTATGCTCTCTCATAA

UP : AACTGCGGGGAAACTTGGGAGATTCTCC

LP: AATAATAAGGTGGAGATGCAGGCTCC 341

U P : ATGCATTGGGAACCCTGTGC

LP:GCACCCAGGGCTGAGGTCCA 492

657

576

289

564

170

continued



Table 4. Oligonucleotides used in this study, continued

Transcripts

IReference]

Primer Set (5'-3')

Upper Primer (UP)

Product Size

(base pairs)

Lower Primer (LP)

hOollagen type ll

[Baldwin et al, 1989]

hOollagen type X

[Bonaventure et al, 1994]

hAggrecan

[Doege et al, 1991]

UP : ATGATTCGCCTCGGGGCTCC

LP : CATTACTCCCAACTGGGCGC

U P : AGCCAGGGTTGCCAGGACCA

LP : TTTTCCCACTCCAGGAGGGC

UP : CACTGTTACCGCCACTTCCC

LP : ACCAGCGGAAGTCCCCTTCG

390

387

184

Universal Primers (pGEM4Z plasmid):

SP6 RNA polymerase

promoter

s'-ATTTAG GTGACACTATAG-3'

T7 RNA polymerase

promoter

s'-TAATACGACTCACTATAGGG -3'

Probes

hOsteocalcin 5'-CCACTCGTCACAGTCCGGATTGAGCTCACACACCTCCCT-3'

probe

[Celeste et al, 1986]

poly dT 17 adapter

IFrohman et al, 1988]

5' - GACTCGA GTCGACATCGATTTTTTTTTTTTTTTTT -3'



hybridized in Sc,h formamide to a synthetic oligonucleotide probe for human osteocalcin

(Table 4), complementary to the mRNA sequence coding for amino acids 20-32 of mature

osteocalcin [Celeste et al, 1986] at 42oC lor 16 hours. The probe was end labeled with (1-

32p)-Rtp (Bresatec, Adelaide, Australia). Filters were then washed in 2X SSC at RT,

followed by washings at 42oC for t hr. The membrane was exposed to Kodak X-Omat

film (Eastman, Kodak, Rochester, NY) at -80oC lor72h with a Cronex intensifying screen

(du Pont, Wilington, DE).

2.11.5 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Amplification of

RNA

(a) Synthesis of Complementary DNA (cDNA)

Total cellular RNA was prepared with RNAzol, as described above. Routinely, 21-t"g ol

total RNA was washed once inTOo/o ethanol and vacuum dried for 10 min then reverse

transcribed into single-stranded cDNA al37"C lor 120 min in 50 ¡l of RT reaction buffer

containing 100 ng of poly (dTX Z adaptor (Table 4)'

(b) Polymerase Chain Reaction Amplification of cDNA

This method is a modification of a previously described protocol [Sambrook et al, 1989]. A

volume of 5 prl of each çDNA synthesis reaction was utilised as template DNA in each

pCR. Routinely, the cDNA mixture was added to a 500 ¡rl microcentrifuge tube, (Perkin

Elmer), containing S ¡r,l of 1O x PCR amplif ication buffer followed by the addition of 100n9

of the appropriate 'Torward" and "reverse" primer sets (Table 4) and sterile Milli-Q water to

a final volume of 50 ¡n. Reaction mixes were overlayed with mineral oil and amplification

achieved by incubation in a Perkin-Elmer/Cetus thermal cycler. Primer design enabled

typical cycling conditions ol94"cl(2 min), 60'c/(30 sec), 72"C1(1 min) for 40 cycles, with

a final 10 minute incubation al72"C. To control for the integrity of the various RNA

preparations, the expression of GAPDH was also assessed. Following amplification, 10prl

of each reaction mixture was analysed by 1.5% agarose/TAE gel electrophoresis, and
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visualised by ethidium bromide staining. The molecular weight of the PCR products (size

in kilobases) was estimated visually by comparisons with the 1kb ladder markers (Life

Technologies, Glen Waverley, Victoria, Australia).

2.12 IN SITU HYBRIDIZATION FOR THE HUMAN SPECIFIC DNA ALU SEQUENCE

2.12.1 Buffers and Reagents

(a) Polymerase Chain Reaction (PCR) Buffer

A 1X PCR buffer mix contained: 67 mM Tris HCI pH 8.8, 16'6 mM (NHa)ZSO4' 0'5%

Triton-X100, O.2 pglml gelatin, 2.5 mM MgCl2, 0.2 mM dATP, 0.2 mM dcTP, 0.2 mM

dGTP, 1.9 mM dTTP, 0.1 mM digoxygenin-11-dUTP (Boehringer Mannheim), and 0'25

units of Amplitaq DNA PolYmerase.

(b) Prehybridization Solution

The prehybridization solution consisted of 50% deionized formamide containing 4X SSC'

(c) Hybridization Solution

The hybridization solution was prepared by adding 1ng/¡.rldigoxigenin-labeled probe in 1X

Denhhardt's solution, 5% dextrane sulfate, o.2mglml, salmon sperm DNA' 4X SSC' 50-%

deionized formamide. A volume of 100 pl was added to every slide.

(d) Buffer 1

The buffer consisted of 1oo mM Tris-HCl (pH 7.5) and 150 mM NaCl and was filter

sterilized.

(e) Buffer 2

The buffer consisted of 100 mM Tris-HCl (pH 9.5), 100 mM NaCl and 50 mM MgCl2. The

solution was filter sterilized.
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(Ð Blocking solution

The blocking solution consisted ol 0.1% Triton X-100 in PBS supplemented with 2%

normal goat serum.

(g) Alkaline Phophatase Substrate Solution

The substrate-colour solution was prepared by adding 45 ml of nitroblue tetrazolium

solution (75 mg NBT/ml inTO/o dimethylformamide) and 35 pl ol 5-bromo-4-chloro-3-

indolyl-phosphate solution (50 mg BCIP/ml in 100% dimethylformamide) into 10 ml of

buffer 2.

2.12.zPreparation of Human Alu DNA Probe

The human specific alu sequence (pBLURS; ATCC) was subcloned into the BamHl

restriction site of apG1w-4Zplasmid (Promega) and was generously supplied by Dr. A.

Zannettino. The digoxigenin-labeled alu specific sequence was prepared by PCR

containing 1 X PCR buffer supplemented with 100 ng of SP6 and T7 primers (Table a)

and 1 ng of plasm¡d DNA. Reaction mixes were overlayed with mineral oil and

amplification achieved by incubation in a Perkin-Elmer/Cetus thermal cycler. Cycling

conditions were performed as follows: 94"C for 3 min, then 94oC/(1 min), 60'C/(30 sec),

72.C1(1 min) for 40 cycles, with a final 7 min incubation al72"C. The reaction mix was

then stored at -20oC.

2.12.3 ln Situ HYbridization

The HA ceramic cubes were recovered I weeks post transplant and prepared for paraffin

embedding as described in section 2.5.6. To determine the origin of the cells within the

implants in situ hybridization analysis was performed using a DNA pobe specific to the

unique human repetitive alu sequence [Tokunaga et al, 1996; Kuznetsov et a|,1997]'

Sections of 5 ¡.rm thickness on Cell-Tak coated slides were deparaffinized with xylene for

5 min, then rehydrated through graded (1OO%, 90o/",70"/",50%) ethanol solutions for 5
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min in each solution and finally rinsed in water. The rehydrated sections were treated with

O.2N HCI for 7 min at RT and then washed in water for 5 min after which the sections

were incubated in 1 mg/ml pepsin (Sigma) in 0.1N HClfor 10 min at 37oC. After washing

twicefor 5 min in.PBS, the sections weretreated with 0.25% acetic acid containing 0.1M

triethanolamine (pH 8.0) for 10 min at RT. Following this, the sections were prehybridized

for 15 min at 37oC. The hybridization solution was then added to the sections for

denaturation at 95oC for 3 min followed by hybridization at 45oC for 3 hr. The sections

were then washed twice with 2x ssc for 10 min at RT and once in 0.1x ssc for 10 min

al42oC.

The digoxigenin-labeled DNA was detected by immunohistochemistry' Sections were

firstly washed twice with buffer 1 for 10 min at RT and then covered with blocking solution

for 30 min at RT. The sections were then incubated with an antidigoxigenin alkaline

phosphatase-coniugated Fab fragments (1/5OO dilution in blocking solution) (Boehringer

Mannheim) for 2 h at RT. Following this, the slides were washed twice in buffer 1 for 10

min at RT then once in buffer 2lor afurther 10 min at RT. Following incubation with the

substrate, the cells were washed in distilled water and mounted in Uvinert. The alkaline

phosphatase activity was assessed using an Olympus IMT-2 inverted light microscope'

Photographs were taken using Ektachrome 64 T colour film'

2.13 DETECTION OF OSTEOCALCIN PROTEIN BY RADIOIMMUNOASSAY

This method is a modification of that described by Lajeunesse et al (1991) and was

adapted for serum deprived conditions' Six week old mineralized bone marrow cultures

and controls were washed twice in pBS then switched to SDM (without dexamethasone)

supplemented with CaCIZ-2HZO (2mM) (Sigma), KHZPO+ (1'8 mM)' Menadione sodium

bisutfite (10€M) (Vitamin K3; Sigma), and Calcitriol (tO-7Ul¡ (1,25-dihydroxyvitamin D3;

Donated by F. Hoffmann-La Roche Ltd) for 48 hours at 37oC' 5% COZ' After incubation'

the media was removed and the osteocalcin concentration in the medium was measured

by a specific radioimmunoassay (Department of Endocrinology of the l'M'V'S'' Adelaide'
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South Australia) using a polyclonal antibody raised against bovine osteocalcin (>90%

homologous to human osteocalcin). ln preliminary experiments, media supplemented with

1% FCS contained approximately 3ng of osteocalcin per ml, in contrast to SDM which

contained less than the detection limit of the assay of 0.4 ng of osteocalcin/ml. The results

were expressed as the mean values from duplicate cultures of osteocalcin (ng/106

cells/48 hr induction with 1,25-dihydroxyvitamin Dg)'

2.14 CYTOCHEMISTRY

2.1 4.1 Alkali ne Phosphatase Activity

single cell suspensions prepared as cytospins or cullures of adherent cell populations

were washed lwice in RPMI and then fixed with 95% ethanol for 1o min at RT. The cells

were washed thrice with pBs then stained for alkaline phosphatase activity using a sigma

in vitro diagnostic kit 85L-2. Once stained, the cultures were washed in distilled water,

counter stained with Mayer's haematoxylin then rinsed in tap water and mounted in

Uvinert. Alkaline phosphate activity was assessed using an Olympus IMT-2 inverted light

microscope. Photographs were taken using Ektachrome 64 T and Technical PAM Kodak

black and white film.

2.14.2Von Kossa Staining of Bone Derived Mineral

Six week old bone mineral inductive cultures were washed twice in PBS where the

confluent cells were gently teased off as a sìngle layer using a plastic pipette' The cell

layers were fixed in 95% ethanol for 60 min before being infiltrated and embedded in 50%

glycolmethacrylate(TokyoKasei;Tokyo,Japan)and50%methylmethacrylate(BDH

chemicals) over one week at RT. Transverse sections (5nm) of the cell layers were cut

using a glass knife on a Jung K motorised sledge microtome (Reichert' W' Germany)'

Alternatively, live cultures were rinsed twice with PBS then fixed in situ with 10% neutral

formalin for 30 min. staining for von kossa was performed according to the method of

Pearse (1972). Sections or culture wells were washed twice in distilled water and then
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stained in S"h aqueous AgNO3 (May & Baker Laboratory Products, West Footscray,

Victoria) for 60 min under ultraviolet light. After staining with AgNO3, the sections were

washed twice with distilled water and then placed in 5% sodium thiosulphate (BDH

Chemicals) for 1 min. The sections and culture plates were then washed in distilled water,

counter stained with Mayer's haematoxylin and mounted in Uvinert. Von Kossa staining

was analysed using an Olympus SZ-PT light microscope. Photographs were taken using

Ektachrome 64 T and Technical PAM Kodak film'

2.14.9 Detection of p-Galactosidase Activity

single cell suspensions prepared as cytospins or cultures of adherent cell populations

were washed twice in RPMI and then fixed with 0.5% glutaraldehyde (EM Grade) lor 20

min at 4oC. The cells were subsequently washed thrice in PBS then incubated with Xgal

solurion (50 mM NaHzPO¿ pH7.3, 2 mM K3Fe(CN)6, 2 mM K4Fo(CN)6.3H20, 100 mM

NaCl, 2 mM MgCl2, in distilled water + 0.1% Xgal) lor 2-4 hr in a humidified incubator at

g7oC. Following incubation with the substrate, the cells were washed in distilled water and

mounted in uvinert. The B-galactosidase activity was assessed using an olympus IMT-2

inverted light microscope. Photographs were taken using Ektachrome 64 T and Technical

PAM Kodak black and white film.

2.15 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Six week old mineralized bone marrow cultures were washed in 0.05M sodium cacodylate

buffer and then fixed in 2.5/" glularaldehyde (EM Grade) in 0.05M sodium cacodylate

buffer for two hours at room temperature. After washing with 0.05M cacodylate buffer, the

cultures were were posrfixed wilh 2/" osmium tetroxide (Vlll) (BDH Chemicals) in

cacodylate buffer for t hour at RT and then washed in cacodylate buffer. Following this,

the cultures were dehydrated with graded alcohol (70%, 9O%, 100% ethanol solutions) for

two 15 min changes, for each alcohol grade. Epoxy resin (TAAB Laboratories; Berkshire,

England) was then used to infiltrate the cultures overnight at 37oC. Polymerization of the

resin was carried out at 6Ooc for 24 hr under vacuum. ultrathin sections were cut on a
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LKB ggOO Ultrotome ll (Broma, UK) and mounted on copper grids. Sections were then

examined using a JEOL 12OO EX ll (Tokyo, Japan) transmission electron microscope.

photographs were taken using ILFORD EM Technical film. Mineral deposits were

analyzed using a Tracor-Northern Series ll EDX System (EDX: Energy Dispersive X-ray

microanalyser). Electron diftraction analysis was performed using a camera length of 100

cm, on the mineralized bone cultures and on a commercially available hydroxyapatite

standard (Hydroxyapatite type 1; Sigma).

2.1 6 STATISTTCAL ANALYSIS

2.16.1 Analysis of the Growth of CFU-F Colonies ln Vitro

Analysis of variance (ANOVA) was employed to determine differences in CFU-F colony

numbers and in colony size between the different groups of cytokine combinations and

the control cultures with serum. The level of statistical ditference between the groups was

estimated by the Fisher Limited significance difference (FLSD) test at p< 0'05' The paired

t-test was also used to determine any differences (at p< 0.05) in the mean number of

CFU-F colonies over a range of plating concentrations between the serum containing and

serum deprived cultures.

2.16.2Analysis of Osteocatcin Levels Following Mineralization ln vitro

The paired t{est (p> 0.05) was employed to compare the levels of osteocalcin protein

detected in BM stromal cells cultured in the presence of ASC-2P, DEX and PO4¡ for six

weeks with osteocalcin levels in tthe unstimulated control cultures. Osteocalcin levels

were examined in all cultures following exposure to 1,25-(oH)2D3 for 48 h in serum

deprived medium

2.16.3 Analysis of the lnteractions between Bone cells and ECM prote¡ns

one-way ANOVA was used to determine any differences in the binding of NHBC cells to

various purified matrix proteins in serum deprived conditions. Statistical significance (p<
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0.05) in the cell attachment between different matrix proteins was determined using the

Fisher PLSD test. The paired t-test (ps o.o5) was employed to compare the cell

attachment between the different ECM protein coated wells and their corresponding

control wells containing BSA for each antibody combination'

2.16.4 Analysis of Matrix Calcium Levels in NHBC Cultures

One-way ANOVA was used to determine any differences in the calcium concentrations in

the cell matrix between the different STRO-1/AP NHBC subsets, following stimulation with

ASC-2P, DEX and Po4¡ for up to seven weeks. statistical significance (p< 0.05) in the

level of calcium detected between the different STRO-1/AP subgroups at each time point

was determined using the Fisher PLSD test'

2.16.5 Analysis of the Proliferation rates between different Bone Cell populations'

statistical significance (p< o.o5) in the cell proliferation rates between different STRO-

1/AP NHBC subsets was determined using the paired t-test (p< 0.05).
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CHAPTER THREE: DETERMINATION OF THE GROWTH FACTOR REQUIREMENTS

NECESSARY TO SUPPORT THE CLONOGENIC GROWTH OF HUMAN BONE

MARROW STROMAL PRECURSORS IN VITRO.

3.O INTRODUCTION

ln vivo, haemopoiesis occurs in association with a phenotypically and probably

functionally diverse population of vascular and connective tissue type cells that constitute

the bone marrow microenvironment. A considerable body of evidence derived from

immunological and functional studies both in vivo and in vitro, demonstrate the existence

of pluri-potential haemopoietic stem cells with the capacity to self-renewal and to develop

into committed progenitors. Haemopoietic progenitors have been identified by their ability

to form clonogenic colonies in semi-solid cultures consisting of mature erythroid and

myeloid cell populations. The in vitro proliferation and differentiation of haemopoietic

progenitors is well defined, where the development of colonies representing different

mature blood cell lineages is dependent on the presence of specific combinations of

exogenous growth factors (Figure 1) [clark and Kamen,1987, McNiece et al, 1991;

Haylock et al, 1992; Metcalf, 19931. The cytokines are produced by a wide range of cell

types including, vascular endothelial cells, monocytes/macrophages, lymphocytes and

stromal cells, where a particular cytokine may stimulate the growth of haemopoietic

progenitor cells and also modulate cell function and survival of mature blood cells [Dexter,

19871. Conversely, the effects of these cytokines on the development and function of

bone and marrow stromal cell populations is largely unknown' Bone marrow stromal

precursor cells (SpC) have been identified by their ability to form clonogenic clusters of

adherent f ibroblast-like cells (cFU-F), when cultured in the presence of 10% to 20% foetal

calf (FCS) serum [Friedenstein, 1970; castro-Malaspina et al, 1980]. ln contrast to

haemopoielic progenitor cells, whose growth requirements and responses to a wide

variefy of growth factors have been studied in great detail, little is known about the growth

requirements of BM SPC.
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Sfudies in rodents have demonstrated that the marrow stroma has the capacity to

regenerate as a response to the bone marrow cavity being mechanically excavated

[Tavassoli and Crosby, 1968; Knopse et al, 1972;Pall and Maloney, 1975]. Other studies

have shown that removal of BM from the tibia of rats causes an increase in systemic bone

and cartilage formation [Bab et al, 1985; Gazit et al, 1990]. Similar effects are observed

when the bone marrow microenvironment has been previously damaged through disease

such as aplastic anaemia, or through exposure to cytotoxic agents such as bulsulfan or

radiation [Knopse et al 1966; Fried et al 1976; Fried et a|,1977; Appelbaum et al 1980;

Ershler et al, 19gO; MacManus and Weiss 1984; Simmons et al, 19871. The ability of the

stromal tissue to regenerate is attributed to a population of SPC characterised by a high

proliferative and differentiation capacity with the ability to reconstitute the BM

microenvironment and to form osteogenic tissue in vivo [Owen, 1985; Owen and

\-> friedenstein, l gBB]. Marrow ablation has been shown to result in an increase in the

number of stromal progenitor cells isolated from nonablated sites that may occur due to

the release of cytokines into the circulation with the ability to stimulate stromal cell

proliferation and differentiation [Gerasimov and chailakhyan,'l 979].

Megakaryocytes are known to stimulate the proliferation of bone marrow fibroblasts in

vitro [castro-Malaspina et al 1981], where the c[-granules of platelets are a major source

of both EGF and PDGF. Previous studies have implicated PDGF as the maior growth

factor in serum, responsible for stimulating the clonal growth of SPC in vitro (CFU-F

assay) [Hirata et al 1985; Mclntyre and Bjornson, (1986); Kimura et al 1988; Wang et al'

19901. ln contrast, it has been proposed that PDGF and EGF are not responsible for the

growth of SPC in vitro, and is attributed to an undefined factor(s) released by

haemopoietic cells ILatsinik et al, 1990; Freidenstein et al, 1992]. Another study also

found that the continued presence of EGF in culture had no bearing on the number of

colonies formed compared to control cultures, but EGF was shown to increase the

average size of individual colonies [owen et al, 1987]. However, in all these studies

cultures contained unfractionated BM cells plated at high densities that promote the
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affects of autocrine growth or inhibitory factors. The unfractionated BM cells also contain

accessory cells, such as macrophage, T-cells, and megakaryocytes, capable of producing

cytokines that inhibit or enhance the response of SPC to exogenously added growth

factors. ln addition, all the studies used medium supplemented with either foetal calf

serum, horse serum or human plasma which contained varying amounts of hormones, co-

factors, growth factors and inhibitors. The use of serum and whole BM fraclions has

resulted in conflicting evidence regarding the role of any one cytokine in the development

of CFU-F.

The clonogenic growth of SPC from different normal BM samples has been shown in our

laboratory to be highly variable in the presence of FCS serum. Often there is also

variability between different serum batches in respect to the number of colonies formed

and the proliferation or size of individual colonies from the same marrow sample. We

therefore explored the possibility of increasing the cloning efficiency of CFU-F colonies by

developing a serum deprived medium to define those growth factors directly responsible

for the proliferation of SPC in vitro. ln a previous report it was shown that the STRO-1

mab binds to minor population of BMMNC which contains all detectable CFU-F as

measured under standard serum-containing conditions [Simmons and Torok-Storb

1991a]. lmportantly, the STRO-1 antibody shows no detectable binding to monocytes,

megakaryocytes or T-lymphocytes [Simmons and Torok-Storb 1991a; 1991b]. To

circumvent the problem of accessory cell contamination, all CFU-F assays were

performed using cells selected for STRO-1 antigen expression'

3.1 Establishment of a clonogenic Assay for oFU-F Under serum-Deprived

Conditions: A Role for Glucocorticoids and Ascorbate

Due to the rarity of the CFU-F populalion and the constraints of a serum based culture

system, colony lormation in vitro is dependent on cell density where colony growth is not

linear at high or low cell concentrations. Before an attempt could be made to isolate a

homogeneous population of CFU-F in order to properly study their biology an alternative
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to the serum-based CFU-F assay was developed to support the growth of individual CFU-

F at low plating densities. This assay was based on a standard serum deprived medium

(SDM) used to culture HSC lMigliaccio et al, 1988; Lansdorp and Dragowska, 1992]. To

exclude the influence of accessory cells, STRO-1+ bone marrow cells which contain all

the assayable CFU-F were isolated using magnetic cell sorting (see section 4.2) in order

to obtain large numbers of purified stromal progenitors. ln initial experiments, the STRO-

1+ cells were plated in serum-deprived medium (SDM) comprising ct-MEM supplemented

with insulin, transferrin, bovine serum albumin and human LDL as a lipid source. ln all

experiments, culture plates were coated with fibronectin to promote the attachment of

stromal progenitor cells in the absence of foetal cal serum (FCS). Based on previous

studies [Rosenfetd et al, 1985; Hirata et al 1985; Mclntyre and Bjornson, (1986); Kimura

et al 1988; wang et al, 1990; Huang and Terstappen, 19921, a combination of EGF,

pDGF, IGF-1 and bFGF each at 1ong/ml were added to provide a likely stimulus for

stromal colony growth. Under these conditions however, development of CFU-F colonies

did not occur. However, after addition of the glucocorticoid dexamethasone (DEX) at 10-

8M and the long acting derivative of ascorbate, L-ascorbate-2-phosphate (ASC-2-P)

100FM to the SDM, colony growth was observed to the level of or greater to the FCS-

stimulated control cultures (Figure 8). lmportantly, CFU-F growth did not occur in cultures

established in SDM/DEX/ASC-2P alone but was absolutely dependent upon an

exogenous source of growth factors.

3.2 The contribution of EGF, PDGF, IGF-í and bFGF to CFU-F Growth Under serum

Deprived Conditions

The growth factors EGF, PDGF, IGF-1 and bFGF, used in the initial experiments, were

examined to determine which factor(s) are responsible lor supporting colony growth under

serum-deprived conditions. The factors were added at a concentration of longiml' alone

and in each of the possible 2- and 3{actor combinations. As shown in Figure 9A, the

clonogenic growth of CFU-F occurred only in response to EGF or PDGF' bFGF failed to

stimulate colony growth over a concentration range of '1 to lOOng/ml either alone or in the
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Figure B. The growth of BM CFU-F in serum-deprived conditions. The data indicate the

mean number of CFU-F colonies + SE of triplicate cultures, expressed as a percentage

of the control cultures grown in 20"/o FCS. Serum-deprived medium (SDM: o,-MEM

supplemented with'10pg/ml bovine pancreas derived insulin, 2o/" wlv bovine serum

albumin, 4 pg/ml human low density lipoprotein, 200 ¡r,g/ml iron saturated human

transferrin, 2 mM L-glutamine, p-mercaptoethanol 5 x 105 M); L-ascorbic acid 2-

phosphate (ASC-2P, 100pM); dexamethasone (DEX, 10€M); growth factors (GFs:

PDGF+EGF+lGF-1 +b FGF, 1 0ng/ml).
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Figure g. Cytokines which stimulate CFU-F development in serum deprived conditions.

STRO-1+ BMMNC were grown in serum deprived media supplemented with PDGF, EGF,

IGF-1 and bFGF as single factors (10n9/ml) and in all possible 2- and 3-factor

combinations. (A) CFU-F colony number. The data are expressed as the mean number

of CFU-F r SEM in triplicate cultures as a percentage of the number in control cultures

grown in 2O/o FCS . (B) CFU-F colony size. The data are expressed as the mean colony

diameter (mm) t SEM derived from measurements of all colonies (approximately 25

colonies per well) in triplicate cultures. Colonies stimulated by all factor combinations

containing both PDGF and EGF (.) were found to be significantly larger (p< 0.05; FLSD)

than those stimulated by either factor alone or by 20% FCS.
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presence of heparin at 50pg/ml (data not shown). IGF-1 over the same concenlration

range was similarly without activity in this assay regardless of whether insulin was

included or omitted from the SDM (data not shown). EGF and PDGF either as single

factors or in combination stimulated the development of equivalent numbers of CFU-F

colonies (Figure 9A). Average colony size was however much increased in cullures

stimulated with the combination of the two factors compared to either factor alone (p<

0.05) (Figure 9B). ln contrast to the additive interaction between EGF and PDGF' analysis

of CFU-F colony growth in response to each of the other possible combinations between

the four growth factors did not reveal statistically significant differences in either colony

number or s¡ze stimulated by combinations of factors involving EGF and/or PDGF with

either IGF-1 and/or bFGF (Figure 9).

Collectively, these data demonstrate that the major stimuli for CFU-F growth under serum-

deprived conditions are EGF and PDGF. To optimise growth conditions, dose-responses

were performed for both factors (Figure 1O). Plateau growth of CFU-F in response to EGF

and to PDGF occurred over the concentration range 1 to 100n9/ml. Half-maximal colony

formation in response to either factor occurred at approximately 0.2nQlml. Maximal colony

size was attained at concentrations of either factor in excess of 1Ong/ml and for this

reason subsequent experiments were performed (except where stated) using EGF and

PDGF at a concentration of 1Ong/ml.

To investigate the nature of the interaction between EGF and PDGF on CFU-F colony

size, CFU-F assays were performed in which STRO-1+ cells were plated at the optimal

concentration of either factor (1Ong/ml) and the second factor titrated in over the

concentration range 0.01 to 1oong/ml. The assays were then scored with regard to colony

number (Figure 11) and size (Figure 12) based on a comparison with the mean colony

sizes obtained with EGF and PDGF alone atthe lOng/ml concentration. Consistent with

our previous observations, oFU-F colony number did not change in response to the

addition of EGF and PDGF (Figure 1 1) but colony size was increased in a dose
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Figure 10. The dose-dependency of CFU-F colony formation undþr serum-deprived

conditions in response to PDGF (A) and EGF (B). The data 
"r" "rpre!"ed 

as the mean

number of CFU-F colonies + SE in triplicate cultures, expressed as a percentage of the

number in control cultures grown in20T" FCS alone.
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Figure 11. Effects of PDGF and EGF on CFU-F colony number. STRO-1+ BMMNC were

cuttured in SDM supplemented with either PDGF at 1Ong/ml (A) or EGF at 1Ong/ml (B), in

the presence of the second factor over the concentration range 0.01-100n9/ml. Triplicate

cultures were assayed for colony number at day 14. There was no significant difference

in colony number over the entire concentration range used for either EGF (A) or PDGF

(B).
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Figure 12. PDGF and EGF interact to promote increases in CFU-F colony size. STRO-1+

cells were cultured in SDM supplemented with either PDGF at 1Ong/ml (A) or EGF at

1ong/ml (B), in the presence of the second factor over the concentration range 0'01-

1oong/ml. Triplicate cultures were assayed for colony size at day 14. There was a

significant increase (", p<0.05; FLSD) of colony size in a dose-dependent manner at

concentrations of EGF (A) or PDGF (B) in excess of 1ng/ml'
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dependent manner (Figure 12). Maximum colony diameters were attained at

concentrations of EGFor PDGFin excess of 1ng/ml when added to cultures stimulated

with the reciprocal factor at 1Ong/ml. ln addition, the proliferation of clonogenic cells was

also found to be completely inhibited in the presence of saturating levels of functional

blocking polyclonal antibodies to both PDGF-BB and EGF (Figure 13). However, the

polyclonal antibodies to EGF could not completely inhibit the growth of EGF stimulated

CFU-F colonies alone.

3.3 CFU-F Express Cell Surface Receptors for EGF, PDGF and IGF-I

Previous studies have demonstrated that various cultured stromal cell types express

functional receptors for both PDGF and EGF [Carpenter and Zendegui, 1986;Tingstrom

et al, 1g921. Expression of these receptors by primary clonogenic stromal precursor cells

(CFU-F) in fresh aspirates of bone marrow has not been demonstrated. lt is possible,

therefore, that CFU-F in vivo do not constitutively express receptors for EGF or PDGF and

that their response to these factors may represent some type of in vitro artefact, in part

due to the induction of these receptors in culture. ln addition, lack of response to a given

factor may represent either absence of the appropriate receptor on CFU-F, failure to

induce the receptor or inappropriate down-regulation of the receptor in vitro. To address

these issues, FACS was employed to directly examine the expression of receptors for

EGF, PDGF and IGF-1 on CFU-F isolated from freshly prepared BMMNC. The BMMNC

were stained by 2-colour indirect immunofluorescence with STRO-1 in combination with

monoclonal antibodies to rhe EGF-receptor (EGFR), PDGFR cr-chain and to the IGF-1R.

Given previous data demonstrating expression of STRO-1 by essentially all CFU-F, the

BMMNC samples were sorted into STRO-1+Æleceptor+ and STRO-1+/Receptor- sub-

populations. Each cell fraction was then assayed for CFU-F content under serum replete

conditions. The data from three experiments demonstrated that a high proportion

(consistently >g0%) of CFU-F were recovered in the minor STRO-1+Æìeceptor+ sub-

population (Table 5) indicating constitutive expression of all three growth factor receptors

by CFU-F. ln parallel experiments, BMMNC were double stained with STRO-1 and
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Table 5. Cell surface markers expressed by stromal precursor cells and their progenitors.

lmmunophenotype of CFU-F was performed using two-colour FACS analysis based on

the co-expression of various cell surf ace molecules with STRO-1. Cells from different

STRO-1 subfractions were cultured for day 14 CFU-F. The number of CFU-F in the

STRO-1+/lrrlarker+ subfraction are shown. Primary cultures of stromal cells established

from STRO-1+ BM were trypsinised and assessed for antigen expression by

immonfluorescence flow cytometric analysis. All of the results are expressed as the mean

+ S.E (n=3 different BM aspirates).

Cell Surface

Molecule

Number of CFU-F Colonies Primary BM Stroma

(Mean 7o Fluorescence)(% of Total STRO-1 Fraction)

STRO-1

3D3

1D4.5

146.12

146.11

LFA-3

THY-1

VCAM.1

tcAM-1

PECAM-1

P-SELECTIN

E-SELECTIN

L-SELECTIN

CD49alCD29

cD49b/CD29

CD49clCD29

cD49d/cD29

CD49elCD29

cD49f/CD29

CD29

0.0

81.3 r 11.1

100

100

66.8 t 9.0

70.8 t 9.5

63.0 t 6.4

0.0

48.7 x. 9.9

100.0

93.7 ¡ 2.9

5.3 t 5.3

50.3 t 7.8

98.3 r 0.9

95.1 t 3.1

98.0 t 2.0

4.2x.0.6
0.3 t 0.3

0.4 t 0.1

0.3 t 0.1

0.5 t 0.3

0.1 t 0.1

97.1 ¡ 2.0

76.7 t 5.2

1.7 ¡ 0.2

0.3 t 0.2

0.1 t 0.1

0.2 t 0.1

0.1 t 0.1

96.1 t 4.1

93.3 t 1 .1

87.3 t 3.4

0.2¡ 0.2

92j x. 3.4

47.7 x. 5.3

97.8 ¡ 5.2

100

0.0

0.0

Continued



Table 5. Cell surface markers expressed by stromal precursor cells and their progenitors

continued.

Primary BM StromaCellSurface

Molecule

Number of CFU-F Colonies

(% of Total STRO-1 Fraction) (Mean 7o Fluorescence)

cD18

cD61

CD51

cDs1/CD61
CD51/p5

cD3

cD10

cD13

cD14

cD19

cD33

cD34

cD38

CD44

cD45

cD59

Glycophorin-A

HLA-DR

36.0 t 8.7

81.0 t 8.0

100

100

98.0 ¡ 4.7

0.0

100

100

0.0

0.0

0.0

77.3 ¡ 6.4

0.0

5.1 + 4.9

0.0

ND

0.0

0.0

0.7 + 0.3

23.0 ¡ 2.5

86.1 t 8.3

78.6 t 5.6

65.6¡ 2.2

0.2 t 0.1

32.3 t 5.4

94.9 x. 2.9

0.3 r 0.2

0.2x.0.1
0.5 t 0.3

0.9 t 0.6

0.1 t 0.1

96.5 t 2.9

0.3 t 0.3

96.3 t 7.1

0.1 t 0.1

0.2t 0.2

Continued



Table 5. Cell surface markers expressed by stromal precursor cells and their progenitors

continued.

Cell Surface

Molecule

Number of CFU-F Colonies Primary BM Stroma

(% of Total STRO-1 Fraction) (Mean 7o Fluorescence)

c-kit

c-fms

SCF

NGF-Receptor

IGF-1-Receptor

PDGF-aReceptor

EGF-Receptor

Leptin-Receptor

Trombomodulin

6-19

MUC-18

Bone/Liver-Alkaline

Phosphatase

4.5 ¡ 2.5

3.0 + 1.7

63.0 t 6.5

99.3 t 0.3

97.3 + 1.0

9O.7 ¡ 7.4

95.7 t 1.1

71.0 x. 5.2

94.0 ¡ 2.7

100

89.6 + 8.0

93.2¡ 4.1

0.2x.0.1
0.1 t 0.1

4.8 r 1.1

7.7 ¡ 1.5

7.3 t 1.9

12.1 x. 1.8

76.9 t 4.9

99.6 t 2.3

0.5 t 0.4

97.6 t 1.1

85.4 x.7.7

26.0 t 3.8

(ND): Not done



Figure 13. lnhibition of CFU-F growth in vitro by antibodies to PDGF and EGF. MACS

isolated STRO-1+ BMMNC were cultured in SDM in the presence of: PDGF ànd/or EGF

(10n9/ml) with saturating concentrations (50pg/ml) of antisera to PDGF (antiPDGF)

and/or antisera to EGF (antiEGF). The data are expressed as the mean number of CFU-

F + SE (n=5 replicate cultures) as a percentage of the control cultures stimulated with

both PDGF and EGF (10n9/ml) in the presence of the isotype matched control antibody.

The results demonstrated a complete inhibition of colony formation in the presence of

antibodies to PDGF and EGF.
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monoclonal antibod¡es to other receptor tyrosine kinases, c-kit and c-fms. ln these cases,

no expression of either receptor could be detected on oFU-F (Table 5).

To investigate the possibility of inappropriate receptor down-modulation as a

consequence of in-vitro culture conditions, cFU-F assayed in serum-replete medium and

in SDM supplemented with EGF and PDGF were stained in-situ at day 14 of culture by

indirect immunofluorescence using antibodies to the above receptors' Expression of

EGFR, PDGFR cr-chain, IGF-1 R and NGFR was maintained in culture on the progeny of

the CFU-F while c-kit and c-fms remained undetectable (Table 5). However, PDGFR cr-

chain, and IGF-1R demonstrated low levels of expression on the total stromal cell

population in vitro in contrast to the high EGFR expression'

3.4 Clonogenic Growth of CFU-F Does Not Occur in Response to a Wide Variety of

Cytokines and Growth Factors

Given the complete dependence upon an exogenous source of cytokines in this Serum-

deprived oFU-F assay (Figure 8) we next investigated the response of oFU-F to a broad

range of growth factors. For these experiments, each of the growth factors was added at a

single concentration at or above the dose determined in previous studies to have optimal

activity in clonogenic assays of haemopoietic progenitors' Of a total of 25 purified

recombinant growth factors assayed, only 5 demonstrated any capacity to stimulate CFU-

F growth in SDM: EGF, PDGF, lFNl, TNFct and lL-1 (Figure 14)' Clonogenic growth was

poor in response to lFNy, TNFa and lL-1 with colony numbers approximately 19%,5%

and 40/o respectively of those stimulated in control, serum replete cultures' Three factors,

LlF, lL-6 and lL-11, only stimulated the development of small (10-20 cell) clusters of

stromal cells. A number of the above growth factors have been shown in assays of

haemopoietic progenitors to have no intrinsic colony stimulating activity when added as

single factors. However, in combination with other growth factors, cytokines such as lL-1

and scF demonstrate potent synergistic activity [Muench et al, 1993]' we therefore

performed a series of experiments in which the activity of each of the above factors was
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Figure 14. Assay of BM CFU-F colony growth in response to a range of recombinant

growth factors under serum-derived conditions. STRO-1+ BMMNC were cultured in SDM

in the presence of various cytokines including: lL-1p (1ng/ml); lL-3 to lL-11 (10n9/ml); G-

csF (1ong/ml); GM-CSF (1ong/ml); M-csF (1ong/ml); scF (50n9/ml); TGFp (3ng/ml);

MIP-1a(1ong/ml); lFNa 2a (3OOO i.u./ml); lFNy (3000 i.u./ml); TNFcr (100 u/ml); LIF

(SOng/ml); NGF (1ong/ml); VEGF (1Ong/ml); bFGF (10n9/ml); IGF-1 (10n9/ml); BMP-2

(1ong/ml); Leptin (50 ng/ml); HGF (1ong/ml); PDGF (10n9/ml); EGF (10n9/ml). Data

represent the mean + SE of colony growth in triplicate cultures per cytokine, presented as

a percentage of CFU-F colonies elicited in response to PDGF + EGF (10n9/ml)'

Clonogenic growth occured only in response to 5 cytokines: PDGF; EGF; lFNy; TNFc¿

and lL-1 p. Asterisks indicate formation of clusters (10-20 cells) only.
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assessed by plating STRO-1+ cells in SDM supplemented with EGF and PDGF at

0.O3ng/ml. This concentration was based on the dose response of each factor (Figure 10)

and represented the lowest concentration of either factor with activity in the assay. At this

threshold dose of EGF/PDGF we were still unable to demonstrate any CFU-F colony-

stimulating potential of these factors, including IGF-1 and bFGF (data not shown)'

Notably, two factors, lL-4 and lFNc demonstrated inhibition of CFU-F colony formation.

This was demonstrated by experiments in which each factor was titrated into the assay

with EGF and PDGF at the optimum concentration of 1Ong/ml (Figure 15). Other growth

factors with inhibitory activity on primitive haemopoietic progenitors, TGFp and MIP-1cr,

were assayed in an identical fashion but failed to inhibit the in vitro growth of CFU-F (data

not shown). Having established and optimised culture conditions for assay of CFU-F

under serum deprived conditions studies were then performed comparing the plating

efficiency of CFU-F in the serum replete and serum deprived assays. Based on the data

in Figure 10, the serum deprived assay was performed using a combination of EGF and

PDGF, both at lOng/ml. A representative experiment is shown in Figure 16. Both assays

demonstrated a linear relationship between the number of cells plated and the number of

colonies formed at all cell densities except in the case of the serum replete cultures at the

lower cell concentrations. The plating efficiency of CFU-F in SDM was found to be

significan¡y higher than in FCS at all cell concentrations examined (t-test; psO.05)

particularly at lower cell plating densities.

3.4 DrscussloN

The response of bone marrow derived fibroblast colony-forming cells (CFU-F)to a variety

of cytokines and growth factors in vitro under delined, serum-deprived conditions was

examined. All assays were established using a purified, phenotypically delined population

of BMMNC expressing the STRO-1 antigen to eliminate the affects of accessory cell

populations. The STRO-1+ cells were also cultured at a low plating density to minimise

the stimulation of autocrine growth factor or inhibitor production. ln regard to this, previous
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Figure 1S. lnhibition of PDGF and EGF stimulated CFU-F growth in vitro. MACS isolated

STRO-1+ BMMNC were cultured in SDM in the presence of both PDGF and EGF

(1gng/ml) with varying concentrations of either alpha-interferon 2a (A) or interleukin-4 (B).

The data are expressed as the percentage of CFU-F colony growth stimulated by PDGF

plus EGF alone and represent the mean t SE of triplicate cultures for each concentration

of alpha-interferon 2a and interleukin-4.
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Figure 16. A comparison of CFU-F in serum replete and optimized serum deprived

medium. MACS isolated STRO-1+ BMMNC were grown in either SDM in the presence of

both PDGF and EGF (1Ong/ml) (open square) or in standard CFU-F culture conditions in

20% FCS (closed square). The data are expressed as the mean number of CFU-F

colonies + SE from triplicate cultures. ln both culture conditions there was a linear

correlation between the number of STRO-1+ cells plated and the number of day 14 CFU-

F colonies formed. However, colony formation was significantly more efficient in SDM

than in FCS at all cell concentrations (ps 0.05; t-test).
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studies of CFU-F growth factor responsiveness in human and rodent systems have, in

virtually all instances, performed assays using whole bone marrow or passaged marrow

stromal cells plated at high cell density [Castro-Malaspina et al 1981;Rosenfeld et al,

1985; Hirata et al 1985; Mclntyre and Bjornson, (1986); Kimura et al 1988; Wang et al,

19g0; Friedenste¡n et al, 19921. Moreover, these studies were performed in medium

supplemented with FCS. A major source of the mitogenic activity of serum is contributed

by factors such as EGF and PDGF [Walthall and Ham, 1981] which together with other

possibly inhibitory activities may therefore alter or otherwise mask the response of CFU-F

to purified growth factors added to the cultures.

For this reason, it was necessary to establish in vitro culture conditions for clonogenic

assay of CFU-F in the absence of FCS. A serum-deprived assay was developed which

demonstrated absolute dependence on an exogenous source of growth factors for colony

growth [Gronthos and Simmons, 1995]. The glucocorticoid dexamethasone and a source

of ascorbate were found to be critical components of the SDM. Previous studies analysing

the growth requirements of diploid human fibroblasts in serum-free culture have

documented a requirement for glucocorticoid [Walthall and Ham, 1981;Chen and

Rabinovitch, 1g8gl. Hydrocortisone has been found to be an important ingredient in long-

term marrow cultures lGartner and Kaplan, 1980; Suda and Dexter, 1981] although the

precise role of steroid in this system remains to be determined. CFU-F colonies assayed

from rabbit bone marrow were shown to increase in number in the presence of

hydrocortisone [Owen et al, 1987] although a similar study of human marrow CFU-F failed

to demonstrate a response to this steroid and may reflect differences between species

[Hirata et al, 1985]. similarly, the importance of ascorbic acid in the assay of cFU-F under

serum-deprived conditions as described in this study is unclear. Several studies have

reported that ascorbate stimulates the biosynthesis of extracellular matrix components

such as collagen and increases the cell proliferation of murine and human mesenchymal

cells in culture [Hata and Senoo, 1989; Harada et al, 1991]. The addition of ascorbate has
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also been shown to facilitate cell proliferation by upregulating IGF-1 receptors on mouse

MC3T3-E1 cells [Harada et al, 1990].

IGF-1 in the present serum-deprived system was unable to support colony formation by

CFU-F at any concentration over a 3-log dose range, even in SDM lacking insulin which at

supraphysiological concentrations can compete with IGF-1 for receptor binding' This lack

of response to IGF-1 is not due to the absence of IGF-1R on stromal precursors which

were shown to be constitutively expressed by CFU-F and to be maintained on their

progeny in vitro but at lower levels to that observed in the progenitor population. ln serum

replete cultures, failure to respond to IGF-1 may be explained by the presence of serum

IGF binding proteins [Ross et al, 1989]. lt is conceivable that trace amounts of these

proteins may be in the BSA used in the present serum deprived culture system' However,

the recombinant form of IGF-1 employed in this study lacks the region of the molecule

which interacts with the binding proteins [Szabo et al, 1988] and thus cannot be

inactivated even if binding proteins were present. An alternative explanation may be that

CFU-F produce IGF-1 themselves thereby negating the effects of exogenously added

factor. ln accord with this, human fibroblasts have been shown to secrete IGF-1 into the

culture medium constitutively [clemmons and shaw, 1983] and in response to PDGF

[Clemmons et al, 1gB1]. Moreover, marrow stromal cells have been demonstrated to

produce IGF-1 [Witte et al, 1g93]therefore it remains to be shown whether IGF-1 is being

produced endogenously by CFU-F under the serum deprived culture conditions described

in fhe present study. Therefore, these data do not preclude a role for IGF-1 in regulating

oFU-F growth in this serum-deprived assay. The potential importance of IGF-1 is

suggested by data from other studies performed under serum-free conditions in which

IGF-1 has been shown to regulate the rate of exit from G1 into s phase in human diploid

fibroblasts without affecting fhe cycling fraction lChen and Rabinovitch' 1989]' implying a

mode of interdependence between IGF-1 and EGF/PDGF in regulating activation and cell

cycle progression [Zumstein and Stiles, 1987]'
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Basic FGF similarly failed to stimulate CFU-F growth under the serum-deprived conditions

described in this report. The expression by CFU-F of receptors for bFGF was not

examined in the current study but clearly warrants investigation. ln order to bind to its

receptor and produce a biological response, bFGF needs to complex with a sulphated

proteoglycan such as heparin lolwin and Rapraeger, 1992; Roghan and Moscatelli,

1gg2l. The addition of heparin, however, failed to elicit colony formation in sDM

supplemented with bFGF alone or added in combination with a suboptimal concentration

of pDGF and EGF. However, a recent study has shown that even though cultured human

bone marrow stromal cells express the FGF receptor 1, stimulation with bFGF failed to

effect stromal cell proliferation and had little effect on tyrosine phosphorylation

[Samatomura et al, 1g98]. ln contrast, Wang et al (1990) using unfractionated mouse

bone marrow cell preparations demonstrated augmentation of cFU-F colony growth in

response to bFGF, but only in the presence of high concentrations of FCS.'At low FCS

concentrations bFGF failed to show activity even in the presence of PDGF suggesting that

FCS may contain an activity(ies) (other than PDGF) which synergizes with bFGF which is

unlikely to be present in the sDM conditions employed here. Another possible explanation

for the failure of bFGF to stimulate colony growth in culture system may, as in the case of

IGF-1, be due to possible autocrine production of the factor by stromal cells themselves

[Oliver et al, 1990; Brunner et al, 1993].

ln vivo, more than 90% of cFU-F are non-cycling [Keiliss-Borok et al, 1971; Epichina and

Latzinik, 1976; Castro-Malaspina et al 1981;Kaneko et al, 1982] but rapidly begin to

proliferate in vitro when cultured in serum containing medium' ln the present study' a total

ol27 purilied recombinant growth factors were tested in the serum-deprived assay, where

only EGF and PDGF demonstrated the ability to support oFU-F colony growth' Platelet

derived growth factor is found in three different forms made up of two disulphide-linked

polypeptide chains: PDGF-AA, consisting of two covalently linked A chains; PDGF-BB'

consisting of two covalently linked B chains; and PDGF-AB, a covalently linked

heterodimer of one A and one B chain [Ross, 1989]. Epidermal growth factor is a small
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polypeptide with a molecular weight of 6 kDa where the mouse and human EGF exhibit

70% homology and are highly species cross reactive [Carpenter and Zendegui, 1986]' A

variety of celltypes have been shown to produce PDGF in vitro, including;fibroblast cells,

platelets, macrophages, smooth muscle cells, endothelial cells and several tumour cell

lines IDiCorleto and Bowen-Pope, 1983; Nilsson et al, 1985; Martinet et al, 1986; Heldin

et al, 1990; Abboud, 19931. ln the present study, the functional blocking antibodies to EGF

could not completely inhibit colony formation in CFU-F cultures stimulated with EGF

alone. ln contrast, no growth was observed in replicate cultures incubated with antibodies

fo both pDGF and EGF. Further analysis is required to demonstrate the possible induction

of PDGF production by primary cFU-F colonies following stimulation with EGF.

A recent report which examined the growth regulation of human diploid fibroblasts in a

serum-free, chemically defined system similar to the one reported here, demonstrated that

EGF and PDGF affect similar cell kinetic parameters, regulating the proportion of cells

capable of entering the cell cycle from the quiescent state [chen and Rabinovitch, 1989]'

Receptors for both PDGF and EGF have been previously found on a variety of celltypes

including fibroblasts, smooth muscle cells, glial cells, endothelial cells, epithelial cells and

various cell lines [Cross and Dexler, 1991;Tingstrom et al, 1992]' ln accord with this'

CFU-F could be isolated from fresh aspirates of bone marrow following immunostaining

and FACS w1h monoclonal antibodies to the alpha-chain of the PDGFR and to the EGFR

[Downward et al, 1gg4]. All three isoforms of PDGF bind to a cell surface receptor of

approximately 170-180 kDa [Glenn et al, 1982]. There are two different PDGF receptor

types (cr and B), existing as one of three non-covalently associated complexes: (cr)z; (crh

(þ)t;and (Ê)z tHeld¡n et al, 1988; Hart et al, 1988; Matsui et al, 19891. The PDGF þ-

receptor has high affinity for PDGF-BB and a lower affinity for PDGF-AB, whereas the

pDGF c-receptor shows high affinity binding to all three isoforms of PDGF [Heldin et al'

1gg8; Hart et al, 19881. The PDGF receptor has a protein tyrosine kinase intracellular

domain and is activated by ligand binding after which the PDGF-receptor complex is

internalised [Nilsson et al, 1983; Rosenfeld et al, 1984]. similarly, EGF binds to a specific
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cell surface receptor, characterised as a transmembrane glycoprotein with a molecular

weight of 170 kDa [Downward et a|,1984]. The receptor exists as a monomer with low

affinity for EGF. When EGF binds to a monomer receptor, a non-covalent associated

complex forms between two monomers leading to a high affinity dimer receptor. The

receptor has a tyrosine kinase intracellular domain analogous to the PDGF receptor [King

and Cuatrecassas, 1982; Ulrich et al, 1984; Boni-Schnetzer and Pilch, 19871' A recent

study has confirmed the presence of the EGF receptor and demonstrated the presence of

the pDGF p-receptor in cultures of human bone marrow stromal cells [Satomura et al'

19ggl. ln accord with the findings in the present study, Satomura et al, (1998) also

showed that pDGF and EGF stimulated stromal cell growth in a dose-dependent manner

in vitro, and induced tyrosine phosphorylation of intracellular molecules, including the EGF

and PDGF receptors themselves.

Based on the data in the current study, EGF and PDGF may play a similar role in

triggering the cycling of CFU-F. Very comparable numbers of colonies were initiated by

the two factors alone or when added in combination suggesting a functional redundancy

in the regulation of cycling of CFU-F. Consistent with this, studies using fibroblast cell

lines have shown that PDGF and EGF both stimulate the expression of c{os, c-myc and

other early G1 genes [Kelly et al, 1983; Kruijer et a|,1984], show a similar time

dependence of induction of commitment to DNA synthesis [Westermark and Heldin' 1985]

and result in phosphorylation at tyrosine residues of a similar array ol intracellular proteins

[Cooper ef al, 1982]. Thus a common intracellular pathway for PDGF and EGF signal

processing has been proposed [Westermark and Heldin, 1985]. Although EGF and PDGF

in combination failed to stimulate increases in total colony number, colony size was

significantly enhanced. Similar observations were reported by Kimura et al (1988). The

mechanism underlying the interaction between these two factors remains to be

determined but is clearly of importance given the large increase in cell number which

results from culture in the presence of both factors. Our observations are all the more

intriguing gìven the data from studies in other systems which demonstrate decreased
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cycling in response to a combination of EGF and PDGF [Chen and Rabinovitch, 1989;

Wrann et al, 19801. lt is unlikely that the data presented here are explained by receptor

modulation since it has been reported that PDGF can down regulate EGFR expression

[Wrann et al, 1980] or receptor affinity [Bowen-Pope et al, 1983], although the converse is

not true [Bowen-PoPe et al, 1983].

With the development of a factor-dependent, serum deprived assay for CFU-F, we

examined an additional 25 recombinant cytokines for their ability, as single factors, to

initiate colony formation. Only three cytokines: lL-1 P, TNF-a and IFN-y, demonstrated a

minor stimulatory activity. Caution should however be exercised in interpreting this data.

primitive haemopoietic progenitors require multiple growth factors in order to initiate

proliferation and development, some of which like lL-1 and lL-6 have no direct colony-

stimulating activity but act in synergism with otherfactors IMcNiece et al, 1991;Moore,

1991;Johnson and Li, 19921. By analogy, therefore, it remains possible that a number of

fhe growth factors examined in this study which failed to promote the growth of stromal

progenitors as single factors could, when added in appropriate combinations, demonstrate

stimulatory activity. A more detailed examination of the response of CFU-F to

combinations of multiple growth factors will be required to address this point. Moreover,

future investigations will survey the ability of these and other cytokines to promote cellular

differentiation under serum deprived conditions, given that several studies have

demonstrated the ability of single factors or combinations of factors such as; TGFpI'

TGFB2, PDGF-BB, EGF, bFGF, BMP-2, IGF-1 and PTH, to stimulate osteogenic or

adipocytic differentiation in cultured stromal cells [Canalis, 1993; Hauner et al, 1995;

Cassiede et al, 1996; lsogaiet al, 1996;Handaet al, 1997; Martin et al, 1997; Pri-Chen et

al, 1998; Fromigue et al, 19981.

Notably, interferon-ct 2a (lFNc) and interleukin-a (lL-4) were found to be potent inhibitors

of CFU-F colony formation stimulated by the EGF/PDGF combination at optimal

concentration. Previous studies have shown that IFN-ct [Wang et al, 1992] and interleukin-
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Z (lL-Z) [MacDonald et al, 1990] suppress the growlh of CFU-F in vitro but the effect of lL-

4 on CFU-F growth has not previously been reported. The inhibitory elfects ol lFNo, lL-2

and lL-4 may therefore have potential use in the treatment of conditions of altered stromal

cell growth such, as marrow myelofibrosis. High affinity receptors for lL-4 have been

demonstrated on cloned murine bone marrow stromal cell lines [Lowenthal et al, 1988]. ln

addition, lL-4 has been shown to up-regulate the expression of the adhesion molecule

VCAM-1 on human marrow stromal cells [Simmons et al, 1992]. By contrast, TGFB and

Mlp-1cr, well documented inhibitors of haemopoietic progenitor cell proliferation

[Broxmeyer et al, 1990; Hooper, 1991] showed no inhibitory activity on CFU-F colony

formation.

ln conclusion, we have developed a simple, reproducible serum deprived clonogenic

assay for CFU-F which has allowed us to stringently examine the growth requirements of

these stromal progenitors in vitro. Our data demonstrate the lâck of response of CFU-F to

a wide range of factors active on haemopoietic progenitors and, conversely, the very

specific stimulatory effects of EGF and PDGF on these SPC. These experiments

represent an essential prerequisite for future studies of the role of cytokines in the

regulation of stromal cell proliferation, dilferentiation and development. This work even

may lead to the further development of more sophisticated culture systems with the

capacity to measure multi-potential human stromal stem cells and may also have

implications for the pathogenesis and possible treatment of conditions of altered stromal

cellgrowth such as marrow myelofibrosis.
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CHAPTER FOUR: IDENTIFICATION AND PURIFICATION OF HUMAN BONE

MARROW STROMAL PRECURSOR CELLS

4.O INTRODUCTION

The bone marrow (BM) connective tissue is currently thought to arise from a pool of multi-

potential stromal precursor cells (SPC) [Owen, 1985;Owen and Friedenstein, 1988] with

the ability to develop into the phenotypically diverse population of stromal cell lineages

found in the bone and marrow tissues. Following the initial description of putative BM SPC

(CFU-F assay) by Friedenstein and colleagues (1970), subsequent studies have

documeted variations in the morphology and proliferative capacity of different BM CFU-F

clones expanded in vitro [Friedenstein et al, 1970; 1976; Castro-Malaspina et al, 1980;

Owen et al, 1 987; Bennett et al, 1991 ; Simmons and Gronthos, 1 9911. The heterogeneous

nature of the BM SPC population was further demonstrated in studies where individually

expanded CFU-F clones displayed different developmental potentials both in vitro and in

vivo [Friedenstein et al, 1980;Owen et al, 1987; Bennett et al, 1991]. ln analogy with the

haemopoietic system of cellular differentiation, these studies provide circumstantial

evidence to support the concept of a stromal cell hierarchy, where different mature

functional stromal cell lineages are derived from a heterogeneous population of bi' and

uni-potential stromal progenitor cells that are ultimately derived from a common self -

replicating multi-potential stromal stem cell.

The characterization of the bone marrow stromal precursor compartment has only

recen¡y been explored. Given the extensive literature regarding the existance of BM SPC

in the rodent, little has been published concerning their phenotypic characteristics. This is

due in partto the low incidence of CFU-F in aspirates of marrow (0.05% to 0.00'1%)

[Castro-Malaspina et al 1980; Simmons and Torok-Storb, 1991 a; 1991b; Falla et al, 1993;

Waller et al, 1995a1, and because of the paucity of antibody reagents that allow for the

precise identification, isolation and functional characterization of the SPC population. Van

Vlasselaer and colleagues (1994) have isolated BM SPC from murine BM following 5
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days of S-fluoracil (5-FU) trealment, identified by fluorescence-activated cell sorting

(FACS) as lin-/Sca-1+¡¡16¡bright. This immunophenotype was ostensibly similar to that

previously reported for murine haemopoietic progenitor cells [Spangrude et al, 1988].

However, further analysis demonstrated that the SPC population differed from their

haemopoietic counterparts based on differences in their light scatter characteristics and

by the absence on stromal precursors of haemopoietic surface markers such as Ïhy1.2

and c-kit [Van Vlasselaer et al, 1994]. lronically, more is known of the cell surface

phenotype of sPc in human haemopoietic tissues. Terstappen and colleagues have

conducted a similar phenotypic survey of the antigens expressed by SPC in foetal BM

[Hang and Terstappen, 1992; Waller et al, 1995a, 1995b1' lnitial studies claimed that both

primitive haemopoietic and Stromal cells expressed the Same composite

immunophenotype (CD34+CD3B-H¡-A-DR), suggesting that these two progenitor cell

populations shared a common ontogeny [Huang and Terstappen, 1992]. However'

subsequent immunophenotyping of the respective progenitor cell populations has

revealed differences in the cell surface expression between SPC (CD50-) and HSC

(CD5O+) [Waller et al, 1995a, 1995b1'

ln accord with the findings in foetal BM, haemopoietic and stromal progenitor populations

derived from aspirates of adult human BM were both found to express the cD34 antigen

[Simmons and Torok-Slorb, 1991b]. Further immunophenotypic analysis demonstrated

that HSC and SPC represent two distinct cell populations, where CFU-F express low

levels of the cD34 antigen and exhibit binding sites for lectin sBA IEbell et al, 1985;

Simmons and Torok-Storb, 1991b, Simmons et al, 19941. ln contrast, HSC express high

levels of cD34 antigen and demonstrate no binding to sBA [Sutherland et al, 1989;

simmons and Torok-storb, 1991b; simmons et al, 19941. These studies concluded that

antibody reagents that react with the cD34 antigen are not specific for sPC and exhibit a

low efficiency for isolating purified populations of SPC from adult human BM using a

positive selection strategy. Therefore, sPc can be partially enriched from unfractionated

human bone marrow aspirates based on binding to sBA or by using a negative selection

93



process based on their lack of expression of various cell surface antigens restricted to the

myeloid, erythroid and lymphoid cell lineages [Simmons and Torok-Storb 1991a; 1991b;

Simmons et al, 1994;Rickard et al' 19961.

Recent advances in the study of stromal stem cell biology have been attributed to the

development of novel mabs which recognise antigens on BM SPC that are

correspondingly not reactive with haemopoietic progenitors. Thus far, only two mabs

namely STRO-1 and HOP-26, have been repoded to be effective reagents for obtaining

partially purified populations of CFU-F from fresh aspirates of human bone marrow based

on positive immunoselection [Simmons and Torok-Storb,'t991a; 1991b; Joyner et al

1gg7l. Another novel mab 6-19, has been shown to react with BM CFU-F' based on

antibody dependent complement mediated cytotoxicity, without effecting the growth of

haemopoietic progenitors in vitro [Abboud et al, 1986; lyer et al, 1990].

lmmunohistochemical studies, have also identified several other mabs such as SH-2' SH -

3, SH-4 [Haynesworth et al, 1992b] and SB-10 (ALCAM) [Bruder et al, 1997; 1998a]'

which demonstrate a unique reactivity with primitive elements in sections of osteogenic

tissue but lack reactivity with more mature bone cell types and haemopoietic cells.

Therefore, these mab reagents provide essential tools for further analyses of the cellular

properties and functions of the BM SPC population'

One of the major objectives of this thesis was to identify and isolate homogeneous

populations of SpC by means of positive immunoselection based on the unique specificity

of the STRO-1 mab for stromal progenitor cells in aspirates of BM in order to properly

study their biology. Studies were therefore designed to isolate SPC from a heterogeneous

population of unfractionated bone marrow cells using a combination of cell isolation

procedures in order to maximise the recovery and purity of the sPC population'
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4.1 Partial Characterization of the STRO-I Antigen

Preliminary studies were conducted to confirm the ability of the STRO-1 mab to identify

BM CFU-F. The STRO-1 mab reacted with a minor population (mean 6.5% t 0.73 SEM,

n=20 individual BM samples from different donors) of human BMMNC cells derived from

normal individuals (Figure 17). To examine the reactivity of the STRO-1 mab with CFU-F,

BMMNC were isolated using two-colour FACS analysis based on the cell surface

expression of both STRO-1 and the erythroid marker, glycophorin-A as described in the

methods (Figure 18). The results demonstrated that BM CFU-F were found exclusively in

the STRO-1+ fraction of the BMMNC population (Table 6) in accord with the initialfindings

of Simmons and Torok-Storb (1991a). Furthermore, there was a 15.6 fold enrichment in

the incidence of CFU-F when selected on the basis of STRO-1+/glycophorin-A-

expression, in comparison to unfractionated BMMNC and to cells sorted based on the

STRO- 1 +/g lycorphorin-A+ phenotype (l-ab le 6)'

A survey of various stromal cell lines was conducted in order to identify those lines

expressing high levels of the STRO-1 antigen. Single cell suspensions of each cell line

were incubated with the STRO-1 mab and then analysed using single'colour

immunofluorescence as described in the methods. The majority of the cell lines failed to

react with the STRO-1 mab. However, the human osteosarcoma cell line, MG63 and the

mouse BM stromal cell line BMS2 were found to exibit high levels of the STRO-1 antigen

while the human foreskin fibroblast line, HFF-2 exibited intermediate levels of STRO-1

expression (Figure 19). The cell lines, MG63, BMS2 and HFF-2 were subsequently

utilized in studies designed to identify and characterise the STRO-1 antigen.

The STRO-1 antigen was shown to be resistant to a wide range of proteolytic enzymes

including trypsin (data not shown), with the exception of protease K, which slightly

perturbed STRO-1 expression on MG-63 cells (Figure 20C). Enzyme activity was

confirmed by demonstrating complete suppression of the protease K sensitive antigen

CD71 on the same cells (Figure 21). Furthermore, many molecules such as CD59 are
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Tabte 6. Human CFU-F are STRO-1+/Glycophorin-A-. BMMNC were selected by FACS

then cultured under standard clonogenic conditions. The data represents the mean

number of day 14 CFU-F per 105 cells plated t S.E. (n=3 different BM aspirates).

Bone Marrow

Cell Fraction

Frequency of CFU-F

tcFU-F/105 cells)

Enrichment

(Fold lncrease)

Unfractionated

BMMNC

STRO-1+/AA6-

STRO-1+/AA6+

STRO-1-/AA6+

STRO-17AA6-

10.0 r 0.8

156 t 25.6

10.7 t 1.0

0.0

00

1.0

15.6

1.3

0.0

0.0



Figure 17. The irhmunoreactivity of the mab STRO-1 with adult human bone BMMNC. A

representative dot plot frequency histogram demonstrates the heterogeneous nature of

the BMMNC populat¡on based on the side light scatter (granularity) versus the forward

light scatter (cell size) properties (A). All subsequent studies using FACS analysis were

conducted by gating on the total BMMNC population (quadrant R1). A frequency

histogram is shown representing the flow cytometric analysis of BMMNC immunoreacted

w1h the mab STRO-1 coupled to FITC (B). The data is expressed as the relative cell

count (y axis) versus the fluorescence intensity (log scale) of the STRO-1 mab coupled to

FITC (x axis) where 2x104 events were collected as listmode data. The horizontal bar

(region M1) represents the level of fluorescence <1.0o/" of the isotyped matched control

mab (146.12) coupled to FITC. Typically, the STRO-1 mab was found to react with

approximately 6.5/" of the BMMNC population in the designated region.
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Figure 18. Dual-colour immunofluorescence flow cytometric analysis of BMMNC

immunoreacted with the mab STRO-1 coupled to FITC (x axis) and the mab AA6 (anti-

glycophorin A) coupled to PE (y axis). The dot plot histogram represents 5 x 104 events

collected as listmode data. The vertical and horizontal lines were set to the reactivity

levels of <'l.O/" mean fluorescence obtained with the isotype-matched control antibodies,

gD3 (PE) and 146.12 (FITC). The results demonstrate that the majority of the STRO-1

population (90%) co-expressed glycophorin-A (upper right quadrant) while the remaining

STRO-1+ cells failed to react with the mab AA6 (lower left quadrant). Cells isolated by

FACS analysis from all four quadrants were subsequently assayed for the incidence of

CFU-F Oable 6).
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Figure 19. STRO-1 expression on different stromal cell lines. Frequency histograms,

representing the immunofluorescence flow cytometric analysis based on the

immunoreactivity of the mab, STRO-1 with single cell suspensions of : the human

osteosarcoma cell line, MG-63 (A);the murine bone marrow stromal cell line, BMS2 (B);

and the human foreskin fibroblast line, HFF-2 (C). The data is expressed as the relative

cell count (y axis) versus the fluorescence intensity (log scale) of fhe cell-bound STRO-1

mab coupled to PE (x axis) and 2 x 104 events were collected as listmode data. The

horizontal bar (region D) depicts the level of fluorescence <1 .0/" ol the isotyped matched

control mab, lA6.l2coupledtoPE.Themajorityof thecell populationsinpanelsAand

B exhibited high expression of STRO-I while only a subpopulation of cells in panel C

expressed the STRO-1 antigen.
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Figure 20. STRO-1 expression in response to Pl-PLC and protease K activity. Frequency

histograms, representing the immunotluorescence ftow cytometric analysis of the STRO-

1 expression on single cell suspensions of : untreated MG-63 cells (A); MG-63 cells pre-

treated with 50 mU/mt Pl-PLC lor 2h at 37oC (B); MG-63 cells pre-treated with 1mg/ml

protease K for t h at 37oC (C). The data is expressed as the relative cell count (y axis)

versus the fluorescence intensity (log scale) of the mab STRO-1 coupled to PE (x axis)

where 2 x 104 events were collected as listmode data. The horizontal bar (region F)

depicfs the level of fluorescence <1 .0"/" ol the isotyped matched control mab, 146.12

coupled to PE. There was no difference in the mean fluorescence between panels A and

B. A decrease of 17"/o in the mean fluorescence was observed in panel C when

compared to the control (A) in the designated region.
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Figure 21. CDTI,expression in response to protease K activity. Frequency histograms,

representing the immunofluorescence flow cytometric analysis of single cell suspensions

of : untreated MG-63 cells (A); MG-63 cells pre-treated with 1mg/ml protease K for t h at

37oC (B). The data is expressed as the relative cell count (y axis) versus the

fluorescence intensity (log scale) of the mab T9 (anti-CD71) coupled to PE (x axis) where

2 x 104 events were collected as listmode data. The horizontal bar (region C) depicts the

level of fluorescence <1.Ooh of the isotyped matched control mab, 3D3 coupled to PE.

The results demonstrated that there was a complete loss in the expression of CD71 in

the presence of Protease K (B).
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known to be anchored to phosphatidylinositol on the cell membrane and are cleaved by

the enzyme phosphatidylinositol-specific phospholipase C (Pl'PLC) (Figure 22)'

Treatment ol MG63 cells with Pl-PLC failed to alter the expression of STRO-1 suggesting

that the STRO-1 antigen was not attached to the cell surface via a glycosyl-

phosphatidylinositol (GPl)-link (Figure 208). To determine whether the STRO-1 antigen

was glycosylated, MG63 cells were incubated in the presence of varying concentrations of

tunicamycin and then immunoreacted with the STRO-1 mab in situ. The results indicated

that the STRO-1 expression did not alter in the presence of tunicamycin and therefore did

not recognise an N-linked glycosylated epitope (Figure 234). ln contrast, the known N-

linked glycosylated cD59 epitope recognised by the HCC-1 mab was found to be

sensitive to treatment with tunicamycin (Figure 23).

The relative molecular weight of the putative polypeptide chain recognised by the STRO'1

mab has been determined using extracts of cell membranes isolated from single cell

suspensions of MG63, BMS2 and HFF-2 cell lines and processed for SDS-PAGE and

western blotting as described in the methods. Following the immunolabelling with eilher

the STRO-1 mab or the control mabs, the immunoreactive proteins were detected using a

Molecular Dynamics Fluorlmager. The STRO-1 mab consistently reacted with a protein

having an approximate molecular weight of a 60 kDa in all the different cell lysates used

under both reduced and non-reduced conditions (Figure 24). However, the STRO-1 mab

failed to immunoprecipitate the antigen using biotinylated or iodinated cell lysates

generated from the same cell lines. ln addition, repeated attempts to identify the CDNA

encoding for the STRO-1 antigen were unsuccessful. Despite the limited knowledge

concerning the nature of the STRO-1 antigen, the mab nevertheless exhibits a unique

reactivity with BMMNC and is an ideal reagent for identifying and isolating potentially pure

populations of bone marrow stromal precursor cells'
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Figure 22. CD59 expression in response to PI-PLC activity. Frequency histograms,

representing the immunofluorescence flow cytometric analysis of single cell suspensions

of : untreated MG-63 cells (A); MG-63 cells pre-treated with 50mU/ml Pl-PLC lor 2 h al

gToC(B). The data is expressed as the relative cell count (y axis) versus the fluorescence

intensity (log scale) of the mab HCC-1 (anti-CD59) coupled to PE (x axis) where 2 x 104

events were collected as listmode data. Region C depicts the level of fluorescence <1.0%

of the isotyped matched control mab, 146.12 coupled to PE. The results demonstrate

that there was a complete loss in the expression of CD59 on MG-63 cells in the presence

of PI-PLC (B).
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Figure 23. STRO-1 expression in response to tunicamycin treatment. ln situ

immunofluorescence staining of :cultured MG-63 cells pre-treated with between 0.1 to 10

pg/ml tunicamycin for 48 h at 37oC then immunoreacted with the mab STRO-1 coupled

to FITC (A); untreated cultured MG-63 cells immunreacted with the mab HCC-1 (anti-

CD59) coupled to FITC (B); cultured MG-63 cells pre-treated with tunicamycin for 48 h at

gToC then immunoreacted with the mab HCC-1 coupled to FITC (C) (40X). The STRO-1

antigen was found to be unaffected by treatment with tunicamycin even at the highest

dose used (A), and demonstrated the same fluorescence intensity when compared to the

untreated cultures. ln contrast, CD59 expression was lost in a dose-dependent manner in

the presence of varying concentrations of tunicamycin (0.1 to 1Omg/ml) and was

completely diminished at the highest concentration (C).





Figure 24. Determination of the molecular mass of the antigen identified by the mab

STRO-1 using western blot analysis. Membrane preparations of : MG-63 cells (Lanes 1, 4

& 7); BMS2 cells (Lanes 2,5, & 8); HFF-2 cells (Lanes 3, 6 & 9) were separated by 10%

SDS-polyacrylamide gel electrophoresis under non-reduc¡ng (A) and reducing (B)

conditions. The gels were transferred onto nitrocellulose and were subsequently

immunoreacted with the mabs: STRO-1, Lanes 1, 2 & 3; HCC-1 (antiOD59), Lanes 4, 5 &

6;61.2Q4 (antiOD29), Lanes 7, I & 9. The immunoreactive proteins were detected by

incubating the membranes with a goat-anti mouse lg conjugated to alkaline phophatase,

followed by exposure to the Vistra ECF substrate solution and then analysed by

fluorescence using a Fluorlmager. The results demonstrate that the STRO-1 mab

identified an antigen with a molecular mass of approximately 60 kDa in lysates prepared

from MG-63 cells (Lane 1), BMS2 cells (Lane 2), andHFF-Z cells (Lane 3) under non-

reduced (A) and reduced (B) conditions. No bands were detected in the negative control

lanes 4, 5 & 6 for all conditions. The positive control lanes 7, I & I demonstrated

immunoreactivity with the mab 61.2C4 corresponding to the CD29 antigen with the

approximate molecular mass of 110 kDa in the non-reduced gel (A) and 130 kDa in the

reduced gel (B). Note that membrane preparations from MG-63 cells yielded two distinct

bands immunoreactive with the mab 61.2C4.
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4.2lsotation of STRO-I+ Cells by Magnetic-Activated Cell Sorting (MACS)

We have demonstrated the effectiveness of MACS to isolate and enrich for CFU-F from

aspirates of human BM based on the cell surface expression of the STRO-1 antigen

(Figure 25) lGronthos 1995; Gronthos et al, 1998]. This isolation procedure yields

enrichments of approximately 11 fold in the incidence of CFU-F in the STRO-1+ fraction

compared to unfractionated BMMNC with 62o/o recovery of the total CFU-F population

from the STRO-1+ cell fraction. (Table 7). This was comparable to the enrichment (15

fotd) in the frequency of BM CFU-F isolated by single-colour FACS using STRO-1.

However, the recovery of CFU-F isolated by FACS was only 23/" of the estimated total

number of CFU-F present in the BMMNC samples'

Flow cytometric analysis of the STRO-1+ cells isolated by MACS demonstrated a

heterogeneous pattern of expression spanning over four decades in fluorescence intensity

(Figure 26). Single-colour FACS was subsequently employed to subdivide the STRO-1+

BMMNC fraction into three subsets; STRO-1dull, gTgg-lintermediate and g1q9-1bright.

Due to the STRO-lbright population being several orders of magnitude greater in

fluorecence intensity than the STRO-1dull 
""¡¡t, 

it was found necessary to reduce the

laser power in order to clearly observe the STRO-1 bright population. As a consequence,

the STRO-1dull çs¡¡s in this and subsequent analyses now appear to completely lack

expression of STRO-1. FACS was then used to separate the STRO-1+ BMMNC isolated

by MACS into STRO-1dull, g1g9-l intermediate, STRO-I bright .ubpopulations. Each

fraction was subsequently assayed for CFU-F. These assays demonstrated that the

majority of the CFU-F were contained within the STRO-1bright."¡¡fraction. There was a

g50 fold increase in the incidence of CFU-F in the STRO-l bright populalion when

compared to unfractionated BMMNC (Table 8) demonstrating that BM CFU-F contained a

high copy number of the STRO-1 antigen on their cell surface. The recovery of the CFU-F

population in the STRO-Ibright fraction was74h relative to the estimated total number of

CFU-F in the BMMNC sample pre-MACS.
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Table 7. lsolation of BM CFU-F: Comparison of two different cell separation techniques.

STRO-1+ BMMNC were isolated either by FACS or by MACS and then cultured under

standard clonogenic conditions. The data represents the mean number of day 14 CFU-F

per 105 cells plated t SE.

Cell Fraction Number of CFU-F/105 Cells (CFU-F Recoverv % Totall

MACS, n=4 BM samples FACS, n=6 BM samoles

BMMNC

STRO-1+

STRO.1-

11.5 + 2.5 (100)

127 ¡ 6.8 (62)

14.0 t 3.3 (100)

212 x. 17.1 (23)

000.0



Table L BM CFU-F express high levels of the STRO-1 antigen. STRO-1+ BMMNC were

first isolated by MACS and then sorted according to the level of STRO-1 expression,

using FACS. The different FACS sorted STRO-1 fractions were then cultured under

standard clonogenic conditions. The data represents the mean number of day 14 CFU-F

per 105 cells plated + S.E. (n=5 different BM samples).

Cell Fraction No. of CFU-F/105 Cells CFU-F Recovery % Total

BMMNC 9.4 x. 2.3

gTqg-l bright 8,930 + 415

STRO-I intermidiate 48.0 + 7.b

gTqg-1dull 0.0

100

74

3.2

0.0



Figure 25. STRO-1 expression following MACS isolation. Frequency histograms

representing the immunofluorescence flow cytometric analysis of BMMNC isolated by

MACS, on the basis of STRO'1 expression: unsorted BMMNC fraction (A); STRO-1+ cell

fraction (B);STRO-1-cellfraction (C). Each histogram is based on 104 events collected

as list mode data. The horizontal bar (region M1) depicts the reactivity levels of <1'0%

mean fluorescence obtained with the isotype-matched control antibody 146.12 (FITC).
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Figure 26. Heterogeneous expression of STRO-1 following MACS isolation. Frequency

histogram representing the immunolluorescence flow cytometric analysis of the total

STRO-1+ BMMNC population isolated by MACS: 5199-1dull cells (A, horizontal bar

M1); STRO-lintermediate cells (8, horizontal bar M2); STRO'1bright."¡¡. (C, horizontal

bar M3). The histogram is based on 104 events collected as list mode data.
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4.3 lmmunophenotyping of BM SPC using Dual-Colour FACS

A large panel of mabs specific for a variety of cell surface molecules were used to

immunophenotype BM SPC in BM aspirates by FACS analysis inorder to find potential

markers able to subset the STRO-'t+ BM cell fraction. The cell surface molecules

examined were selected on the basis of previous in vitro studies which demonstrated the

presence of these cell surface molecules on either bone marrow stroma, endothelial cells

or on day 14 CFU-F þbboud et al, 1986; Favaloro et al, 1990; Soligo et al, 1990;Aye et

al, 1992;Chen et al, 1991b;Confortiet al, 1992; lrlin and Peled, 1992; Long 1992; Long

et al, 1992; Simmons et al, 1992; Conway and Nowakowski, 19931' An extensive

immunophenotyping of the BM SPC population using dual'colour FACS analysis was

compiled [Simmons et al, 1994]. Collectively, these studies revealed that SPC in fresh

marrow aspirates, expressed a wide range of known leukocyte, vascular endothelial cell,

and stromal cell surface antigens such as; cytoadhesion molecules, cytokines and

cytokine receptors. The reactivity of these markers is summarised in Table 5' FACS

analysis demonslrated that the cell surface markers;6-19, VCAM-1, Thy-1, CD10, CD13'

integrins (Ê1 , crl Ft,aZÊt, q5P1, G6B1 , crv, qvÊ3, ctvþS), thrombomodulin, PDGF-receptor'

EGF-receptor, IGF-1-receptor and nerve growth factor-receptor, were expressed on

essentially all assayable cFU-F. Other markers such as; LFA-3, ICAM-1, PECAM-1, P-

selectin, L-selectin, CD18, CD61, and SCF, were only present on a propodion (>10% but

<g0%) of SpC, while other cell surface molecules, such as CD44 and a3p1 , were either

not expressed on SPC or were expressed on <10% of stromal progenitors respectively.

ln vitro, the progeny of CFU-F demonstrated a similar immunophenotype to that observed

for BM SpC in vivo, however there was a marked up regulation in the expression of the

two markers CD44 and a381, by cultured stromal cells. Conversely, various markers

found to be expressed by all or a proportion of CFU'F (STRO-1, LFA'3, PECAM-1, P:

Selectin, L-selectin, cr¿Þ1, CD34, SCF, NGF-R, PDGF-R, IGF-1-R, and thrombomodulin)

were found to be down regulated in vitro, where some markers were virtually undetectable

in primary stromal cultures. When BMMNC were sorted based on the co-expression of
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STRO-1 and either one of several markers (6-19, VCAM'1, Thy'1, CD10, CD13, Ê1,

ct1P1,02P1, qSP1, c6P1, GV, crvÞ3, oyp5, thrombomodulin, PDGF-receptor, EGF-

receptor, IGF-1-receptor and NGF-receptor), a level of greater than 100 fold enrichment of

CFU-F was achieved in comparison to the frequency of CFU-F observed in unfractionated

BMMNC or the STRO-1 + fraction alone. A representative example is given demonstrating

the level of enrichments achieved for BM CFU-F, using two-colour FACS (Table 9) based

on the expression of STRO-1 and VCAM-1 antigens (Figure27).

Although ideally suited as an analytical tool, FACS suffers from a number of significant

limita¡ons. Due to the low frequency of SPC present in human BMMNC (mean 11.8 CFU-

F t 1.14 SEM per 105 BMMNC , n=20 different individual BM samples, or approximately

O.01% of the total BMMNC population) FACS analysis was found to be technically limiting

for recovering sutficient numbers of STRO-1+ cells, required for large complex culture

experiments or clinical studies. The isolation of rare cell types from heterogeneous

populations using FACS often sacrificed cell recovery for cell purity. Therefore MACS was

used in preference to FACS for the initial isolation of STRO-1+ BMMNC because of its

capacity to process high cell numbers.

4.4 Purification of the CFU-F population

To purify the CFU-F population to homogeneity a more accurate discrimination of the

MACS isolated 51q9-l bright subset was required in order to differentiate those cells from

the bulk of the STRO-1 population. This was achieved by incubating the total STRO-1+

cells isolated by MACS, with a mab reactive with the stromal cell surface antigen VCAM-1

(Figure 2B). VCAM-1 is part of the immunoglobulin superfamily of cell adhesion molecules

and was chosen due to its restricted reactivity to a minor fraction of the BMMNC

population including stromal precursor cells, and because the VCAM-1 molecule was not

expressed on hematopoietic progenitor cells [Simmons et al, 1992]. Dual colour-FACS

was then emptoyed to identify and isolate the STRO-I bright¡7çA¡¡-1+ BMMNC fraction.

Limiting dilution analysis by FACS was performed using the FACSIaTPLUS automated cell
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Table g. Enrichment of human BM CFU-F by dual-colour FACS analysis based on the co-

expression of the cell surface markers STRO-1 and VCAM-1. FACS sorted cells were

cultured under standard clonogenic conditions. The data represents the mean number of

day 14CFU-F per 105 cells plated + SE (n=4 different BM aspirates).

EnrichmentBone Marrow

Cell Fraction

Frequency of CFU-F
(cFU-F/105 Cells) lncrease

Unfractionated

BMMNC

STRO-1+rucAM-1+

STRO-1+^/cAM-1-

srRo-1-A/oAM-1+

STRO-1-A/CAM-1-

12.0 + 1 .8

1,834+ 271

0.0

0.0

0.0

1.0

153

0.0

0.0

0.0



Figure 27. STRO-1 and VCAM-1 expression on BMMNC. Dual-color

immunofluorescence flow cytometric analysis of BMMNC immunoreacted with the mab

STRO-1 coupled to FITC (x axis) and the mab 6G10 (anti-VCAM-1) coupled to PE (y

axis). The dot plot histogram represents 5 x 104 events collected as l¡stmode data. The

vertical and horizontal lines were set to the reactivity levels of <1.0% mean fluorescence

obtained with the isotype-matched control antibodies, 3Dg (PE) and 146.12 (FITC). The

results demonstrate that a small proportion of the STRO-1+ population (approximately

2/"\ co-expressed VCAM-1 (upper right quadrant). Cells isolated by FACS analysis from

all four quadrants were subsequently assayed for the incidence of CFU-F (Table 9).
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Figure 28. Discrimination of the glqg-lbright eM cell population by VCAM-1. Two-

colour immunofluorescence cytometric anal¡¡sis of MACS isolated STRO-1+ BMMNC

incubated with the VCAM-I mab, 6G10. The dot plot histogram represents 5 x 104

events collected as listmode data. The STRO-I bright¡¿ç¡y-1 + cells (rectangle) were

sorted by FACS and represented less than 1.0% of the total STRO'1+ population.
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deposition unit to seed STRO-lbright¡/çAM-1+ cells at various plating densities under

serum deprived conditions and then assayed for clonogenic growth. The data were

analysed according to Poisson distribution statistics, previously used to quantitate the

frequency of haemopoietic and osteogenic progenitors [Bellows and Aubin, 1989;

Sutherland et al, 1990; Falla et al, 19931. According to these analyses, the mean

incidence (n=6 different marrow aspirates) of day 10 CFU-F colonies (>50 cells) was

determined to be 1 CFU-F per 3 STRO-l bright¡¡CAM'1+ cells plated (Figure 294).

Furthermore, the incidence of clonogenic cells (clusters >10<50 cells + colonies) was

found to be 1 per 2 STRO-I bright¡¡çAM-1+ cells plated (Figure 298). The combined

MACS/FACS purification technique effectively achieved a 4.3 x 103 fold enrichment of the

CFU-F population when compared to unfractionated BMMNC (1 CFU-F colony per 8.5 x

103 BMMNC).

The physical properties of the CFU-F population were assessed by either light microscopy

of cytospin preparations stained with Wright's Geimsa or by TEM analysis of freshly

sorted STRO-Ibright¡¡6¡¡¡-1+ cells. The morphological studies revealed that the BM

CFU-F were a homogeneous population of large cells containing many long cytoplasmic

processes and a large nucleus characterised with an open chromatin structure (Figure

30). No specific structures such as the endothelial specific Weibel-Palade bodies could be

detected. This analysis demonstrates for the first time the morphological characteristics of

BM SPC. A proportion of isolated CFU-F (approximately 25%) were also found to adhere

to haematopoietic cells. The adhesion of leukocytes and or platelets to CFU-F may in part

explain why some of the haemopoietic markers only identified a proportion of CFU-F in

BMMNC preparations using FACS. ln addition, cytospin preparations were fixed and

permeabilised with acetone and methanol as described in the methods, then incubated

with antibodies specific to smooth muscle actin and Factor Vlll. Both antibodies failed to

react with STRO-l bright¡¡ç¡y-1+ cells (data not shown) suggesting that this cell

population was not characteristic of differentiated smooth muscle cells or endothelial cells.
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Figure 29. The incidence of SPC in the STRO-I bright¡¿ç¡y-1+ BMMNC fraction.

Limiting dilution analysis of the mean number of day 14 BM CFU-F colonies + SE (A) and

the mean number of colonies + cell clusters t SE (B) from MACS/FACS isolated STRO-

lbright¡¡ç¡M-l+ BMMNC (n=6 different marrow donors). Colonies represented

aggregates of >50 cells while clusters represented aggregates of >0<50 cells, The

frequency of clonogenic cells was determined using Poisson distribution statistics by

plotting the percentage of wells with no clonogenic growth against the number of cells

plated per well (24 replicates per cell concentration).
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Figure 30. Morphology of purified human SPC. Cells were isolated from bone marrow by

MACS/FACS selection, based on the immunophenotype STRO-l bright¡/ç¡¡¡-1 +. Panel

A: depicts a photomicrograph representing a typical SPC prepared on a cytospin from

freshty isolated STRO-l bright¡¡ç¡¡¡-1 + BMMNC and stained with Geimsa (1OOX). Panel

B: represents a SPC on the same slide adhered to a haemopoietic cell (arrow) (100X).

Panel C: shows an electron micrograph of a typical SPC from freshly isolated STRO-

lbright¡7ç¡M-1+ BMMNC, fixed in 2.5"/" glutaraldehyde in O.OSM sodium cacodylate

buffer then prepared lor transmission electron microscopy (2000X). Panel D: depicts the

same cell at a higher magnification (15,000X). ln vivo, BM SPC in vivo appear to be large

cells of approximately 10 to 12 Vtrn in diameter with numerous cytoplasmic processes and

a large nucleus with an open chromatin structure.
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Further analysis was conducted in order to define the molecular phenotype of the purified

BM SPC population.

4.5 Gene Expression Pattern of BM SPC In Vivo

Total RNA obtained from STRO-Ibright¡¡ç¡M-1+ cells was used to generate full-length

first-strand cDNA as described in the methods. RT-PCR analysis revealed the presence

of various bone cell markers including bone sialoprotein, osteonectin, and collagen type l.

However, there was an absence in the expression of osteopontin, the parathyroid

hormone-receptor, and the more specific bone cell markers osteocalcin and the

transcription factor CBFAl (Figure 31). RT-PCR analysis of various tat-related markers

revealed that lipoprotein lipase and the adipocyte human lipid binding protein were

expressed by the STRO-1 bright¡¿ç¡y-1+ population but there was no detectable

expression of other adipocyte restricted markers such as the obese gene product (leptin)

and the early transcription factor PPARy2 in these cells (Figure 32). Similarly, the cartilage

specific markers collagen type ll and aggrecan were not expressed by the CFU-F

poputation using RT-PCR (Figure 33). However, the 3Tq9-lbright¡¿CRV-t + population

was found to express collagen type X, a marker normally associated with hypertrophic

chondrocytes residing in the growth plate region of long bones. overall the sTRO-

l bright¡¡6¡M-1+ population appeared to represent an early precursor population not yet

fully committed to any particular stromal cell lineage. Furthermore, protein expression was

also determined for some of these markers by means of flow cytometry. According to this

analysis STRO-I bright gy¡¡NC were shown to co-express collagen type l, bone

sialoprotein and osteonectin (Figure 34).

4.6 BM SPC are a Quiesent Cell Population ln Vivo

lnitial studies were conducted to examine any association between the expression of the

STRO-1 antigen and the proliferation-associated human nuclear antigen, identified by the

mab Ki-67 [Gerdes et al, 1g83; 1984], in vitro using the STRO-1+ stromalcelllines MG63

and BMS2. Dual-colour immunofluorescence flow cytometry demonstrated that there was
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Figure 31. BM SPC expression pattern o1 bone-related markers. Representative

experiments of the expression of bone-related transcripts, as assessed by RT-PCR'

using RNA derived from: primary cultures of normal human bone cells (NHBC) grown as

explants from pieces of trabecular bone (positive control group) (A); purified human SPC

isolated from marrow by MACS/FACS selection based on the immunophenotype STRO-

l bright¡¿ç¡M-1+ (B). The various bone-related markers examined included: CBFAl (2);

collagen type I (3); bone sialoprotein (4); osteopontin (5);osteonectin (6); osteocalcin (7);

parathyroid hormone receptor (10). Molecular weight markers are shown in lanes 1 and

9. Water controls are represented in lane B. Reaction mixes were subjected to

electrophoresis on a1.5/" agarose gel and visualised by ethidium bromide staining' The

results indicated that SPC from freshly isolated STRO-I bright¡¿ç4¡¡-1+ BMMNC lacked

expression of the transcripts; CBFA1, osteopontin, osteocalcin and parathyroid hormone

receptor, following 40 PCR cycles of amplificalion.
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Figure 32. BM SPC expression pattern of fat-related markers. Representative

experiments of the expression of adipocyte-related transcripts, as assessed by RT-PCR,

using RNA derived from: purified human SPC isolated from marrow by MACSiFACS

selection based on the immunophenotype 5Tg9-lbright¡¿CRt¡-l + (A); primary cultures

of human marrow stromal cells grown in the presence of dexamethasone (10€ M) for 6

weeks to induce adipogenesis (positive control group) (B). The various adipocyte-related

markers examined in PanelA included:lipoprotein lipase (3);obese gene product (4);the

transcription factor PPARy2 (5); human-adipocyte lipid-binding protein (6). Molecular

weight markers are shown in lane 1 and the water controls are represented in lane 2. The

various adipocyte related markers examined in Panel B included:lipoprotein lipase (3);

obese gene product (4); human-adipocyte lipid-binding protein (5); PPARy2 (6).

Molecular weight markers are shown in lane 2 and the water controls are represented in

lane 1. Reaction mixes were subjected to electrophoresis on a 1.5"/" agarose gel and

visualised by ethidium bromide staining. The results indicated that SPC from freshly

isolated STRO-I bright¡¡ç4y-1+ BMMNC lacked expression of the transcripts, obese

gene product and PPARy2, following 40 PCR cycles of amplification.
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Figure 33. BM SPC expression pattern of cartilage-related markers. Representative

experiments of the expression of cartilage-related transcripts as assessed by RT-PCR

using RNA derived from: a chondrosarcoma cell line and was used as a positive control

group (A); purified human SPC isolated from marrow by MACS/FACS selection based on

the immunophenotype STRO-Ibright¡¿ç¡¡¡-1+ (B). The various cartilage-related

markers examined included: aggrecan (2); collagen type ll (3); collagen type X (4).

Molecular weight markers are shown in lane 1 and the water controls are represented in

lane 5. Reaction mixes were subjected to electrophoresis on a 1.5'/. agarose gel and

visualised by ethidium bromide staining. The results indicated that SPC from freshly

isolated STRO-l bright¡¡6¡¡¡-1+ BMMNC lack expression of the transcripts; aggrecan

and collagen type llfollowing 40 PCR cycles.
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Figure g4. STRO-Ibright BM¡¡NC protein expression of bone-related markers. Dual-

colour immunofluorescence flow cytometric analysis of STRO-1+ BMMNC isolated by

MACS then fixed in 70"/o ethanol (-2OoC) for 15 min on ice and subsequently

immunoreacted with the mabs: WVIDI (9C5) (antibone sialoprotein l,l, BSP); M-38

(anticollagen (pro) type l, COL-1); AON-1, (antiosteonectin, ON). The mabs WVDI (9C5)'

M-38 and AON-1 were coupled to PE (y-axis) and the mab STRO-1 was coupled to FITC

(x-axis) where the data was expressed as fluorescene intensity (log scale). The dot plot

histogram represents 2 x 104 events collected as listmode data. The vertical and

horizontal lines were set to the reactivity levels ol <1.0"/" mean fluorescence obtained

with the respective isotype-matched negative control antibodies,3D3 (PE), 1D4.5 (PE),

tgG3 (pE) and 146.12 (FITC). The results demonstrated that freshly isolated STRO-

l bright BMMNC co-expressed BSP, COLL-1 and ON.



O
N

 P
E

C
O

LL
.I 

P
E

B
S

P
 P

E

(t) H F o I l¡ ra
l - Ê o

..:
!

.t

I

t

,,!



an even distribution in the number of STRO-1+ MG63 (Figure 354) and BMS2 cells

(Figure 358) which were either non-dividing cells (STRO-1+/K¡67-) or were in an active

cycling state (STRO-1+/K¡67+). Therefore there was no correlation with the expression of

the STRO-1 antigen and the cycling state of the cells examined.

Similar studies were performed to determine the cell cycling status of the SPC population

in vivo by firstly obtaining the MACS isolated STRO-1+ BMMNC fraction and then further

incubating these cells with the Ki-67 specific mab as described in the methods. Two-

colour flow cytometric analysis revealed that the majority of the STRO-I bright cells which

contained the CFU-F population lacked co-expression with the Ki-67 antigen

demonstrating that these cells were a non-dividing population in vivo (Figure 36).

4.7 DrscussloN

The present study investigated the possiblity of isolating homogeneous populations of

SPC by means of a series of purification strategies designed to maximize the purity and

the recovery of the CFU-F population. We and others have had success in isolating SPC

based on their expression of the STRO-1 antigen either by FACS or by using

immunomagnetic particles, such as Dynabeads [Tamayo et al, 1994] or by magnetic-

activated cell sorting (MACS) [Gronthos et al, 1995 and 1998]. The latter was used initially

to provide a reproducible technique for isolating BM derived CFU-F with the capacity to

process high cell numbers. To date it has not been possible to characterise the cDNA

encoding for the STRO-1 antigen that identifies a 60 kDa polypeptide. However, the Mab

STRO-1 proved to be an ideal reagent for isolating SPC from adult BM because of its lack

of reactivity to haemopoietic progenitors [Simmons and Torok-Storb, 1991a] yielding a

clean separation between SPC and haemopoietic progenitors in adult BM. Moreover, the

antigen identified by STRO-1 was found in the present study to be expressed at

particularly high copy number by CFU-F, which may in part account for the high efficiency

and recovery of BM CFU-F observed. These studies identified the minor 5Tg9-lbright

subset of the total STRO-1+ BMMNC fraction to contain the CFU-F population. However
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Figure 35. The'cell cycling status of STRO-1+ MG-63 and BMS2 cells. Dual-colour

immunofluorescence flow cytometric analysis of single cell suspensions of MG-63 cells

(A) and BMS2 cells (B) immunoreacted with the STRO-1 mab coupled to PE (y-axis) then

fixed in 707o ethanol (-20oC) for 15 min on ice and subsequently immunoreacted with the

mab Ki-67 coupled to FITC (x-axis). The dot plot histogram represents 2 x 104 events

collected as listmode data. The vertical and horizontal lines were set to the reactivity

levels of <1.0% mean fluorescence obtained with the isotype-matched control antibodies,

lgGl (FITC) and 146.12 (PE). The results demonstrated that there was an even

distribution of cells expressing STRO-1 alone (upper left quadrant) in comparison to cells

expressing both STRO-1 and Ki-67 (upper right quadrant).
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Figure 36. The ôell cycling status of STRO-1+ BMMNC. Dual-color immunofluorescence

flow cytometric analysis of STRO-1+ BMMNC isolated by MACS then fixed in 70'/"

ethanol(-20oC) for 15 min on ice and subsequently immunoreacted with the mab Ki-67.

The mab Ki-67 was coupled to FITC (x-axis) and the mab STRO-1 was coupled to PE (y-

axis) and the data is presented as fluorescence intensity (log scale). The dot plot

histogram represents 2 x 104 events collected as listmode data. The vertical and

horizontal lines were setto the reactivity levels of <1.0"/o mean fluorescence obtained

with the isotype-matched negative control antibodies, lgGl (FITC) and 146.12 (PE). The

results demonstrated that freshly isolated STRO-lbright g¡¡¡¡NC (upper left quadrant)

lacked expression of the Ki-67 antigen.
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the resutting post MACS 51pg-lbright cell population was only partially enriched for

CFU.F.

To fudher increase the incidence of CFU-F in the STRO-1 selected fraction, additional

purification steps were required. Characterisation of the SPC population involved the

systematic analysis of the cell surface molecules expressed by CFU-F by means of two-

colour FACS and by clonogenic assay of CFU-F in the sorted STRO-1 subpopulations.

Antigens restricted to haemopoietic cells (CD3, CD14, CD19, CD33, CD38, CD45,

glycophorin-A, H|-A-DR) were not expressed at detectable levels on CFU-F in vivo or in

vitro. The peptidase enzymes identified by CD10 (neutral endopeptidase) and CD13

(aminopeptidase) were expressed by virtually all CFU-F and their progeny, suggesting the

possibility that they may be required to modify neighboring cell suface proteins (such as

growth factors) or participate in the hydrolysis of other regulatory peptides in the

immediate vicinity of the stromal precursor. These molecules are also found on

haemopoietic cells [Ship and Look, 1993], as are immunoglobulin superfamily members

including; PECAM-1 (CD31;Albeldaet al, 1991), LFA-3 (CD58; Saeland et al, 1992),

ICAM-I (CD5a; Saeland et al, 1992; Arkin et al, 1991), and Thy-1 [Baum et al, 1992].

lmmunoglobulin superfamily molecules such as LFA-3, ICAM-1, VCAM-1 and Thy-l are

also present on cultured marrow stromal cells [Teixido et al, 1992;Caligaris-Cappio et al,

19911, as is N-CAM (CD56; Kincade et al, 1989) and have been shown to participate in

adhesive interactions with haemopoietic progenitors [Arkin et al, 1991 ; Simmons et al,

19921. Studies involving the cross-linking of ICAM-1 and VCAM-1 on the surface of

stromalcells such as osteoblasts demonstrate an increase in the synthesis of the cytokine

lL-6 [anaka et al, 1995] known to stimulate osteoclast differentiation and function. The

expression by CFU-F of a wide range of members belonging to the integrin family of cell

adhesion molecules on CFU-F may reflect the requirement for adhesion of SPC and their

progeny to various components of the extracellular matrix (reviewed in Chapter 7). This

data is in accord with previous studies demonstrating the presence of various integrins on

culture expanded human BM CFU-F in vitro [Soligo et al, 1990]'
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A major question concerning the ontogeny of stromal cells is whether endothelial cells that

line the bone marrow sinuses, or those present in the stroma of LTBMCS, are derived

from a common progenitor cell to fibroblast cells, smooth muscle cells, adipocytes and

osteoblasts. Various studies have suggested that a subset of human bone marrow CFU-F

colonies cultured in vitro, have endothelial-like characteristics by the presence of collagen

type lV and laminin [Lim et al, 1986]. Other studies have identified a subset of murine

bone marrow CFU-F colonies in vitro which expressed collagen type lV, laminin and von

Willebrand factor Vlll [Wang and Wolf; 1990; Perkins and Fleischman, 1990; Pen et al,

1gg3l. However, in all these studies whole bone marrow mononuclear cells were used,

which are contaminated with endothelial cells. Previous studies have shown that human

BM cells isolated based on their expression of the STRO-1 antigen can establish

functional adherent stromal cell layers under LTBMC conditions that are devoid of both

endothelial cells and macrophage [Simmons and Torok-storb, 1991a]. The present study

has shown that all, or at least a proportion of stromal progenitor cells do express many

cell surface antigens, including PECAM-1, P-Selectin, thrombomodulin, 6-19 and CD34,

that display specificity for vascular endothelial cells in vivo. Another lg superfamily

member MUC-18 (CD146) was also found to be constitutively expressed on human BM

SPC and their progeny [Filshie et al, 1998]. This molecule has previously been shown to

be expressed on metastatic melanoma cells, endothelial cells and smooth muscle celts

[Kuzu et al, 1993; Sers et al, 1994]. Mabs that identifythe MUC-18 antigen have been

shown to effectively isolate differentiated endothelial cells from aspirates of human BM

[George et al, 1991; Bardin et al, 1996]. The phenotypic data presented in this study are

in accord with similar studies performed in the mouse, where BM stromal precursor cells

with osteogenic potential were also shown to express various endothelial cell markers in

vivo [Van Vlasselaer et al, 1994]. However, the expression of common antigens between

endothelial cells and SPC doesn't necessarily infer a common ontogeny. Further studies

are required to identify purified subpopulalions of SPC with the capacity to form capillaries
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following culture under in vitro conditions, previously shown to promote angiogenesis in

human umbilicalcord vein endothelialcells [Montesano and Orci, 1985].

To date, the majoriÇ of studies have only characterised the progeny of human BM SPC in

vitro assayed in the presence of FCS, conditions which may result in the expression of a

wide range of differentiation- and proliferation-related genes. Consequentley, the

immunophenotype of cultured BM stromal cells may not be a true representation of the

phenotype of SPC in vivo. As an example, in this study SPC failed to react with antibodies

specific for the adhesion molecule CD44, even though the CD44 mab reacted with the

majority (>95%) of the BMMNC. This observation correlates with the lack of expression of

CD44 by osteoprogenitors in sections of normal human bone which are thought to be

ultimately derived from SPC [Hughes et al, 19941. Subsequent culture of the SPC isolated

from BMMNC, resulted in the progeny of these cells expressing high levels of the CD44

antigen, that has previously been shown to be highly expressed on differentiated bone

cells such as osteoblasts and osteocytes in vivo [Hughes et al, 1994]. Therefore the

proliferation of BM CFU-F in the presencs of serum seems to lead to the expression of a

range of differentiation markers associated with osteogenic and adipocytic development in

accord with other studies [Castro-Malaspina et al, 1980; Vilamitjana-Amedee et al, 1993;

Rickard et al; 19961. The extensive immunophenotyping of human BM CFU-F presented

in this study represents the first real attempt to characterise the phenotype of human BM

SPC in vivo.

ln the present study, anti-VCAM-1 antibody was found to bind to a minor fraction (7.2% t
1.2 n=6 ) of the total BMMNC population. VCAM-1 was found to be universally expressed

on SPC and their progeny. This was in contrast to other markers expressed by CFU-F

such as THY-1, CD10, CD13, and thrombomodulin, which are also known to react with

either haemopoietic cells and or platelets [Baum et al, 1992; conway and Nowakowski,

1993; Ship and Look, 19931. VCAM-1 is a transmembrane glycoprotein with a molecular

weight of between 95 and 110 kDa present on the membranes of stromal cells and
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endothelial cells [Osborn et al, 1989; Simmons et al, 1992]. lt bindsthe integrin receptor

c¿Þt NLA-4) present on haemopoietic stem cells, and is involved in the recruitment of

lymphocytes and monocytes expressing q4P1 to sites of infection and inflammation

[Elices et al, 1990; Simmons et al, 1992].

Significantly, VCAM-1 effectively subset the total STRO-1+ population obtained following

MACS, reacting preferentially with the STRO-l bright 
""¡¡ 

fraction. The CFU-F population

was subsequently found to reside exclusively in the STRO-l bright¡/ç¡M-1+ fraction of

adult BM. The absolute frequency of CFU-F in bone marrow was determined by limiting

dilution experiments using Poisson distribution statistics. Previously studies have

demonstrated that using this statistical analysis, stromal precursors with the potential to

form mineralized bone nodules in vitro, occured at a frequency of 1 per 1000 murine BM

cells plated, based on the phenotype 5-FU-resistant, lineage marker negative [Van

Vlasselaer, 19941. These osteoprogenitors represented approximately 20% of the total

CFU-F population in normal murine bone marrow [Falla et al, 1993; Van Vlasselaer,

1gg4l. Similar analyses of fetal human BMMNC demonstrated a decrease in the

frequency of stromal cell progeniotrs of 1 per 1,000 to 1 per 100,000 cells plated, during

foetal development at 14 weeks and 24 weeks gestation, respectively, based on the

immunophenotype CD34+iCDS8-/HLA-DR'[Waller et al, 1995a]. Furthermore, additional

subsetting of foetal BM using the haemopoietic marker CD50, demonstrated no significant

difference in the incidence of clonogenic stromal cells sorted on the basis of the

phenotype CD34+/CD38-/H|-A-DR7CD50- [Waller et al, 1995b]. However, no clonogenic

growth of stromal progenitors was observed when single cells of adult BM samples were

sorted based on the CD34+/CD38-/HLA-DR- phenotype [Waller et al, 1995a]. This may

be due to the inefficiency of a predominately negative selection criteria used to isolate

fetal BM SPC and may also reflect the use of the CD34 antigen which demonstrates low

level expression on adult BM SPC lSimmons and Torok-Storb, 1991b].
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ln the present study, the incidence of clonogenic cells (clusters >10<50 cells + colonies

>50) from adult human BM was determined to be 1 per 2 STRO'Ibright¡¡g¡M-1+ cells

plated in SDM containing PDGF and EGF. lt must also be stated that a proportion of the

wells which were scored as'negative'contained cell clusters of less than 10 cells.

Therefore, by further refining the CFU-F assay, it may be possible to stimulate the growth

of these cells in ordsr to increase the overall purity of the SPC population based on the

composite STRO-1/VCAM-1 phenotype. The combined MACS/FACS purification

technique effectively achieved a 6 x 103 fold enrichment of the CFU-F population when

compared to unfractionated BMMNC with an approximate incidence of 1 CFU'F colony

per 1.2 x 104 BMMNC plated. To purify the CFU-F population to homogeneity, the

additionaltwo-colour FACS purification step following MACS isolation provided the means

for isolating highly enriched populations of CFU-F required to study the biology of SPC in

the absence of accessary cells. Thus, dual-color FACS produced an effecient method to

discriminate between the STRO-I bright tu6""t from the total STRO-1+ BMMNC fraction.

This is the first report to describe the purification of adult human BM SPC to virtual

homogeneity.

The cells contained within the STRO-Ibright¡¡ç¡¡¡-1+ BM fraction were found to be a

homogeneous population of large cells with extensive cytoplasmic processes existing in

vivo in a non-cycling state. Other studies have found that CFU-F in vivo are almost

entirely non-cycling as shown Uy 3tt thymidine labelling in rodents and by means of the in

vitro thymidine suicide technique in adult human BM [Castro'Malaspina et al, 1980;

Castro-Malaspina et al, 19811. This data coinsides with the observations that primitive

muli-potential stem cells, identified in the other cell systems such as HSC are by definition

quiescent cells þndrews et al, 1986; Szilvassy et al, 1989; Li and Johnson, 19921' Given

the reported developmental potential of cultured BM CFU-F in vitro and in vivo the

question arises as to whether these cells are truly representative of an early uncommitted

phenotype with multi-potential or whether all or a proportion of the CFU'F are already

committed towards a particular stromal cell lineage.
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Analysis of the immunophenotypic characteristics and gene expression pattern of purified

adult BM SpC in the present study has revealed that many of the genes expressed by

CFU-F in vivo demonstrate a broad stromal tissue distribution related to reticular cells,

osteoblasts, adipocytes, chondrocytes and vascular endothelial cells. lt is very common to

find in the literature that many markers for example osteonectin, osteopontin, and alkaline

phosphatase in the bone cell lineage are described as being specific to bone cells when in

fact these markers have a wider tissue distribution. Therefore, it is not suprising to find

that SpC identified by STRO-1 share common markers with ditferentiated stromal cell

types. lmportantly, specific markers of committment such as CBFA-'1, collagen type ll'

ppARy2, [reviewd in Rodan GA and Harada, 1997]to bone, cartilage and fat respectively

were not expressed by the 5T¡9-lbright¡¡CRtr¡-l+ population in vivo. ln addition,

cytospin preparations of STRO-Ibright¡¡ç¡M-1+ sorted BMMNC failed to show any

reactivity to the smooth muscle marker s-smooth muscle actin or with the endothelial

marker, FVlll. Overall, the data suggests that SPC residing in the bone marrow exist in an

uncommitted state, and may have the potential under different conditions to develop into a

few or allof the stromal elements recognised in the bone marrow microenvironment'
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CHAPTER FIVE: THE DEVELOPMENTAL POTENTIAL OF BM STROMAL

PRECURSOR CELLS

5.O INTRODUCTION

The stromal connective tissue of the bone marrow (BM) has the unique capacity to

support and regulate the development of haemopoietic stem cells throughout normal life.

The BM stroma is a complex tissue comprised of a heterogeneous population of stromal

cell types including; reticular cells, adipocytes, smooth muscle cells, endothelial cells,

pericytes, osteoblasts and chondroblasts [Wiess, 1976; Lichtman, 1981;Bently, 1982;

Tavassoli and Friedenstein, 1983; Dexter et al, 1984; Allen et al, 19901' Single cell

suspensions derived from aspirates of BM have the ability to transfer the BM

microenvironment in vitro, forming an adherent multi-stromal layer able to support the

development of haemopoietic stem cells under defined culture conditions [Dexter et al,

19771. However, the origin of the various cellular elements of the stroma both during

ontogeny and in the post-natal organism remains to be determined. lt is still not known if

some or all of the different stromal cell lineages represent self-maintaining populations

within the BM or whether they are derived from the proliferation and differentiation of a

population of multi'potential stromal precursor cells.

To date, our knowledge of stromal cell ontogeny has been based largely on the work of

Friedenstein and colleagues who were the first to identify putative BM SPC by their ability

to generate adherent clonogenic clusters of fibroblastic-like cells (CFU-F) in liquid culture

[Friedenstein, 1970]. A proportion of BM CFU-F clones were shown to have the capacity

to develop a functional stromal organ and bone tissue when transplanted beneath the

renalcapsule in syngeneic hosts [Friedenstein et al, 1980]. However, the majority of CFU-

F clones only produced a soft fibrous connective tissue with or without the presence of

bone. Based on these studies, Owen and Friedenstein if ggg) have proposed the

existence of stromal stem cells possessing both the ability to self-renewal while

maintaining the potential for cellular differentiation into the fibrous-osteogenic tissues of
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the skeleton and the stromal tissue of the BM microenvironment. Similar studies have

demonstrated the multi-potential of cultured stromal cells by their capacity to develop into

fibrous tissue, fat, bone and cartilage when transplanted into ectopic sites in vivo [Ashton

et al, 1980; Friedenstein et al, 1982; Bab et al, 1984; 1986; Mardon et al, 1987;Ohgushi

et al, 1989; Goshima et al, 1991 ; Bennett et al, 1991 ; Umezawa et al, 1992; Ohgushi et al,

1993; Benayahu et al, 1994; Cassiede et al, 1996; Krebsbach et al, 1997; Mizuno et al,

1gg7j. While the evidence supporting the existence of a population of stromal precursor

cells is mostly circumstantial, this theory has nevertheless provided a useful model to

investigate the developmental potentialof marrow stromal and skeletaltissues.

ln accord with animal studies, several reports have described the presence of cells

displaying an osteogenic phenotype in normal human BM stromal cultures by ectopic

transplantation into animals using ditfusion chambers [Ashton et al, 1985; Davies, 1987;

Bab et al, 1988; Gundle et al, 19951. However, the formation of bone and cartilage was

only detected in those diffusion chambers containing stromal cells derived from the bone

marrow of young children but not from adult marrow [Bab et al, 1988], suggesting that

age-related differences may influence the outcome of these xenogeneic transplant

experiments. Moreover, one study has shown that in vivo bone formation can occur in

diffusion chambers inoculated with bone marrow stromal cells from a young adult, but only

after stimulating the cell cultures with glucocorticoids for several weeks [Gundle et al,

1995]. An alternative, transplantation model has consistently demonstrated the formation

of functional bone tissue by cultured adult human bone marrow cells [Haynesworth et al,

1gg2a; Krebsbach et al, 1997; Kuznetsov et al, 19971. This open transplantation model

involves the loading of cultured stromal cell suspensions into hydroxyapatite coated

porous ceramic cubes, and then implanted subcutaneously into immunodeficient mice.

These studies imply that other factors other than age, such as culture conditions, the

choice of host animal and the type of transplantation vehicle used may be more important

variables in assessing the developmental potential of BM SPC in vivo [Haynesworth et al,

1992a; Krebsbach et al, 1997; Kuznetsov et al, 19971.
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Several studies have utilised various culture techniques to examine the osteogenic

poten¡4 of rodent bone marrow stromal cells in vitro following culture in the presence of

additives such as ascorbate, dexamethasone, and p-glycerolphoshate [Luria et al, 1987;

Maniatopoulos et al, 1988; Schoeters et al, 1988; Leboy et al, 19911. ln similar studies,

osteogenic ditferentiation of human stromal cells was assessed by examining the

acquisition of osteoblast-like characteristics including the synthesis of collagen type 1'

alkaline phosphatase expression, osteocalcin production and by the capacity of the cells

to form a mineralise bone matrix in vitro under similar culture conditions [Long et al, 1990;

Long et al, 1990; Haynesworth et al, 1992b; Vilamitjana-Amedee et al, 1993; Cheng et al,

19g4; Beresford et al, 19941. Collectively, these studies demonstrate the presence of cells

with osteogenic potential in human bone marrow cultures. However, given the

heterogeneity of the stromal cell population in whole bone marrow, the question arises as

to the origin of these cells. That is, do the osteoblast-like cells which develop in these

culture systems arise from pre-existing cells already committed to the osteogenic lineage,

or alternatively, can the osteogenic phenotype be induced in a more primitive

multipotential stromal cell precursor population.

To avoid the culture of whole bone marrow which could contain mature functional bone

cells, human bone marow CFU-F were purified by their immunoreactivity with the STRO-

1 mab as described in Chapter 4. Bone marrow mononuclear cells sorted on the basis of

STRO-1 expression were previously shown to be capable of establishing an adherent

stromal layer under long-term culture conditions, consisting of a number of phenotypically

distinct stromal cell types including fibroblasts, smooth muscle cells and adipocytes

[Simmons and Torok-Storb, 1991a]. Analysis of the phenotypic characteristics of adult BM

SpC in the present study (Chapter 4) has revealed that many of the genes expressed by

CFU-F in vivo demonstrate a broad stromal tissue distribution related to bone, fat,

cartilage and vascular endothelium. However, specific markers of commitment such as

CBFA-1, collagen type ll and PPARy2 [reviewed in Rodan and Harada, 1997] to bone,
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cartilage and fat respectively were not found to be expressed by the STRO'

l bright¡¡ç¡M-1+ population in vivo. These data suggest that SPC have the potential to

develop into a range of stromal cell types under specific conditions and therefore

suggests that this precursor population may be uncommitted. Following the purification of

BM SpC, the developmental potential of individual CFU-F clones was assessed under

osteogenic conditions both in vitro and in vivo.

5.1 Osteogenic lnduction of STRO-I + BM CFU-F ln Vitro

primary human stromal cultures derived from STRO'1+ BM CFU-F using FACS have the

potential to develop an osteoblast-like phenotype under defined culture conditions

[Gronthos et al, 1g94]. Following two weeks in the presence of the supplements

ascorbate-2-phosphate (ASC-2P), dexamethasone (DEX), and inorganic phosphate

(pO+) CFU-F colonies were analysed for their expression of alkaline phosphatase (AP), a

well documented marker of osteoblast differentiation. All of the CFU-F colonies were

found to react with the mab 84-78, which identifies the bone and liver specific form of the

Ap enzyme [Lawson et al, 1985] (Figure 37). Moreover, within individual colonies, greater

than 95% of the cells were consistently found to react with the 84-78 mab. Alkaline

phosphatase activity was also confirmed by histochemical analysis in replicate cultures

(Figure 38).

After four to six weeks in osteogenic growth conditions the adherent layers of bone

marrow stromal cultures, displayed large areas of mineralized material which were

positive for von Kossa staining (Figure 39). Ultrastructural examination of the cultures by

transmission electron microscopy, demonstrated that the mineral was associated with

collagen fibrils in the extracellular matrix of the adherent layers (Figure 404 and B). EDX

was employed to evaluate the nature of the mineral in these cultures. The calcium to

phosphorus (Ca/P) ratio in the mineralized cultures was 1.76 t 0.10 (n=3 different marrow

aspirates) (Figure 4OC) which was consistent with the CalP ratio of hydroxyapatite

(CaS(pO+)gOH) in vivo (1.67) [Koutsoukos and Nancollas, 1981]. X-ray diffraction studies
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Figure 37. Alkaline phosphatase expression in culture expanded BM CFU-F.

Representative photomicrographs depicting the immunoreactivity of primary cultures of

CFU-F derived from STRO-1+ BMMNC isolated by FACS, with the mab, 84-78

(antialkaline phosphatase), and detected by immunoperoxidase staining. The CFU-F

were cultured for two weeks in the presence of either FCS alone (A) or under osteo-

induction conditions in the presence of ASC-2P, DEX and PO+ (B and C). Following the

immunostaining, the cultures were counter stained with haematoxylin. Cultures treated

with FCS alone demonstrated a heterogeneous staining pattern of alkaline phoshatase

expression, where only a proportion of cells (25'/") in each colony were found to express

alkaline phosphatase (arrow) (4X) (A). ln the cultures treated with ASC-2P, DEX and

PO4¡, greater than 90% of the cells in each colony were found to express alkaline

phosphatase (aOX) (B). ln addition, the cells cultured under osteo-induction conditions

demonstrated a more irregular morphology to the control cultures. No staining occured

when the same cells were incubated in the presence of the negative control mab, 3D3

(4ox) (c).
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Figure 38. Alkaline phosphatase activity in culture expanded BM CFU-F. Representative

photomicrographs demonstrating histochemical analysis for alkaline phosphatase activity

in primary cultures of CFU-F derived from FACS isolated STRO-1+ BMMNC, grown

under osteogenic conditions for 2 weeks in the presence of FCS supplemented with

ASC-2P, DEX and POa (A and B). The cultures were counter stained with haematoxylin.

A high proportion of cells (>95%) in CFU-F colonies were found to be positive for alkaline

phosphatase activity when cultured under osteo-induction conditions, as shown in panel

A (10X) and panel B (4X).
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Figure 39. ln'vitro formation of a mineralized matrix by cultured BM CFU-F.

Representative photomicrographs of histochemical analysis for von Kossa staining of

resin embedded transverse sections of the adherent layers from primary cultures of CFU-

F. The cultures were derived from STRO-1+ BMMNC isolated by FACS, and grown for

six weeks in the presence of: FCS alone (40X) (A); FCS supplemented with ASC-2P,

DEX and POq¡ (aOX) (B). The sections were counter-stained with haematoxylin and

eosin. Areas of von Kossa positive mineral deposits (arrow) were observed throughout

the adherent layers of the cultures treated with ACS-2P, DEX and PO4¡ (B). No von

Kossa positive mineral could be detected in the adherent layers of the control cultures

treated with FCS alone (A).
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Figure 40. Analysis of mineralized deposits in BM CFU-F cultures. Transmission electron

microscopic examination of the adherent layers of primary CFU-F cultures derived from

FACS isolated STRO-1+ BMMNC, grown for six weeks in the presence of ASC-2P, DEX,

and PO4¡. Panel A: a electron photomicrograph of the formation of a mineral-like material

(hydroxyapatite crystals) (anow) in the extracellular spaces of the adherent layers (3000

X). Examination of the extracellular matrix demonstrated the presence of deposits of

hydroxyapatite-like crystals (large arrow) in association with a network of collagen fibrils

(small arrow) (25OO0X) (B). Panel C: representative EDX analysis of similar mineral

deposits, demonstrating major peaks for calcium (Ca) and phosphorous (P), with a mean

CalP ratio ol 1.71 + 0.1 (n=3 different marrow samples). Panel D: X-ray diffraction

analysis where the crystaline structure of the mineral deposits, in the same cultures, was

found to be identical to that of the hydroxyapatite standard.
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also showed that the crystal structure of the mineral deposits in the induced cultures

(ASC-2P, DEX and PO4¡) was identicalto the crystaldiffraction patterns obtained from the

hydroxyapatite standard (Figure 40D).

The biosynthesis of osteocalcin in the cultures was stimulated by the addition of 1,25-

dihydroxyvitamin D3 (1,25-(OH)2D3) for 48 hours. Samples were then taken from the

medium of all the cultures, and analysed lor the presence of osteocalcin by RlA. Varying

levels of osteocalcin (mean 10.67 ng x.4.54 SEM/106 cells/ 48 hr 1,25-(OH)2D3, n=3

different marrow samples) were detected in the mineralized bone marrow cultures grown

under osteogenic conditions, but not in control cultures grown in the presence of FCS

alone (mean O.42ng+0.19 SEM/106 cells/48 hours 1,25-(OH)2D3, n=3). ln accord with

this data, northern blot analysis of RNA extracted from the mineralized bone marrow

stromal cell cultures demonstrated the presence of osteocalcin mRNA, only following

stimulation of the cells for 48 hours with 1 ,25-(OH)ZD3 (Figure 41). No osteocalcin mRNA

could be detected in Ìhe controlcultures.

Following on from this work, we assessed the osteogenic potential of individual CFU-F

clones. Ninety CFU-F clones were derived from single STRO-I bright¡¡ç4¡¡-1+ sorted

cells from three individual normal BM donors using flow cytometric single cell deposition

as described in the methods. At day 4 of culture single clonogenic clusters were identified

visually using an inverted light microscope and then subcultured into 24-well plates in the

presence ol10/" serum, ASC-2P, DEX and PO+. The osteogenic potential of each clone

was assessed as described above. All colonies were found to express alkaline

phosphatase as demonstrated in the bulk CFU-F cultures (data not shown). A von Kossa

positive mineralised matrix developed in all of the ninety clones at the end of the sixth

week of osteo-induction (Figure 42A and B). Furthermore, a proportion (mean 38% t15

SEM, n=3 different BM samples) of the clones also gave rise to clusters of lipid containing

oil red-O positive adipocytes (Figure 42C and D) demonstrating the bi-potential of at least

a proportion of STRO-I bright¡¡64y-1+ SPC. ln addition, BM stromal cultures treated
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Figure 41. Detection of osteocalcin mRNA by northern blot. An autoradiograph of a nylon

membrane representing a formaldehyde-agarose gel, analysed by northern blot analysis,

for the detection of osteocalcin mRNA from total RNA isolated from: primary CFU-F

cultures derived from FACS isolated STRO-1+ BMMNC, grown for six weeks in the

presence of either FCS supplemented with ASC-2P, DEX and PO4¡ (lane 1) or FCS

alone (lane 2), and stimulated with 1,25(OH)2 D3 for 48 hours; primary human bone cells

derived from explants of trabecular bone (positive control), grown for six weeks in the

presence of ASC-2P, with 1 ,25(OH)2 D3 induction for 48 hours (lane 3) or without

1,25(OH)Z D3 induction (lane 4). Descrete bands, characteristic of osteocalcin mRNA

(arrow) with a molecular weight of 0.6 kb, were observed in lanes 1 and 3, after

hybridization with a specific P32 labelled oligo-nucleotide probe (A). The integrity of the

RNA (28S and 18S) analysed was confirmed by ethidium bromide staining (B).
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Figure 42. ln,vitro osteogenic and adipocytic potential of BM CFU-F clones.

Representative photomicrographs of in situ histochemical analysis for von Kossa staining

and Oil red O staining of CFU-F clones. The clones were derived from MACS/FACS

isolated STRO-I bright¡¡6¡y-1+ BMMNC, grown for six weeks in the presence of FCS

supplemented with ASC-2P, DEX and PO4¡. The cultures were counter-stained with

haematoxylin. Panel A, represents arsas of von Kossa positive mineral deposits (arrow),

which formed in all of the CFU-F clones examined (10X). Panel B, demonstrates a

magnified view of the mineral deposits (40X). ln a proportion of CFU-F clones (38%) the

formation of clusters of Oil red O positive adipocytes (arrow) was observed, as shown in

panel C (10X). Panel D represents a magnified view of the adipocytes (40X).
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with dexamethasone demonstrated an upregulation in the expression of a variety of bone

and fat specific transcripts including CBFA-1 and PPAR-y2, respectively (Figure 4!ì).

S.2 Developmental Potential of CFU-F ln Vivo: Assessment of Different

Transplantat¡on Techniques

Given the range of transplantation procedures previously reported, a series of pilot studies

were performed in order to determine the appropriate method for assessing the

developmental potential of human BM stromal cells in vivo. Primary cultures of CFU-F

were established from STRO-I bright¡¿ç¡y-1+ soded BMMNC and were allowed to grow

to confluence. The cells were subcultured for three passages and then maintained for I

weeks in the presence of ASC-2P with or without DEX. Following this, single cell

suspensions were harvested and then transferred into one of three different

transplantation vehicles (polyvinyl sponges, diffusion chambers, and hydroxyapatite

ceramic cubes) and then implanted into SCID mice as described in the methods.

Alternatively, confluent stromal layers were gently scraped off as an intact'skin', then

transferred beneath the kidney capsule of SCID mice as described in the methods. The

early development of a soft fibrous tissue was observed in all of the implants under the

different transplantation conditions (Figures 44-47). An increase in the level of vasculature

was also observed over the time period for all the open systems used. This was in

contrast to the absence of any blood vessels in the diffusion chambers, where there was

no direct contact between the human stromal cells and the mouse connective tissue.

Bone formation was identified in only the hydroxyapatite cubes (Figure 47). Ectopic bone

formation was first detected at week 4 and increased overtime. The effect of

dexamethasone stimulation in vitro, was generally found to induce the earlier formation of

bone in vivo. No bone formation was detected in control cubes implanted without cells.
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Figure 43. BM .CFU-F expression of bone-, fat- and cartilage-related transcripts as

assessed by RT-PCR in vitro. Total RNA was isolated from cultured CFU-F derived from

MACS/FACS isolated STRO-1 bright¡¡ç¡¡¡-1+ BMMNC grown for two weeks in the

presence of : ASC-2P and DEX (Lane 1); ASC-2P alone (Lane 2). The various markers

examined included: osteonectin (ON); the transcription factor, CBFAI; collagen type I

(COLL-1); osteocalcin (OCN); bone sialoprotein (BSP); osteopontin (OP); lipoprotien

lipase (LPL); obese gene product (OBGP); the transcription factor PPARy2; human-

adipocyte lipid-binding protein (H-ALBP); aggrecan (AGGN);collagen type ll (COLL'2);

collagen type X (COLL-X). Transcripts for OCN were examined in cultures treated with

1,2s(OH)zDs (+Dg) lor 48 h or without 1,25(oH)2Dg (-Dg). A number of bone, fat and

cartilage related markers were expressed by cultured CFU-F. Other transcripts initially

absent in CFU-F cultures (PTH-R, OCN, PPARy2, and OBGP) were expressed following

dexamethasone induction.
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Figure 44. Transplantation of human CFU-F beneath the kidney capsule of mice. CFU-F

derived from MACS/FACS isolated STRO-I bright¡¿6¡¡¡-1+ BMMNC, were expanded in

vitro and then implanted beneath the kidney capsule of SCID mice for 10 weeks.

Representative micrographs of paraffin embedded transverse sections of : a normal SCID

mouse kidney (A); a SCID mouse kidney implanted with CFU-F (B and C). The sections

were counter stained with haematoxylin and eosin. Panel A: demonstrates the normal

histology of the SCID mouse kidney and kidney capsule (arrow) pre-transplantation

(1OX). Panel B: the development of a soft fibrous tissue beneath the kidney capsule

(arrow) harvested 10 weeks post-transplantation (10X). Panel C: demonstrates a

magnified view of the same site of transplantation.
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Figure 45. Transplantation of human CFU-F in polyvinyl sponges. CFU-F derived lrom

MACS/FACS isolated STRO-I bright¡¡ç¡y-1+ BMMNC, were expanded in vitro and then

implanted inside disks of 10 mm polyvinyl sponge, subcutaneously into SCID mice for 10

weeks. Representative micrographs show paraffin embedded cross sections of a disk

recovered post-transplant (A and B). The sections were counter stained with

haematoxylin and eosin. Panel A: demonstrates the presumed SCID mouse connective

tissue (arrow) surrounding the disk and with an ordered histology (10X). Panel B: a

magnified view of the same disk where fibroblast-like cells (arrow) are observed covering

the internal spongy walls of the disks (40X).
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Figure 46. Transplantation of human CFU-F in diffusion chambers. CFU-F derived from

MACS/FACS isotated STRO-I bright¡¿ç¡¡¡-1+ BMMNC, were expanded in vitro and then

implanted inside diffusion chambers, into the abdominal peritoneal cavity of SCID mice

for 1O weeks. Representative photomicrographs show paraffin embedded cross sections

of a diffusion chamber recovered post-transplantation (A and B). The sections were

counter stained with haematoxylin and eosin. Panel A: demonstrates a layer of mouse

connective tissue (small arrow) covering the membrane filter of the diffusion chamber

and a mass of human fibrous tissue (large arrow) inside the diffusion chamber (10X).

panel B:depicts a magnified view of the human fibrous tissue in same diffusion chamber

(40x).





Figure 47. Transplantation of human CFU-F in hydroxyapatite (HA) ceramic cubes. CFU-

F derived from MACS/FACS isolated 5Tg9-lbright¡¿CRtt¡-t + BMMNC, were expanded

in vitro and then implanted, inside porous HA-ceramic cubes implanted subcutaneously

into SCID mice for 1O weeks. Representative micrographs show paraffin embedded

cross sections ol a HA cube recovered post-transplant (A and B). The sections were

counter stained with haematoxylin and eosin. Panel A: demonstrates a layer of

connective tissue (large arrow) covering the HA cube surface at the site of new bone

formation. lnside the cube, a mass of fibrous tissue (small arrow) is covering the internal

walls of the cubes (1OX). Panel B: depicts a magnified view of the new bone formation

which contains osteocytes (large arrow) trapped with in the bone and osteoblast-like cells

(small arrow) lining the bone surface (4OX).
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S.3 ldentification of Human Stromal Cells Following Transplantation ln Vivo

lnitial attempts to determine the origin of the cellular material in the implants, involved the

use of retroviral vectors to try and mark primary BM stromal cells. Bone marrow stromal

cells were found to be readily infected with the retroviral constructs I-APSN or LNPOZ as

described in the methods, where greater than 70% of the established clonogenic clusters

were shown to express either alkaline phosphatase (human placental-AP, levamisole

resistant) (Figure 48) or ftgalactosidase (Figure 49) activity respectively, following

selection in the presence of G418 containing medium. The ability of the transfected cells

to express levamisole sensitive AP expression and to develop a von Kossa positive

mineralized matrix in vitro was shown to be comparable to the osteogenic potential of the

untransfected control cells cultured in the presence of ASC-2P, DEX and PO4¡ (data not

shown).

The retrovirally marked cells were expanded in culture in the presence of ASC-2P and

DEX for several weeks and were then seeded into HA ceramic cubes and implanted into

SCID mice as described above. lmplants were harvested at various time points,

decalcified and then prepared for histological examination as either frozen, wax or resin

embedded sections. PL-alkaline phosphatase and p-galactosidase positive cells were

only identified in frozen sections (Figure 5O). The preparation of the implants as frozen

sections caused a loss in the architectural integrity of the implants resulting in poor

histology. Therefore no association could be made with the human cells and the formation

of new bone. Replicate implants were also sacrificed for enzymatic digestion to liberate

the cells from the ceramic cubes which were subsequently cultured in the presence of

G41g. Cellular material harvested from the implants demonstrated the persistent growth

of a G41B resistant cell population in vitro. Histochemical analysis revealed that these

cells also expressed the corresponding markers for each of the respective retroviral

constructs (Figure 51). However, a proportion of the G418 resistant cells transfected with

the LNOpZ vector demonstrated a heterogeneous pattern of expression of the LacZ gene

product. Nevertheless, these studies demonstrated that human cells were present in the
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Figure 48. LAPSN infection of human BM stromal cells in vitro. Representative

photomicrographs demonstrating histochemical analysis for alkaline phosphatase activity

in cytospin preparations of cultured stromal cells derived from MACS/FACS isolated

STRO-1 bright¡¡ç¡¡¡-1+ BMMNC: untransfected cultures (A); untransfected cultures in

the presence of the B/L/K-alkaline phosphatase inhibitor, levamisole (1 pM) (B); cultures

transfected with the retroviral vector, LAPSN in the presence of 1¡rM levamisole (C). The

cells were counter stained with haematoxylin. A proportion of cells (20-30%) in the

untransfected control cultures (A) were found to be positive for alkaline phosphatase

activity (40X). Panel B, demonstrates that alkaline phophatase activity in the

untransfected cultures was inhibited in the presence of levamisole (aOX). A high

expression of alkaline phosphatase activity was observed in all the cells transfected with

the retroviral vector, LAPSN following selection in G41B (C), which was not affected by

the addition of levamisole (aOX).





Figure 49. LNPOZ infection of human BM stromal cells in vitro. Representative

photomicrographs demonstrating histochemical analysis for p-galactosidase activity in

cytospin preparations of cultured stromal cells derived from MACS/FACS isolated STRO-

lbright¡¿ç¡M-1+ BMMNC: untransfected cultures (A); cultures transfected with the

retroviral vector, LNPOZ (C). The cultures were counter-stained with haematoxylin. There

was no positive expression of þgalactosidase activity in the untransfected control

cultures (A) (4OX). A high expression of alkaline phosphatase activity was observed in all

the cells transfected with the retroviral vector, LNPOZfollowing selection in Ga18 (C)

(40x).
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Figure 50. ldentification of retrovirally marked stromal cells post transplant. Retrovirally

marked cultured stromal cells, derived from MACS/FACS isolated STRO-1 bright¡¿ç¡¡¡ -

1+ BMMNC, were implanted inside porous hydroxyapatite (HA) ceramic cubes

subcutaneously into SCID mice for 10 weeks. The stromal cells were retrovirally marked

pre-transplantation with:the retroviral vector, LNPOZ (A); the retroviral vector, LAPSN

(B). Representative photomicrographs of histochemical analysis for B-galactosidase

activity (arrow, panel A) and alkaline phosphatase activity in the presence of 1¡rM

levamisole (arrow, panel B), in frozen sections HA cubes harvested following

transplantation (20X). The sections were counter-stained with haematoxylin. The results

demonstrate that retrovirally marked human stromal cells were found lining the inner

walls of the HA cubes following 1O weeks transplantion in SCID mice.
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Figure 51. Recovery and culture of retrovirally marked stromal cells post-transplant.

Retrovirally marked cultured stromal cells, derived from MACS/FACS isolated STRO-

l bright¡¡ç4M-1+ BMMNC, were implanted inside porous hydroxyapatite (HA) ceramic

cubes subcutaneously into SCID mice for 10 weeks. The HA cubes were recovered post-

transplantation and the cells within released by treatment with 3 mg/ml collegenase

solution for 2 h at 37oC. Liberated cells were then grown in standard culture conditions in

the presence of 600 ¡rg/ml G418 for one week. Representative photomicrographs of

histochemical analysis for alkaline phosphatase activity in the presence of 1¡rM

levamisole (A and B) and B-galactosidase activity (C and D). Cytospin preparations of

cells were prepared following selection in G148 containing medium. The cells were

counter stained with haematoxylin. Panel A, shows that all the cells transfected with the

retroviral vector, LAPSN exhibited alakline phosphatase activity (10X). Panel B, depicts a

magnified view of the same cells (40X). Panel C, demonstrates that only a proportion of

cells (40-60%) infected with the retroviral vector LNPOZ expressed positivity for B-

galactosidase activity (10X). Panel D, depicts a magnified view of the same cells (40X).
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implants up to three months post transplantation using two independent markers. No

alkaline phosphatase positive or p-galactosidase positive cells could be detected at any

time points in HA cubes implanted without cells.

Because of the difficulties associated with identifying human cells in the SCID mice based

on their expression of retroviral markers an alternative, less ambiguous method of

detection was developed. The origin of the new bone formation within the recovered

implants were assessed by in situ hybridisation using a DNA probe specific to the unique

human DNA repetitive alu sequence. Controlexperiments using human cells transplanted

in diffusion chambers and sections of normal mouse kidney demonstrated the specificity

of the alu probe to human tissue (Figure 52). Ten week old implanls of HA ceramic cubes

were prepared as paraffin embedded sections and analysed by in situ hybridisation as

described in the methods. The fibrous t¡ssue, bone lining cells and osteocytes within the

newly formed bone were all found to positive for the alu sequence conlirming their human

origin (Figure 53). Conversely, the fat and muscle layers surrounding the ceramic cubes

did not express the alu sequence and were therefore presumed to have originated from

the host mouse (Figure 54). Similarly, the endothelium lining the blood vessels were also

found to be negative for the alu sequence implying they were derived from the mouse

vasculature. Control sections recovered from the HA cubes implanted without cells

demonstrated no reactivity with the alu probe. Having determined that the human stromal

cells implanted into the SCID mice had the potential to develop new bone we further

investigated the osteogenic potential of individual CFU-F clones in vivo.

5.4 The Developmental Potential of BM CFU-F clones ln Vivo

Bone marrow CFU-F clones were established from STRO-l bright¡¿çA¡¡-1+ sorted cells

from two individual BM donors using the single cell deposition unit as described in the

methods. At day 4 of culture, single clonogenic clusters were identified and expanded by

subculture. Some of the cells from the first passage were taken from each clone and

grown under osteogenic growth conditions to assess the ability of the clones to develop a
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Figure 52. Demonstration of the specificity of the human specific alu DNA probe. ln situ

hybridization was performed on paraffin embedded transverse sections of: expanded

human CFU-F, derived from STRO-lbright¡¿ç¡M-1+ BMMNC, implanted inside diffusion

chambers, into the abdominal peritoneal cavity of SCID mice for 10 weeks (4, B, C and

D); normal SCID mouse kidney (E and F). Representative photomicrographs are shown

where panel A is counter stained with haematoxylin and eosin while pannels B, C, D, E

and F used for in situ hybridization were counter stained with methyl green. Panel A:

demonstrates a layer of mouse connective tissue (M) covering the membrane filter(F) of

the diffusion chamber and a mass of human fibrous tissue (H) inside the diffusion

chamber (10X). Panel B: depicts serial sections of the same diffusion chamber

demonstrating positive reactivity with the alu probe in the human tissue only (10X). Panel

C: shows a magnified view of the mouse tissue unreactive with the alu probe (4OX).

Panel D: shows a magnified view of the human tissue with positive reactivity of the alu

probe (arrow) in the nucleus of cells (40X). No reactivity was found inside normal SCID

mouse kidney (E) or in the outer areas near the kidney capsule (arrow) (20X).





Figure 53. ln situ hybridization for the human specific alu DNA sequence in implants of

hydroxyapatite (HA) ceramic cubes: new bone formation. Human CFU-F clones, derived

from MACS/FACS isolated STRO-1 bright¡¡64¡¡-1+ BMMNC, were expanded in vitro and

then implanted, inside porous HA-ceramic cubes implanted subcutaneously into SCID

mice for 10 weeks. Representative micrographs are shown of paraffin embedded cross

sections of HA cubes recovered post-transplant and analysed by in situ hybridization for

reactivity with the alu probe. Panel A: the formation of new bone on the outer rim of the

HA cube (large arrow) and the old HA surface (small arrow) (10X). sections were

counter-stained with haematoxylin and eosin. Panel B: depicts a magnified view of the

new bone formation which contains osteocytes (arrow) trapped within the new bone

(40X). Panel C: in situ hybridization analysis on serial sections of the same HA cube

demonstrating positive reactivity to the firous tissue surrounding an area of new bone

(arrow) (10X). Panel D: a magnified view of the new bone formation which contains

osteocytes (arrow) trapped within the new bone demonstrating positive reactivity with the

alu probe (40X). Panels E and F, represent magnified views of new bone formation from

two different CFU-F clones, demonstrating that osteocytes within the bone exhibit

positive reactivity with the alu probe (40X).
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Figure 54. The,alu sequence was not expressed in fat, muscle and vascular tissue in

implants of hydroxyapatite (HA) ceramic cubes. Human CFU-F clones derived from

MACS/FACS isolated STRO-I bright¡¡ç¡¡¡-1+ BMMNC, were expanded in vitro and then

implanted inside porous HA-ceramic cubes implanted subcutaneously into the backs of

SCID mice for 10 weeks. Representative micrographs are shown of paraffin embedded

cross sections of HA cubes recovered post-transplant and analysed by in situ

hybridization for reactivity with the human specific alu probe. Panel A: shows the

histology of the soft fibrous tissue (SF) on the outer surface of the HA cube (large arrow)

with associate muscle (M) and fat (F) tissues (10X). These sections were counter stained

with haematoxylin and eosin. Panel B: depicts the different stromaltissues surrounding

the HA cubes analysed by in situ hybridization for reactivity with the alu probe (20X).

Panel C: a magnified view of the fat cells inside the HA cube lacking reactivity with the

alu probe in comparison to the surrounding fibrous tissue (arrow) which demonstrated

positive reactivity (40X). Panel D: a magnified view of fat tissue outside the HA cube

failing to react with the alu probe (40X). Panels E and F, represent magnified views of

endothelial cells of blood vessels (arrows) showing no reactivity to the alu probe,

surrounded by alu positive soft{ibrous tissue (40X). Panels G and H, depict areas of

muscle (arrow) showing no reactivity with the alu probe surrounded by alu positive soft

fibrous tissue (40X).
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mineralised bone-matrix in vitro. The remaining cells were expanded and maintained for

several weeks in the presence of ASC-2P and DEX and then seeded into HA ceramic

cubes. The ceramic cubes were then implanted subcutaneously on the dorsal surface of

SCID mice for a period of I weeks as previously described. Following recovery of the

implants the cubes were fixed in 10% buffered formalin, decalcified and then embedded in

paraffin as described in the methods' Cross'sections of the cubes were prepared and

counter stained with haematoxylin and eosin. A total of 46 individual clones from two

different marrow samples were transplanted into SCID mice in HA cubes' ln all of the

implants an extensive network of blood vessels and fibrous tissue was observed. Bone

formation was found in 42/" (n=26) and 55% (n=20) of the clones isolated from two

different BM aspirates A and B, respectively. The developmental potential of each CFU-F

clone both in vitro and in vivo is summarised in Table 10. New bone formation detected in

the implants was also found to correlate with the in vitro developmental potential of

individual clones in respect to the formation of a von Kossa positive mineralised matrix.

However, the capacity of CFU-F clones to also form adipocytic clusters in vitro had no

bearing on the development of new bone formation in vivo. ln addition, there was no

cartilage formation observed in sections of different implants and at different time points,

as assessed by immunohistochemical analysis using a mab specific for collagen type ll

(data not shown).

5.5 DlscussloN

ln the present study, osteoprogenitors were identified in the STRO-1+ fraction of human

adult bone marrow. while there are no definitive markers of discrete developmental

stages of osteogenic lineage, the cells produced under the culture conditions described in

this study exhibit characteristics of osteoblasts, as demonstrated by their expression of

various bone cell-related markers, and by the production of a mineralized (hydroxyapatite)

bone-matrix. The generation of osteoblast-like cells with these phenotypic and functional

characteristics was dependent upon culture of the sorted STRO-1+ precursor cells in the

presence of ASC-2P (vitamin C), the glucocorticoid DEX and a source of inorganic
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Table 10. Developmental potential of BM CFU-F clones. CFU-F clones were generated

from single cells expressing the immunophenotype STpg-lbright¡¡cRlr¡-l+ using the

combined MACS/FACS isolation procedure for two different BM samples (A and B).

Selected CFU-F clones were assessed for their ability to differentiate into osteoblasts and

adipocytes in vitro and in vivo as described in the methods.

CFU-F

Clone

New Bone Formation ln Vivol

lnside cube Outside Cube

Developmental Potential ln Vitro

Bone2 Fat3

M
+
+
+

M

+
+
+

t\A

+
+
+
+
+
NA

+
+
+
+
]\A

+
+
+
+
+
+
+
M
+

+

+

+

+
+

+

+
+

2A

4A

5A

7A

8A

9A

104

114

134

154

174

184

194

204

214

224

244

254

284

294

+
+

+

Continued.



Table 10. Developmental potential of BM CFU-F clones in vivo and in vitro, continued

CFU-F

Clone

New Bone Formation ln Vivol

lnside cube Outside Cube

Develoomental Potential ln Vitro

Bone2 Fat3

+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

+

+

+

+

+

304

314

324

394

404

424

1B

28

3B

48

5B

6B

8B

9B

118

138

148

158

1BB

+
+

+
+
+

+
+
+

+
+
+

Continued



Table 10. Developmental potential of BM CFU-F clones in vivo and in vitro, continued.

CFU-F

Clone

New Bone Formation ln Vivol

lnside cube Outside Cube

Developmental Potential ln Vitro

Bone2 Fat3

198

208

218

228

248

258

268

(NA) Not able to be analysed.

(1) Histological identification of areas of new bone formation at the centre of the HA cubes

(inside) and on the outer surface of the HA cubes (outside).

(2) Von Kossa positive mineralized matrix.

(3) Oil red O positive lipid conatining adipocytes.

(* ) Positive identification.

f) Absence of new bone formation/von Kossa positive mineral/oil red O positive lipid

droplets.

+

+
+
+

+
+
+

+
+
+
+

+

+
+
+
+
+
+
++



phosphate. This data is in accord with that reported by other investigators based on

animalmodelsystems [Maniatopoulos et al, 1988;Schoeters et al, 1988].

Studies have previously shown that ascorbate is essential for bone cell development in

vivo and the maintenance of human osteoblasts in vitro [Koshihara et al, 1987]. Ascorbate

helps facilitate bone cell proliferation and differentiation by increasing the total protein,

collagen synthesis, and alkaline phosphatase activity [Graves et al, 1991;Hitomi et al,

1992;Torii et al, 19941. ln the present study, sodium ascorbate, which has a half life of a

few hours in culture was replaced by the long acting derivative ASC-2P, which has a half

life of approximately 7 days in culture [Hata et al, 19891. The role of glucocorticoids in

regulating osteogenic differentiation in vitro has not been precisely defined. A number of

studies have shown that DEX is critical for inducing terminal differentiation of osteogenic

cells in rat BM cultures, however the presence of this steroid is not an absolute

requirement for in vitro osteogenesis in other animal systems IHowlett et al, 1986;

Maniatopoulos et al, 1988; Bellows et al, 1990; Benayahu et al, 1991 ; Kamalia et al, 1992;

Falla et al, 19g31. Therefore the relevance of some animal based systems to human in

vitro models of bone cell development remains questionable. ln human studies,

glucocorticoid stimulation is required for the differentiation of osteoblast-like cells in bone

marrow stromal cultures [Cheng et al, 1994].

Glucocorticoids are a family of steroid hormones known to stimulate the expression of

mRNA for many genes associated with osteogenic (AP, PTH-R, OP, OCN) [Leboy et al,

1991;Beresford et al, 1994; Locklin et al, 1995; Rickard et al, 19961 and adipocytic

(C/EBPa, PPARy2, LPL, aP2, adipsin) lGimble et al, 1990; 1996]differentiation, including

various proto-oncogenes such as c-fos [Subramanian et al, 19921 involved in

osteogenesis [Ohta et al, 1992]. ln the present study, primary cultures of human BM CFU-

F were observed to express a range of bone cell-related markers (COL-1, OP, ON, BSP)

and fat cell-related markers (LPL, H-ALBP), but lacked the expression of other markers of

osteogenic (OCN and PTH-R) and adipocytic (Leptin and PPARy2) differentiation.
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However, transcripts for PTH-R, leptin (Obese gene product) and PPARy2were detected

in the primary human BM CFU-F cultures following culture for several weeks in the

presence of ASC-2P and DEX, but not with ASC-2P alone. Similarly, transcripts for OCN

were detected in the DEX stimulated cultures following exposure to 1,25-(OH)ZDg.

Comparable levels of osteocalcin protein were also found in the supernatant of primary

human BM CFU-F cultures under the same conditions. Therefore the growth of human

BM CFU-F in the presence of serum seems to promote osteogenic and adypocytic

commitment in at least a proportion of cells, but the development of functional mature

bone and fat cell phenotypes requ¡res stimulation with DEX.

The DNA-binding protein CBFAl has been specifically associated with osteogenic tissue

in rodents [Ducy et al, 1997; Komori et al, 1997; Rodan and Harada 1997]. ln the present

study, primary cultures of stromal cells derived from STRO-Ibright¡¡6¡¡¡-1+ BMMNC

were found to express CBFAl by RT-PCR. ln contrast, CBFAl was undetectable in

freshly sorted samples of STRO-Ibright¡¡ç¡¡¡-1+ BMMNC prior to culture as shown in

Chapter 4. However, the specificity of this transcription factor in human osteogenic tissue

is still unclear. lt is also remains to be determined what proportion of cultured stromal cells

actually express CBFAl given the sensitivity of RT-PCR analysis. There may exist

populations of cells in BM stromal cultures at varying stages of differentiation, analogous

to cultures of normal human bone cells as discussed in Chapter 7. Furthermore, our

primer sets yielded three distinct splice variants in addition to the expected PCR product

for CBFA1 by DNA sequence analysis [unpublished observations by Dr. A. C. W.

Zannettino]. A recent study has identified two alternative spliced variants at the 3'end of

the human CBFAI gene which have been shown to affect protein function [Geoffroy et al,

1gg8l. Studies in our laboratory are currently underway to assess any functional variations

between the ditferent CBFAI splice variants observed in primary cultures of human BM

stromalcells.
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ln vitro, the formation of a mineralized bone-matrix by bone cells has previously been

shown to be dependent upon supplementation of their growth medium with a source of

inorganic phosphate [Bellows et al, 1992]. ln this study, inorganic phosphate was used in

place of p-glycerophosphate which is a nonphysiological organic phosphate substrate of

alkaline phosphatase [Gerstenfeld et al, 1987]. ln vitro studies have shown that p-

glycerophosphate is rapidly and virtually completely degraded to inorganic phosphate by

Ap during the initial stages of mineralisation and that the addition of excess levels of

inorganic phosphate can replacethe effects of p-glycerophosphate [Bellows et al, 1992].

ln addition, the presence of p-glycerophoshate in animal studies has been shown to

cause ectopic mineralization in cultures of foetal rat parietal cells and skin fibroblasts,

which does not occur using inorganic phosphate at concentrations of less than 1.9 mM

[Gronowicz et al, 1989; Khouja et al, 1990; lshikawa and Wuthier, 1992]. ln the present

study parallel cultures of human foreskin fibroblasts grown in the presence of ASC-2P,

DEX and PO4¡ for a period of six weeks were found to be von Kossa negative (data not

shown).

Typically, cultures of purified STRO-1+ human BM CFU-F developed a von Kossa

positive mineral by twenty one days under osteogenic conditions (ASC-2P, PO+' DEX).

TEM analysis of the adherent layers demonstrated the presence of deposits of

hydroxyapatite-like crystals in association with the collagen fibrils in the matrix, consistent

with the structure and deposition of hydroxyapatite crystals in vivo [Boskey, 1992]. The

presence of mineral deposits, which stained positive for the von Kossa reaction, were

demonstrated in all CFU-F clones derived from STBO-I bright¡¡çAM-1+ BMMNC. This is

in contrast to studies of rodent bone marrow which reported that only a proportion of CFU-

F (approxim alely 2ç,/o in murine BM) are capable of developing an osteogenic phenotype

with the capacityto form bone nodules in vitro Simmons et al, 1991; Falla et al, 19931,

This discrepancy may be attributed to the presence of accessory cells in the relatively

crude bone marrow preparations used in the rodent studies which may affect the

expression of the osteogenic phenotype of CFU-F in vitro. ln addition, the absence of
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dexamethasone [Falla et al, 1993] and ascorbate [Simmons et al, 1991] in the culture

medium may also lead to an underestimation of the incidence of osteogenic precursors in

rodent bone marrow studies'

ln the present study, thirty eight percent of the CFU-F clones examined displayed the

capacity to differentiate into adipocytic cell clusters, demonstrating the bi'potential of the

human BM CFU-F population in vitro. Moreover, individual CFU-F clones were also found

to contain a small proportion of fibroblastic-like cells not associated with mineralization or

lipid accumulation. These fibroblast cells may represent as yet undefined stromal

populations such as reticular cells, smooth muscle cells, bone lining cells, osteocytes and

committed stromal progenitors. To establish whether human BM SPC are indeed multi-

potential, there is clearly a need for the development of appropriate culture assays and

markers to definitively identify allthe different mature stromal cell lineages present in the

BM microenvironment. Discrepancies in the ability of some lineage specific markers in

vivo to specifically identify similar celltypes in vitro has been discussed in Chapter 4' For

example some smooth muscle actin-specific isoforms only found in the smooth muscle

cells in vivo are also expressed by bone marrow fibroblastic-like cells or different BM

stromal cell lines under certain culture conditions [Charbord et al, 1985; Peled et al, 1991 ;

Galmiche et al, 19931.

The developmental potential of selected CFU-F clones was further examined in vivo.

lnitial experiments tound that in all of the transplantation strategies used, only the porous

hydroxyapatite coated ceramic cubes reproducible supported the development of human

osteogenic tissue in SCID mouse. This is in agreement with the findings in previous

studies using rodent and human bone marrow stromal cell cultures transferred inside HA

cubes and implanted in immunodeficient mice [Haynesworth et al, 1992a; Krebsbach et

al, 1997; Kusnetsov et al, 19971. ln this study, pre-treating the HA ceramic cubes with

purified fibronectin was criticalto maximise the number of cells retained in the cubes after

loading prior to transplantation (data not shown). Pre-treatment of HA cubes with
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fibronectin and laminin has been reported to increase cell retention and spreading on the

ceramic surface of the cubes [Dennis et al, 1992; Dennis and Caplan; 1993]. Fibronectin

and laminin coated cubes were found to augment bone formation from cultured rat BM

stromal cells at earlier time points in comparison to untreated cubes [Dennis et al, 1992;

Dennis and Caplan, 19931.

The present study failed to detect cartilage formation in any of the transplantation models

used, in contrast to other studies which demonstrated cartilage formation in diffusion

chambers transplanted with rodent bone marrow or stromal cells derived from the marrow

of young children. To date, there have been no reports describing the induction of

cartilage formation by adult human bone marrow stromal cells in vivo or in vitro. The

recent establishment of culture conditions permissive for rabbit bone marrow cells to

develop a chondrocytic phenotype in vitro, could further be extended to determine the

chondrocytic potential of purified human CFU-F. The chondrocytic inductive factor in

those studies was TGFB and was shown in the present study to be ineffective in

stimulating the proliferation of human CFU-F in vitro (Chapter 3). Therefore, many of the

factors unable to stimulate the clonogenic growth of CFU-F such as TGFP, BMP-2, bFGF,

IGF-1, VEFGF and leptin (Chapter 3), may be useful in alternative culture assays to

promote the differentiation of CFU-F towards specific stromal cell lineages. ln the present

study, the expression of the hypertrophic chondrocyte marker collagen type X, by purified

adult human BM SPC, is somewhat puzzling, given the presumed specificity of this

molecule. The physiological role of collagen type X is not known, therefore its significance

in bone marrow remains to be determined.

The present work is in accord with previous studies showing that the formation of new

bone in implants of HA cubes is attributed to differentiation of human stromal cells into

functional bone cells [Kusnetsov et al, 1997] and did not result from the recruitment of

osteoprogenitors from the surrounding host (mouse) tissue. Fudhermore, in this study

other cell types and tissues such as muscle, adipocytes and vascular endothelial cells
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showed no hybridization with the alu probe and are therefore presumed to be host in

origin. These findings demonstrate that a proportion of BM SPC within the STRO-

l bright¡¿çAM-1+ BM subfraction, demonstrate the capacity to develop into multiple

stromal cell types including osteoblasts, adipocytes and fibroblast-like cells. Further

studies are still required to characterise the lull developmental potential of human BM

SPC population.

One area of potential benefit that will occur from a greater understanding of the

proliferation and differentiation of SPC, is the ability to manipulate and expand stromal cell

populations in vitro for subsequent reimplantation in vivo. Fracture non-union, prosthetic

loosening and the replacement of large defects in bone are all common and difficult

clinical problems. The use of autologous bone marrow stromal cells with osteogenic

potential in combination with biocompatible implant materials, would provide a novel

solution to the treatment of these problems and reduce the need to use bone autografts

and allografts with all their inherent difficulties. The use of animal models has

demonstrated the efficacy of utilising ex vivo expanded BM stromal cells to facilitate bone

regeneration and tendon repair in vivo [Bruder et al, 1998b; 1998c; Young et al' 1998]'

Furthermore, cultured expanded human stromal cells derived from 5Tg9-lbright¡¡CRlt¡-

1+ bone marrow demonstrated a high infection rate with different retroviral constructs.

Significantly, transfected stromal cells were also shown to retain their capacity to

proliferate and to form bone, fat and fibrous tissue both in vitro and in vivo. Retroviral

gene expression in the human stromal cells was found to persist for a period of at least

three months post-transplantation in SCID mice. Several other investigators have

described how marrow stromal cells from a variety of species are readily infected using

either amphotropic retroviruses or adenoviruses [Harigaya and Handa, 1985; Rothstein et

al, 198S; Singeret al. 1987; Cicutinni et al, 1992; Roecklein and Torok-Storb, 19951. ln

addition, some studies have demonstrated the persistence of transplanted transduced

cells over several months in vivo [Li et al, 1995; Anklesaria et al, 1996; Onyia et al, 1998].
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Recently, Reiw and colleagues (1gg8) were able to transduce rabbit BM stromal cells in

vitro with a recombinant adenoviral vector carrying the human BMP-2 gene, transforming

these cells into an osteoprogenitor line with the capacity to produce new bone in vivo,

using an autologous rabbit spinal fusion model. Therefore the ability to harvest purified

human SpC from aspirates of BM and to expand these cells ex vivo makes them ideal

candidates as possible vehicles for gene transfer in order to treat a variety of diseases

and genetic disorders'
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CHAPTER SIX: INTEGRIN MEDIATED INTERACTIONS BETWEEN OSTEOBLAST-

LIKE CELLS AND THE EXTRACELLULAR MATRIX

6.0INTRODUCTION

lnteractions between cells and their extracellular matrix (EcM) are an essential

component of virtually all cellular events [von der Mark et al, 1992]' Such a complex array

of interactions occurs through an equally diverse spectrum of cellular receptors and ECM

protein ligands. one of the best described families of receptors is that of the integrins'

These are transmembrane heterodimers consisting of non-covalently associated c'' and

p-subunits which are responsible for mediating both cell-cell and cell-matrix interactions

[Ruoslahti and Pierschbacher, 1987; Ruoslahti, 1991; Hogg, 1991; Hynes, '1992]'

lntegrins are arranged in subfamilies according to the eight known p subunits' ln turn'

each p subunit may associate with either one of as many as nine different cr subunits

[Ruoslahti, 1991;Hogg, 1991;Hynes, 1992]. conversely, some q subunits, such as ctv,

can be associated with several different p subunits, conferring distinct ligand binding

properties to each heterodimer. Furthermore, some integrins such as the fibronectin

receptor cr5p1 and the laminin receptor c6B1 bind only to single ECM components, while

others such as ovfl3 react with several ditlerent ligands including collagen, vitronectin,

laminin and fibronectin [Brown and Juliano, 1985;Albelda and Buck, 1990; Elices et al,

1gg1 ; Hynes, 19921. Thus there arises the potential for a large number of different cellular

responses to the cell-matrix and cell-cell interactions depending on the integrin receptor

expressed by different cell fypes and the composition of the surrounding extracellular

matrix. The interactions of bone cells with their surrounding ECM are essential for the

maintenance of skeletal development and homeostasis. These interactions involve direct

cell-matrix adhesion and are subject to regulation by growth and differentiation factors

[Horton and Davies, 1989]. signals from the extracellular matrix can be transduced via

integrins to the intracellular mechanisms controlling cell growth' behaviour and

differentiation, through an intricate biochemical signal transduction pathway linked to the

cytoskeleton [Juliano and Haskill, 19931'
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several BM ECM and bone glycoproteins proteins such as, collagen, fibronectin,

vitronectin, thrombospondin, bone sialoprotein and osteopontin exhibit the unique

tripeptide (arginine-glycine-aspartate) RGD sequence and are therefore likely candidates

for integrin-mediated interactions [Hayman et al, 1983, Pierschbacher and Ruoslahti'

1984; Dedhar et al, 1987; Grzesik and Robey, 19941. studies have demonstrated that

human bone cells and osteoclasts express a variety of integrin molecules [clover et al'

1gg2l and adhere to varying extents to collagen types land lv, thrombospondin,

vitronectin, fibronectin, laminin, osteopontin, bone sialoprotein' gelatin and fibrinogen

lsaito et al, 1994; Grzesik and Robey, 1994; Helfrich et al, 1992; 1996]' ln the presence of

GRGDS peptides, adheSion of osteoblasts to bone sialoprotein, osteopontin and

vitronectin was almost completely inhibited' However, the binding of osteoblasts to

fibronectin, collagen type I and thrombospondin was only slightly reduced [Grzesik and

Robey, 19941 indicating that bone cells use a variety of different mechanisms to attach to

their extracellular matrix. Similarly, osteoclast attachment to collagen was found to be

RGD-dependent through the integrins o,2p1 and cr,yp3 [Helfrich et al, 1996]' The binding of

osteoclasts to other RGD-containing molecules such as fibronectin and the bone

sialoproteins is also mediated through multiple p1 receptors and the integrin cvB3

[Helfrich et al, 1992]. lndeed, it has been shown that the tetrapeptide RGDS which blocks

adhesion through the RGD sequence on molecules such as fibronectin, inhibits bone

formation and resorption in a mineralising organ culture system derived from foetal rat

parietal bones [Gronowicz and De Rome, 1994]. ln vitro, osteoclast induced bone

resorption has also been shown to be significantly reduced in the presence of o2p1

antibodies [Helfrich et al, 1996]'

There is increasing evidence that the consequence of integrin binding to the extracellular

matrix may be a reorganisation of the three dimensional structure of the matrix

microenvironment. For example, the cr2p1 integrin is required for contraction of a type I

collagen matrix [Schiro et al, 1991] and my therefore play a role in bone remodelling'

126



lntegrins are coupled to the cytoskeleton via vinculin, talin and a-actin and may play a role

as intracellular signal transducers of mechanical stresses on the bone matrix through

osteocytes. Mechanical twisting of cell membranes via integrin-bound beads has been

found to cause cytoskeletal rearrangements in other cell systems [wang and lngber,

1994]. Similarly, one study has shown that mechanical-sensing by bone cells may be

mediated via matrix-integrin-cytoskeletal coupling [Meazzini et al' 1 998]'

Given the potential of primitive BM SPC to develop into functional bone cells (Chapter 5)'

we next examined the mechanisms mediating the adhesion of differentiated bone cells to

different ECM components. several attempts have been made to identify the integrin

subunits or dimers that are present on bone cells [Grzesik and Robey, 1994; Saito et al'

1994; Clover et al, 1992; Hughes et al, 19931. Results from two studies using cultured

human trabecular bone cells or cryostat sections of either adult or foetal human bone

indicated that o4, cr,s, qv, p1 and p5 integrin subunits are expressed by osteoblasts

lHughes et al, 19g3;Grzesik and Robey, 1994]. ln another study using cryostat sections

of human bone, osteoclastoma tissue or cultured human bone cells a ditferent pattern of

integrin expression was observed with c1,03, B1 being strongly expressed by osteoblasts

and weak c[2 and ay exprêssion [clover et al, 1992]. A fourth study which concentrated

on cultured human bone cells demonstrated high levels of cr,1, cl3, G5 and avp5, low

levels ol c;2, oy and þt and little or no expression of a4 and ct5 subunits [Saito et al'

1gg4l. ln an attempt to qualify discrepancies in the literature we have studied the pattern

of integrin expression by cultured osteoblast-like cells derived from explants of normal

human bone that express the characteristics of cells belonging to the osteoblastic lineage

[Beresford et al, 1984; Ashton et al, 1985; Auf'mkolk et al, 1985; Beresford et al, 1986;

Koshihara et al; 1987; Marie et al, 19891. The significance of receptors expressed in terms

of binding to specific matrix proteins was also examined using a panel of function-blocking

monoclonal antibodies against a range of integrin receptors'
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6.1 Adhesion of Bone Cells to Purified ECM Glycoproteins

The interaction of ditferentiated human bone cell populations to different ECM proteins

was investigated. Studies were designed to determine the ability of bone cells to bind to a

range of purified ECM proteins using primary cultures of normal human bone cells

(NHBC) derived from explants of trabecular bone as described in the methods. NHBC

demonstrated adhesion to collagen types l, lV, V, fibronectin, laminin, and vitronectin

(Figure 55) under serum free conditions. Cell attachment was significantly greater to

fibronectin when compared to all of the other ECM proteins used (p< 0.05, Fisher PLSD).

NHBC exhibited equivalent binding to collagen types l, lV and vitronectin all of which in

turn demonstrated a significantly greater capacity to support the adhesion of NHBC than

either laminin or collagen type V (p< 0,05, Fisher PLSD). Cultured NHBC did not bind to

collagen type lll under the conditions described.

6.2lntegrin Expression on Cultured Bone Cells

Given the well documented role of various integrin family members as receptors for many

ECM proteins, subsequent studies were performed to examine the expression of these

adhesion molecules by means of immunofluorescence flow cytometric analysis using a

panel of mabs (Table 3) reactive to different oB heterodimers of the p1, p3 and þ5 integrin

families. Single cell suspensions of primary NHBC obtained by trypsin digestion, were

shown to constitutively express a broad range of integrin molecules including; ct1p1,

cr2p1, ct3p1 , c[SP1, Ê1 , Ê3, ayp3 and cryp5 (Figure 56). The maiority of the different

integrin molecules were found to be highly expressed (21 .1-99.6% mean fluorescence) on

thetotal NHBCpopulation(Table11).Nocellsurfaceexpressionof ct4p1 orct6pl could

be detected on NHBC. Members of the integrin family known to mediate the adhesion of

various cell types to collagen (ctl þt , cr2P1, ct3p1 and ayp3), fibronectin ("gPl , 6¡4P1, ct5P1

and ayB3 ) and laminin (al 0l , c;2þ1,ct3P1 , q6P1 , cvÞ3) were then assessed for their role

in the interaction of bone cells to different ECM proteins.
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Table 11. lntegrin expression on NHBC. lndirect immunofluorescence flowcytometric

analysis was performed on single cell suspensions of primary NHBC cultures. The bone

cells were reacted with monoclonal antibodies specific to a wide range of integrin

molecules (see Table 1). The data represent the mean values t SEM (n=3 different

NHBC cultures) based on the corresponding isotype matched control antibody.

Antiqen Percent Mean Fluorescence

3D3

146.11

c[1 p1

cx2þ1

ctsp1

04p1

c[5ß1

ctvß5

0.3 t 0.03

0.8 t 0.09

55.7+ 13.9

65.4 t 10.6

94.5 ¡ 1.4

0.2 r 0.1

95.0 + 2.3

1.2¡0.1
99.6 + 0.3

2'1.1¡1.1

64.9 + 13.6

54.0 + 10.3

3.3 t 0.6

6.1 t 1.2

4.9¡2.2
28.0 x.3.7

23.1 t 3.3

4.6 r 1.1

21.3 r 3.9

7.3 ¡2.0
36.6 r 10.4

7.5 t 3.5

10.4 ¡ 4.3

6.6¡4.4

ct6p1

Þr

þs

avÊ3



Figure 55. Human bone cell interactions with extracellular matrix proteins. The ability of

NHBC isolated from primary cultures to bind to collagen types l, lll, lV, V, fibronectin,

laminin, and vitronectin was determined. Bone cells were labelled with 51Cr, and plated

in 4g-well plates pre-coated with purified matrix proteins in serum-deprived conditions as

described in the methods. The data represent the mean values (t SE) from three

different experiments expressed as a percentage of the input pouplation (105 cells).
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Figure 56. lntegrin expression (otFt-crOÊt, Ê1, Ê9, ayp3, and avÊS) on primary normal

human bone cells. Representative frequency histograms are shown depicting the level of

fluorescence intensity for each integrin molecule in comparison to the negative control

antibodies 3D3 (lgG1) and 146.11 (lgGZO) as assessed by immunofluorescence flow

cytometric analysis. Each histogram is based on2x 104 events collected as listmode

data. The mean fluorescence levels are shown in Table 11.
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6.3 Bone cell adhesion to Cotlagen, Laminin and Fibronectin is Mediated by Êt

lntegrins

Blocking studies were designed to determine the function of different integrin

heterodimers on NHBC. 51Cr-labelled single cell suspensions of NHBC were first

incubated with the integrin specific function-blocking mab P4C10 (Table 3) for t hour at

4oc as described in the methods. control wells were plated w¡th 51cr-NHBC incubated

with the negative control antibody, 3D3. The cells were then seeded onto plates coated

with either collagen types l, lV, V, laminin, fibronectin, vitronectin or BSA' The binding of

NHBC to collagen and laminin was significantly reduced (p< 0'05, t-test) in the presence

of the p4C10 when compared to the control wells containing BSA alone (Figure 57)'

However, the P4C10 mab did not effect the binding of NHBC to vitronectin and only

produced a partialinhibition (approximately Zo%)to fibronectin. Furthermore, the addition

of both the cryp3 specific function-blocking mab 23C6 and P4C1O mab did not significantly

enhance the magnitude of inhibition resulting from the p1 specific antibody alone

indicating that the binding of NHBC to collagen, laminin and fibronectin was mediated in

part through members of the p1 integrin family (Figure 57)'

ln subsequent experiments the role of different p1 integrins in the adhesion of NHBC to

collagen was determined, using a panel of functional-blocking mabs (P4C10' H8245'

4C11, p185 and 23c6) specific to the collagen receptors, p1 c'1 Þl , a2fll , c3p1 and avp3

respectively (Table 11). Adhesion assays were performed as described in the methods

following the incubation of the cells with saturating levels of different combinations of the

integrin specific mabs. The inclusion of different mabs in the blocking studies was

dependent on the expression of the corresponding integrin molecules previously detected

on NHBC. There was no inhibition in the attachment of NHBC to collagen when the mabs

H8245, AC1 1 and P185 were used individually (data not shown)' However, a combination

of the three antibodies (HB24s, Ac11 and pl BS) was partiaily effective in inhibiting the

adhesion of NHBC to collagen types l, lV and V (Figure 58). The further addition of P4C10

to the combination, H8245, 4C11, P185 resulted in an enhanced inhibition of cell
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Figure 57. The mechanisms of integrin mediated adhesion of NHBC to matrix proteins.

51Cr-labelled suspensions of NHBC were incubated with either the p1 specific antibody

P4C10 and/or the oyp3 specific antibody 23C6. The cells were then seeded onto plates

coated with either collagen type l, lV, V, laminin, fibronectin, vitronectin or BSA as

described in the methods. The results were expressed as a percentage of the

radioactivity detected in the control wells containing the negative control antibody 3D3.

The level of significance (*: p< 0.05;t-test) for the percent cell attachment in all conditions

was compared with the corresponding BSA control wells (n=3 different bone samples).
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Figure 58. lntegrin p1 mediated adhesion of NHBC to collagen (A), laminin (B) and

fibronectin (C). 51Cr-labelled suspensions of NHBC were incubated with combinations of

function-blocking antibodies (H8245,4C11, P185, PHM2 and P4C10 specificfor c1p1,

cr2p1, GgPl a5p1 and p1 respectively), and were subsequently seeded onto plates

coated with either collagen type l, lV, V, laminin, fibronectin, or BSA as described in the

methods. The results were expressed as a percentage of the radioactivity detected in the

control wells containing the negative control antibody 3D3 (n=3 different bone samples).

The level of significance (.: p< 0.05, t{est) for the percent cell attachment in all conditions

was compared with the corresponding BSA control wells. ln addition, the level of

significance (**: p<0.05, t-test) was calculated for the percent cell attachment between

the different antibody combinations with or without P4C10.
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adhesion to each of the three collagen types which was significantly different from the

three antibody combination (p< 0.05' t-test)'

A panel of functional mabs (P4C1O, HB,245,4C11, P185, GOHS and 23C6) specific to the

laminin receptors, Þt crt Êt , q¿2þ1, cl3p1, and a6p1 respectively, were used to assess the

role of p1 integrins in mediating bone cell adhesion to laminin. There was an inhibition in

the binding of NHBC to laminin in the presence of the mabs, HB,245, AC11 and P185

(Figure 58) which corresponded to that observed with P4G10 alone (Figure 58). As

previously observed for the adhesion of NHBC to collagen, a significant decrease in the

level of cell attachment to laminin also observed (ps 0.05, t-test) in the presence of all four

antibodies in comparison to the combination of H8245, AC11 and P185 (Figure 58).

Finally, blocking studies were conducted to investigate the role of different p1 integrin

molecules in the adhesion of NHBC to fibronectin using the functional mabs; P185' PHM2

and P4C1O which identify the fibronectin receptors, ct3p1, ct5p1, and B1 respectively' The

simultaneous addition of the antibodies P185, PHM2 and P4C10 inhibited the binding of

NHBC to fibronectin by approximately 50% (Figure 58) in comparison to the 20%

inhibition observed in the presence of both P185 and PHM2 (Figure 58) or P4C10 alone

(Figure 57). Thus the adherence of NHBC to fibronectin appears to be only partly

mediated bY P1 integrins.

NHBC appeared to express a non-activated form of the integrin ayp3. The integrin crvp3

is known to mediate binding to a wide range of ECM ligands including collagen,

fibronectin, laminin and vitronectin. Blocking studies were performed as described above

to determine the function of this integrin heterodimer on NHBC. 51Cr-labelled

suspensions of NHBC were first incubated with the oyþ3 specific function-blocking

antibody 23C6. Control wells were plated with 51Cr-NHBC incubated with the negative

control antibody, 3D3. The cells were then seeded onto plates coated with either collagen
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types l, lV, V, laminin, fibronectin, vitronectin or BSA. The adhesion of NHBC to each of

these ECM proteins was not inhibited by the 23c6 antibody (Figure 57).

6.4 DlscussloN

The present study has shown that human bone cells are able to bind to different purified

proteins present in the extracellular matrix of bone and that these interactions were in part

mediated by integrins expressed on the cell surface. Osteoblasts demonstrated a

differential binding to collagen types l, lV, V, fibronectin, laminin, and vitronectin and

showed preferential adhesion to fibronectin. A previous study has shown that cultured

NHBC bind with higher affinity to fibronectin compared to their binding to laminin and

collagen type lV [saito et al, 1994]. Collagen type lll is the predominant collagen found in

the bone marrow microenvironment but not in the bone-matrix. ln contrast to other

collagen isotypes examined, collagen type lll did not support the adhesion of osteoblasts'

We and others have previously shown that cultured NHBC synthesise collagen types I' lll'

lV and v. The cartilage specific collagen, collagen type ll and the basal laminae

component, laminin could not be detected in cultures of primary NHBC (data not shown)'

To assess the possible mechanisms responsible for the adhesion of bone cells to ECM

components we first examined the expression of a wide range of integrin molecules on

the cell surface of NHBC. The integrin family of cell adhesion molecules are a series of

heterodimeric cell-surface glycoproteins which recognise a range of cell surface and ECM

associated ligands including collagen, laminin, fibronectin and vitronectin [Hynes, 1987;

19921. lntegrins have been shown to be involved in osteoblast and osteoclast function

during bone deposition and remodelling, respectively lschiro eÌ al, 1991 ; Clover et al,

1992;Helfrich et al, 1992;Saito et al, 1994;Grzesik and Robey, 1994;Gronowicz and De

Rome, 1994; Helfrich et al, 1996; Meazzini et al, 19981' However, the exact role of

individual integrin molecules in osteoblast function during bone development remains

unclear. Our data is in accord with previous studies which show the expression of ct1p1'

c[2P1, c€P1, ct581, ctvp3 and avp5 on the surface of osteoblasts both in vivo and in vitro
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[Clover et al, 1992; Hughes et al, 1993; Grzesik and Robey, 1994; Saito et al, 1994]' ln

the present study, integrin expression was found to be uniform throughout the whole bone

cell population and did not appear to be restricted to minor subpopulations. Furthermore,

NHBC did not express detectable levels of the laminin receptor cr6p1 which is in

agreement with previous work [Clover et al, 1992; Saito et al, 1994]' However, there is

conflicting data concerning the expression of the integrin cr4p1, on bone cells' ln one

study [Grzesik and Robey, 1994] high level expression of 44p1, was detected on

osteoblasts in vitro and in vivo as demonstrated by immunohistological staining. This is in

contrast to the findings of the present study and that of others [Clover et al, 1992; Hughes

et al, 1gg3; saito et al, 19941 where osteoblasts were found to express little or no c4fl1

both in vivo and in vitro. These discrepancies may be due to differences in the specific

reagents used. Grzesik and Robey (1994) used a rabbit polyclonal antibody against o4p1

and thus may be more sensitive in detecting low antigen levels in comparison to the

mouse monoclonal antibodies used in the other studies. However, further investigations

demonstrated that NHBC lacked detectable expression of o+Êl by flow cytometric

analysis using three other monoclonal antibodies (P4C2,163H, and PS/2) specific to

different epitopes on the a4p1 heterodimer (data not shown)'

Similar studies demonstrated that only a proportion (50%) of osteoblast precursors, that is

BM CFU-F expressed the integrin c4p1 using dual-colour FACS analysis (chapter 4).

However, as discussed earlier this differential expression on CFU-F may be due to the

presence of contaminating haemopoietic cells and/or platelets bound to CFU-F in vivo.

Like NHBC, cultured BM stromal cells derived from culture expanded CFU-F

demonstrated no detectable levels of the integrin c+Êt in vitro (Table 5). The main

difference in the integrin expression between BM stromal cells and NHBC was that

cultured BM stromal cells and their progenitors were found to constitutively express the

laminin receptor cl6p1. The differential expression of the integrin a6B1 between BM

stromal cells and differentiated bone cells may explain the poor ability of NHBC to bind to
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laminin and may reflect differences in the matrix requirement of the two cell populations

for normal development and function.

Having defined the expression of a variety of integrins on the cell surface of NHBC we

then set out to investigate whether these molecules were responsible for mediating the

binding of NHBC to a variety of extracellular matrix proteins present in bone. Many

integrins react with the unique tripeptide (arginine'glycine-aspartate) RGD sequence

found on fibronectin, vitronectin and collagen [Pierschbacher and Ruoslahti, 1984;Dedhar

et al, 1987; Hynes, 1987; 1992; Ruoslahti, 1991;Grzesik and Robey, 19941' synthetic

peptides which recognise the RGD sequence have been shown to inhibit the binding of

chick bone cells, rat osteoblasts and human osteosarcoma cells to collagen type l,

fibronectin and vitronectin in vitro [Hayman et al, 1985; Dedhar et al, 1987; Puleo and

Bizios, 1991;1992; Gronowicz and De Rome, 1994; Aarden et al, 19961' one Study

demonstrated that synthetic RGD specilic peptides could completely inhibit the binding of

cultured human osteoblasts to vitronectin but only caused a partial inhibition to fibronectin

and collagen type I adhesion [Grzesik and Robey, 1994]' our results showed that the

îunction-blocking antibody 23c6 which reacts with the RGD specific integrin cvp3 did not

inhibit the binding of NHBC to either vitronectin, fibronectin, laminin or collagen' This data

suggests that human osteoblast-like cells express a non-functionalform of cvþ3' work by

Horton et al (1991) showed an inhibition of bone resorption and cell spreading by

osteoclasts in the presence of the 23C6 antibody or RGD-specific peptides. Furthermore,

one study by Chang et al (1995) demonstrated that the binding of human unbilical vein

endothelial cells to fibrin and fibrinogen was inhibited by >60% in the presence of either

RGD-specific peptides or the ayp3 specific antibody 23C6' The present work is in

agreement with recent studies in which the adhesion of chick osteocytes and osteoblasts

to vitronectin, fibronectin, laminin and collagen was not affected by the presence of the

RGD blocking antibody 23C6 [Aarden et al, 1996]. The stimulation of bone cells by

soluble factors such as cytokines may be required for clyp3 activation to occur. This has

been observed in other cell systems for example, the adhesion of primitive
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haematopoietic progenitor cells to fibronectin can be enhanced by activation of the

integrins û4p1 and a5p1 following incubation with various cytokines including; interleukin'

3, granulocyte-macrophage colony stimulating factor and stem cellfactor [Levesque et al,

19951. Since NHBC adhere to vitronectin via the RGD sequence [Grzesik and Robey'

19941 other RGD specific integrins such as cryp5 shown in this study to be present on

human osteoblast-like cells may contribute to osteoblast binding to vitronectin'

Demonstrating a role for cr,yp5 as an osteoblast vitronectin receptor would require the

development of a functional-blocking antibody to human crvB5'

Unlike vitronectin, the adhesion of human osteoblasts to collagen and fibronectin were

found to be partiatly inhibited (20-25%) by RGD specific peptides and only in the presence

of soluble heparin [Grzesik and Robey, 1994]' Cultured human osteoblasts have been

shown to bind to both the cell binding domain (which contains the RGD sequence) and to

a lesser extent to the heparin binding domain of fibronectin [Underwood et al' 1992;

Dalton et al, 19951. These observations confirm that bone cells can bind to multiple sites

on the fibronectin molecule. The present study showed that NHBC adhesion to fibronectin

was inhibited by greater than 50% in the presence of the function-blocking antibodies

P185, PHM2 and P4C10. This work suggests that NHBC utilise in part the RGD specific

p1 integrins c€p1 and a5p1 to mediate fibronectin binding. The observation by Grzesik

and Robey (1994) that cqÞt is expressed on NHBC implicates this integrin as another

possible mechanism for the adhesion of osteoblasts to fibronectin. The integrin o4B1 is

known to bind to Glu-lle-Leu-Asp-Val (EILDV) in the variable region of the fibronectin

heparin binding domain, in contrast to the RGD specific integrins cr3þ1 and a5þ1 [Guan

and Hynes, 1990; wayner et al, 1990; Elices et al, 1990; Mould and Humphries, 1991;

Hynes, 1992; Dalton et al, 1995].

The adhesion of NHBC to collagen and laminin in the present study was found to be

completely dependent on p1 integrins. ln particular, inhibition of NHBC attachment to

laminin was only achieved by blocking the function of the þ1 integrins a1p1, a2B1 and
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cCaÞt. lt appears therefore that NHBC express multiple laminin receptors analogous to

that observed with fibronectin. The integrins cl1P1 and a2p1 are known to recognise the

cross region of the laminin molecule while c€Êt recognises a different site on the long

arm of laminin [Hynes, 1992]. similarly, NHBC utilise multiple receptors to bind to

collagen;the integrins a2p1 and ct3p1 which recognise the two different sequences Asp-

Gly-Glu-Ala (DGEA) and RGD on the collagen type I molecule respectively [Elices et al'

1990; staatz el a:,19911. This redundancy in integrin receptor-ligand interactions and

multiple binding sites may have evolved to facilitate a multitude of cellular functions'

Continuing studies into the functions of integrins and cell adhesion molecules belonging to

other superfamilies may help identify the precise mechanisms for the regulation of

osteoclast-osteoblast-matrix interactions involved in bone development and remodelling'

Understanding bone cell-matrix interactions may also lead to the development of

appropriate strategies for the successful grafting of biomaterials seeded with autologous

bone cells. Evidence exists that the type of biomaterial used or the coating of biomaterials

with different ECM proteins has significant effects on the ability of the implanted BM

stromal cells to differentiate into functional bone cells in vivo [Dennis and caplan' 1993;

Krebsbach et al, 19971. ln accord with these observations, Sinha and Taun (1996) have

shown that NHBC exhibit a differential integrin expression pattern when cultured onto

plastic coated with or without collagen, fibronectin or laminin. ln addition, differences in

the expression of various integrin subunits occurred when bone cells were seeded onto

different orthopaedic alloys. Therefore the coating of implant materials with appropriate

combinations of purified ECM proteins may enhance the adhesion, proliferation and

difterentiation of stromal cells in order to facilitate their use in the regeneration and repair

of osteogenic defects in vivo.
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CHAPTER SEVEN: IDENTIFICATION OF DISCRETE DEVELOPMENTAL STAGES IN

OSTEOGENIC DIFFERENTIATION

T.O INTRODUCTION

Bone is the main constituent of the human adult skeleton and provides a supportive and

structural function, due to its ability to with'stand mechanical stress. The hardness of bone

makes it a difficult tissue to process, particularly in regard to the isolation of viable cells

representative of ditferent stages of osteogenic development. Therefore, early studies on

bone cell development have based their findings largely on histological examination of

fixed sections of decalcified bone tissue [reviewed in Marks and Hermey' 1996]. These

studies have provided an insight into the morphological features and basic functions of the

different types of cells associated with the growth and remodelling of osteogenic tissue'

To date, histological techniques have been unable to characterise the factors that control

these processes including the differentiation of osteogenic cells.

The development of cell lines derived from osteogenic tissues and tumours has

significantly enhanced the understanding of bone cell biology. Various culture techniques

have been developed to investigate the properties of the cellular constituents of normal

rodent bone tissue, through the use of systematic enzyme digestion of bone [Peck et al,

1g64; wongandcohn, 1974lorbycell migrationfromtheoutgrowthof boneexplants

[Ecarot-Charrier et al, 1983; Lomri et al 1988]. Similar culture systems have been

established for investigating the biological properties of normal human bone cells in vitro

(NHBC) [Mills et al, 1979; Beresford et al, 1984; Wergedal and Baylink, 1984; Ashton et

al, 19g5; Robey and Termine; 1985;Auf'mkolk et al, 19851. Human osteoblast-like cells

can be readily cultured from explants of trabecular bone and reproducibly express many

of the characteristics of cells belonging to the osteoblastic lineage, including the ability to

form a mineralized bone-matrix (hydroxyapatite), the presence of high levels of alkaline

phosphatase (AP) activity, the synthesis of osteocalcin (ocN) and the expression of

parathyroid hormone receptors (PTH-R) [Beresford et al, 1984; Ashton et al, 1985;
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Auf'mkolk et al, 1985; Beresford et al, 1986; Koshihara et al; 1987; Marie et al' 19891.

Studies using cultured bone cells derived from rat and chick bone have identified different

cell types within these cultures characteristic of osteoblast-like cells, osteocyte-like cells

and fibroblastic cells [Nijweide et al, 1988, Aubin et al, 1993]. Due to the lack of

developmental and lineage-specific markers it is unclear in these in vitro culture systems

what proportion of the cells are representative of osteoprogenitor cells or indeed other

stages of bone cell development such as pre-osteoblasts, osteoblasts and osteocytes, or

even other stromalcell lineages.

several studies have examined the expression of alkaline phosphatase (AP) as a marker

of osteogenic ditferentiation in cultures comprised of heterogeneous cell populations. Flow

cytometric analysis has been previously used to quantitate the number of AP expressing

stromal cells (following fixation) derived from rat bone marrow [Kamalia et al, 1992a].

Studies by Aubin and colleagues [urksen and Aubin, 1991 ; Herbertson and Aubin, 1997]

have utilised antibodies reactive to AP in order to isolate living cells with osteogenic

potential, from cultures of adult rat bone marrow and foetal rat calvaria" The majority of

cells with the ability to form mineralized bone nodules in vitro were found to reside in the

Ap positive cell fraction, while a minor population of AP negative cells displayed

osteogenic potential only when stimulated with dexamethasone [Turksen and Aubin,

1991;Herbertson and Aubin, 19971. Collectively, these studies implythatthere exists a

bone cell hierarchy of cellular ditferentiation where the acquisition of AP expression is

associated with osteoblastic difterentiation.

ln human studies, AP activity was previously found to be differentially expressed in clones

of osteoblast-like cells derived from explants of trabecular bone [Manduca et al, 1993]. To

better characterise the NHBC culture system, various cellular components that comprise

this heterogeneous population of bone cells were identified and isolated, based on the

expression of two independent cell surface markers. Firstly, the bone/liver/kidney isoform

of Ap, was chosen as a general marker of differentiated osteoblasts. Although AP is not
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specific to the osteogenic cell lineage, it is an essential feature of functional osteoblasts.

ln contrast to AP, the STRO-1 antigen was chosen as an alternative marker, because of

its unique ability to identify early bone marrow stromal precursor cells with osteogenic

potential (Chapter 4 and 5). Therefore the STRO-1 antigen was used as a marker

representative of a pre-osteoprogenitor-like phenotype. ln previous studies, primary

confluent cultures of BM stromal cells initiated with STRO-1+ BMMNC, demonstrated a

loss in the expression of the antigen identified by STRO-1 (Table 5). This decrease of

expression in vitro suggests that the STRO-1 mab identifies a differentiation antigen which

is eventually lost as the stromal progenitors proliferate and mature. Similarly, alkaline

phosphatase activity was found to be differentially expressed in BM stromal cell cultures,

where retention of AP activity may reflect a cells commitment to the osteogenic cell

lineage (Herbertson and Aubin, 1997).

Based on these previous observations with BM stromal cells, a series of experiments

were therefore performed to examine the ability of mabs to AP and STRO-1 to fractionate

different NHBC subpopulations in vitro. Dual-colour fluorescence activated cell sorting

(FACS) was employed in order to subdivide the NHBC population according to the cell

surface expression of STRO-1 and AP. Phenotypically distinct subpopulations were

identified and each subjected to an analysis of their osteogenic commitment based both

on their expression of bone-associated matrix proteins and the osteogenic transcription

factor CBFAI and by the ability of each subpopulation to form a mineralized bone matrix

in vitro.

7.1 Cell Surface Expression of STRO-1 and Alkaline Phosphatase on Primary NHBC

Dual-colour fluorescence activated cell sorting was employed to determine the pattern of

expression of the stromal precursor cell marker STRO-1 and the osteoblastic marker

alkaline phosphatase (AP) on enzymatically treated single cell suspensions of five-six

week old primary NHBC cultured in standard growth conditions in the presence of ASC-
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2P. The NHBC population demonstrated a heterogeneous but highly reproducible pattern

of expression for both the STRO-1 and AP antigens (Figure 59). The majority of the

NHBC (mean 62.2./" 12.75EM, n=12 different independent bone samples) demonstrated

no detectable levels of STRO-1 or AP at the cell surface (STRO-174P-). A high proportion

of the remaining NHBC population (mean 30.8% t2.5 SEM, n=12) expressed the

losteoblastic marker AP exclusively (STRO-1'/AP+), while only a minor population (mean

3.6% È0.6 ggy, ¡=12) of bone cells expressed the STRO-1 antigen alone (STRO-'I+/AP-

). ln addition, a small proportion of cells (mean 3.4'/" =0,7 SEM, n=12) were also found to

co-express the AP and STRO-1 antigens (STRO-1+/AP+). Following FACS analysis of

the different STRO-1/AP subgroups each cell population was re-sorted and analysed to

ensure a purity of >99% (Figure 60) for all subsequent experiments.

7.2 ln Vitro Mineralization Potential of The Different STRO-I/AP Subpopulations

The ability of the different STRO-1/AP sorted subpopulations to form a mineralized bone

matrix was determined by culturing the cells in osteogenic conditions in the presence of

ASC-2P, DEX and PO4¡ as previously described (Chapter 5). A mineralized matrix formed

in all the STRO-1/AP NHBC subsets and was identified as hydroxyapatite by X-ray

diffraction and EDX analysis (Figure 61).

To assess the level of mineralisation, calcium concentrations were determined after

solubilizing the mineralized cultures under acidic conditions at weekly intervals over a

period of seven weeks. A time dependent increase in the level of hydroxyapatite formed in

allthe NHBC STRO-1/AP subsets (Figure 62) was observed under osteogenic conditions.

There was a significant increase (Fisher PLSD test; p< 0.05) in the level of mineralization

observed for the STRO-174P+ subpopulation between 14 days and 35 days in

comparison to the STRO-1+/AP'and STRO-174P'NHBC subsets. Similarly, the ability of

the STRO-1-/AP+ subset to form a mineralized bone-matrix was observed to be

significantly (ps 0.05) higher between days 14 and 28 but not at day 35 when compared

to the STRO-1+/AP+ NHBC subpopulation. A significanl increase (ps 0.05) in the level of
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Figure 59. Cell surface expression of the STRO-1 and alkaline phosphatase antigens on

NHBC. Dual-color flow cytometric analysis depicting the cell surface expression of the

STRO-1 and alkaline phosphatase antigens (84-78 positive) on single cell suspensions

derived from primary cultures of NHBC. The dot plot histogram represents 5 x 104 events

collected as listmode data. The vertical and horizontal lines werê set to the reactivity

levels of <1.0% fluorescence obtained with the isotype-matched control antibodies 3D3

(PE) and 146.12 (FITC) respectively.
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Figure 60. Purification of different STRO-1/AP NHBC populations. Double sorting

experiments were conducted on each of the STRO-1/AP NHBC subsets sorted initially

from primary cultures to ensure a purity of 99% for each phenotype. (A) STRO-1-/AP+;

(B) STRO-1+/AP+; (C) STRO-1-/AP-;STRO-1+/AP-. The dot plot histogram represents 2

x 104 events collected as listmode data. The vertical and horizontal lines were set to the

reactivity levels ol <1.0o/" fluorescence obtained with the isotype-matched control

antibodies 3D3 (PE) and 146.12 (FITC) respectively.
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Figure 61. ldentification of the mineral formed in NHBC cultures. A representative

transmission electronmicrograph dipicting the adherent layer of NHBC cultured for five

weeks in the presence of ASC-2P, DEX, and PO¿¡. The formation of mineral-like material

occured throughout the adherent cell layer. Examination of the extracellular matrix

demonstrated the presence of deposits of hydroxyapatite-like crystals (double arrow) in

association with a network of collagen fibrils (20,000X) (A). EDX analysis of similar

mineral deposits demonstrated major peaks for calcium (Ca) and phosphorous (P) with a

mean Ca/P ratio consistent with hydroxyapatite (B). The X-ray diffraction pattern of the

mineral deposits, in the same cultures was found to be identical to that of the

hydroxyapatite standard (C).
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Figure 62. Mineralization rates of the different STRO-1/AP NHBC subpopulations.

Calcium levels were determined from the adherent cell layers of triplicate cultures under

osteoinductive conditions (ASC-2P, DEX and pOai) Cultures were sacrificed at weekly

intervals for 35 days, representing each of the various normal human bone cells (NHBC)

subgroups selected by double FACS analysis based on the expression of STRO-1 (S)

and alkaline phosphatase (AP). The release of calcium from the matrix was achieved by

treating the cultures under acidic conditions with 0.6N HCL. Samples were then reacted

with o-cresol-phthalein-complexon and the colormetric reaction was read at 570 nm. The

absolute calcium concentration was determined according to a standard curve for

calcium for each STRO-1/AP NHBC subset over the time interval (n=3 different bone

samples).
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mineralization was also seen for the STRO-1+/AP+ subset at day 14 to day 35 in

comparison to the STRO-1+/AP- subset and at day 35 when compared to the STRO-1-

/AP- subset. However, there was no significant difference in the level of mineralization

between the STRO-17AP- and STRO-1+/AP- subpopulations at all the time points

observed, with the exception of day 35 where a higher level of mineralization was

detected for the STRO-1-/AP- subgroup (p< 0.05) compared to that observed by the

STRO-1+/AP'NHBC subpopulation. Based on these data, the ability of each STRO-1/AP

NHBC subpopulation to form a mineralized bone-matrix at the end of the osteogenic

induction period can be ranked as follows:STRO-1-/AP+ > STRO'1+/AP+ > STRO-174P-

> STRO-1+/AP-.

7.3 Differential Expression of Bone Related Markers Betvrreen the Different STRO-

1/ALP Subpopulations

The expression of various genes (CBFA-1, osteocalcin, osteopontin, osteonectin, collagen

type l, parathyroid hormone receptor) associated with osteogenic development was

determined for all the different NHBC STRO-1/AP subsets. Reverse transcription (RT)-

PCR amplification was employed due to the small numbers of cells (2 xtO4) available

following double sorting where the total cell number for each subgroup was based on the

cell yield of the rarest phenotype. The integrity of each sorted subpopulation was

confirmed by reproducible and consistent amplification of the "house-keeping" gene

GAPDH.

The STRO-1-/AP+ subset expressed all of the osteogenic markers examined and was

equivalent to that of the primary NHBC bulk population (Figure 63). Similarly, the STRO-1-

/AP'subgroup was indistinguishable from the former populations, with the exception that

this subpopulation lacked the expression of the parathyroid hormone receptor (PTH-R). ln

contrast, the STRO-1+/AP+ and STRO-1+/AP' subpopulations consistently lacked

expression of osteopontin, bone sialoprotein and PTH-R transcripts. When primers to the

bone restricted transcription factor, CBFA1, were used, this resulted in the consistent
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Figure 63. Gene expression pattern in the different STRO-1/AP NHBC subpopulations.

Representative experiments of the expression of bone-related transcripts as assessed by

RT-PCR using total RNA isolated from the various STRO-1/AP sorted NHBC

subpopulations: (1) Bulk NHBC; (2) STBO-1-/AP+; (3) STRO-1+/AP+; (a) STRO-1-/AP-;

(5) STRO-1+/AP-. The various bone-related markers examined included: osteonectin

(ON); the transcription factor, CBFAI ; collagen type I (COLL-1); osteocalcin (OCN); bone

sialoprotein (BSP); osteopontin (OP). Expression of GAPDH was assessed as an

indicator of mRNA integrity. Reaction mixes were subjected to electrophoresis on a 1.5%

agarose gel and visualised by ethidium bromide staining. The STRO-1/AP

subpopulations demonstrated a differential expression of the bone-related markers,

where only the STRO-1-/AP+ subgroup appeared to express all of the transcripts

identified in the bulk NHBC population, The arrow indicates the position of a faint upper

band for CBFAI in the STRO-1+/AP- subgroup.
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amplificat¡on of four products including the expected 635 bp fragment' DNA sequence

analysis of these products indicated that the smaller amplified products represented

spliced variants of the full length transcript (as described in Chapter 4). Although all the

sorted groups of NHBC expressed CBFAI transcripts, only the full-length transcript was

observed in the sTRO-1+/AP- subgroup althoUgh at levels consistently lower that those

exhibited by the other subpopulation'

Three-colour FACS analysis of primary NHBC based on their expression of sTRO-1/AP

and the cell cycling specific antigen Ki-67 [Gerdes et al, 1983; 1894] revealed that the

majority of the cells (>80%) in each of the four STRO'1/AP subsets were actively dividing

by their expression of the Ki'67 antigen (Figure 64)' Therefore the lack ol expression of

certain bone-related markers in some of the NHBC subgroups was not correlated to the

lack of cycling cells in these populations. Studies were also performed to examine any

differences in the rate of proliferation between the different STRO-1/AP subgroups

following re-culture with equal numbers of cells in each group' The sTRO-1+/AP-

population demonstrated a higher proliferation rate (Figure 65) several fold greater

compared to that of the other STRO-1/AP subpopulations'

7.4 Differential sTRO-1 and ALP expression following reculture

To assess the level of maintenance of the different $TRO-1iAP phenotypes in vitro'

primary cultures of NHBC were firstly double sorted into the different STRO-1/AP

subpopulations then re-cultured for a period of two weeks' Following re-culture there was

no integrity of the characteristic STRO-1/AP expression representative ol any of the four

subgroups which displayed different patterns of sTRO-1/AP expression (Figure 66)' The

NHBC cells which originally expressed the sTRO-1+/AP- phenotype demonstrated the

same STRO-1/AP pattern of expression as observed in the initial primary NHBC cultures

(figure 66D). This was in contrast with the other three STRO-1/AP subgroups which

demonstrated alternate STRO-1/AP distribution patterns. The majority of the NHBC

(mean 73.0o/ot 0.1SEM, n=3 different bone samples) sorted on the basis of their sTRO'
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Figure 64. Cycling status of the different STRO-1/AP NHBC subpopulations. Three-

colour immunofluorescence flow cytometric analysis of cultured normal human bone cells

(NHBC), derived from explants of trabecular bone, immunoreacted with the mabs STRO-

1 coupled to PE and 84-78 (anti-alkaline phosphatase) coupled to TC then fixed in 70%

ethanol (-2OoC) for 15 min on ice and subsequently immunoreacted with the mab Ki-67

coupled to FITC. The data is presented as fluorescence intensity (log scale) with the

expression of STRO-1 and 84-78 (y-axis) versus Ki-67 expression (x'axis). The dot plot

histograms represent 2 x 104 events collected as listmode data. The vertical and

horizontal lines were set to the reactivity levels of <1.0"/" mean fluorescence obtained

with the isotype-matched negative control antibodies, sD3 (TC), 146.12 (PE) and lgGt-

FITC. The results demonstrated that the majority (>80%) of cultured NHBC were actively

dividing cells which included the majority of the STRO-1+, STRO-1-, AP+ and AP- cell

populations. A minor proportion of cells (<20%) expressing the immunophenotypes,

STRO-1 -/AP+ and STRO-1-/AP- represented quiescent cell populations (K¡-67 negative).
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Figure 65. Proliferation of the different STRO-1/AP NHBC subpoulations. Aliquots of 5 x

103 cells per double sorted subfraction (STRO-174P+, STRO-1+/AP+, STRO-1-/AP-,

STRO-1+/AP-) were seeded into 24-well plates. Following re-culture for two weeks the

cells were harvested by collagenase/dispase digest and counted. The data represent the

mean number of cells t SEM (quadruplicate cultures). A significant difference (.: ps 0.05,

t{est) in the number of cells was observed between the STRO-1-/AP+, STRO-1+/AP+,

STRO-1-/AP- groups and the STRO-1+/AP- subfraction. A significant difference (**: p<

0.05, t-test) in the number of cells counted was also observed between the STRO-1-/AP+

and STRO-1 7AP- subf ractions.
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Figure 66. Flow cytometric analysis of the different STRO-1/AP NHBC subpoulations

following re-culture. Double sorted NHBC subfractions (A) STRO-174P+; (B) STRO-

t+/AP+; (C) STRO-1-/AP-; (D) STRO-1+/AP- were re-cultured for two weeks then

reanalysed by FACS. The dot plot histogram represents 2 x 104 events collected as

listmode data. The vertical and horizontal lines were set to the reactivity levels ol <1.0/"

fluorescence obtained with the isotype-matched control antibodies 3D3 (PE) and 146.12

(FITC) respectively. The sorting of the different STRO-1/AP subgroups and the analysis

of their respective immunophenotypes following re-culture, demonstrated that only the

STRO-1+/AP- subpopulation was capable of reconstituting all of the original STRO-1/AP

phenotypes from the initial cultures.
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1+/Ap+ expression were found to have lost their cell surface expression for STRO-1 but

retained their expression of AP after re-culture (Figure ô48). Similarly, the majority (mean

76.5% t 7.2 SEM, n=3) of the NHBC sorted initially on the basis of the STRO-1-/AP+

phenoypte retained their expression of AP after two weeks in culture (Figure 664). A

proportion (mean 29.7% t 5.7SEM, n=3) of those NHBC which initially lacked any cell

surface expression of STRO-1 or AP (STRO-17AP-) were now found to express the AP

antigen following re-culture (Figure 66C)'

7.s DrscussloN

The development of osteoblasts from early precursor cells occurs through a series of

cellular transitional stages which can be identified based on morphological, biochemical

and molecular criteria [reviewed in Aubin and Liu, 1996]. Current evidence suggests that

COL-1, the major constituent of the extracellular matrix in bone is expressed in all of the

developmental stages within the bone cell lineage and is also synthesised by stromalcells

of other non-osteogenic tissues. Therefore, COL-1 on its own is a relatively poor marker

of osteogenic commitment. Other markers, such as AP, ON, OP and PTH/PTHrp-R are

also thought to be expressed in early pre-osteoblasts and functionally aclive mature

osteoblasts, but are absent or only weakly present in differentiated osteocytes' ln

conlrast, the non-collagenous proteins OCN and BSP appear to be more restricted in their

expression to the mature osteoblasts and osteocytes.

ln the present study we have utilised primary cultures of NHBC as an in vitro model of

osteogenesis. Under appropriate culture conditions, NHBC exhibit characteristics

attributed to functionally active osteoblasts including the ability to form a mineralized

bone-matrix composed of hydroxyapatite in vitro [Koshihara et al 1987; Berestord et al,

19g3; Gundle et al, 1g951 and express allthe above bone-related markers [Beresford e!

al, 1984; Ashton et al, 1985; Auf'mkolk et al, 1985; Beresford et al, 1986; Koshihara et al;

1987; Marie et al, 1989; Yao et al, 1994; Boss et al, 19961. Despite the utility of cultured

bone cells as an in vitro model of human bone cell development such culture systems are
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inherently complex and contain a range of bone and other cell types at various stages of

differentiation.

The present study was therefore performed in order to develop a means of identifying and

isolating NHBC at various stages of development, based on the cell surface expression of

the STRO-1 and alkaline phosphatase antigens. Other cell surface markers such as

VCAM-1 , Thy-1, CDl O and CD13 used to isolate CFU-F from freshly isolated aspirates of

BM (Chapter 4) were not practicalfor isolating different cell subpopulations in vitro, since

these markers were universally expressed on cultured BM stromal cells (Table 5) and on

cultured NHBC (data not shown). Dual-colour FACS analysis was employed to identify

and isolate four distinct subsets within the NHBC population based on the cell surface

expression of the stromal precursor cell marker STRO-1 and the osteoblastic marker AP.

Phenotypically distinct subpopulations were identified. lt was hypothesised that NHBC

expressing the AP antigen represented a more differentiated bone cell phenotype

compared to those cells expressing the STRO-1 antigen alone. To test this hypothesis,

the different STRO-1/AP subsets were firstly placed under osteogenic conditions to

assess the ability of each phenotype to form a mineralized bone-matrix, a function which

is characteristically attributed to mature osteoblasts.

Compared to the other NHBC subpopulations, cells expressing the STRO-1 antigen alone

demonstrated both a delayed onset of mineral formation and a reduced capacity for the

generation of a mineralised bone-matrix over time. ln addition, this subpopulation lacked

expression of markers characteristic of more mature bone cells such as BSP and OP and

of the four subpopulations examined is the only one which upon sorting and re-culture has

the capacity to generate allthe four STRO-1/AP fractions de novo. Collectively, this data

is consistent with the hypothesis that the STRO-1+/AP'subpopulation in NHBC cultures

represents an early osteoprogenitor population. ln contrast, the STRO-1-/AP+ fraction

exhibits both rapid mineralisation kinetics in vitro and expression of all the bone markers

examined and thus appears representative of a population of fully differentiated
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osteoblasts. lntermediate between the two both phenotypically and functionally is the

STRO-1+/AP+ subset representative of a pre-osteoblastic-like cell population. A clear

parent-progeny relationship between these three populations is established by the re-

sorting experiments which, together with the phenotypic and functional data, constitutes

the basis for the hierarchical scheme presented in Figure 67.

ln proposing this scheme several points are of note. Firstly, although widely regarded as a

specific biosynthetic product of mature osteoblasts, OCN expression was nevertheless

detected in all the STRO-1/AP subpopulations without prior stimulation with 1,25(OH)ZDg.

The reasons for this are unclear but may for example reflect lack of fidelity of expression

under the in vitro culture conditions utilised or the presence of contaminating OCN+ cells

in each of the sorted fractions. lt should be noted that OCN expression in these studies

was demonstrated by RT-PCR only and it willtherefore be important in future studies to

examine OCN expression at the protein level in each of the STRO-1/AP subpopulations.

An alternative possibility is that OCN expression may not be tightly restricted to mature

osteoblasts as is currently believed and my be expressed at earlier developmental stages.

ln support of this notion, OCN has been previously detected ín pre-osteoblasts in vivo

[Mark et al, 1988b].

Secondly, the physiological counterpart of the NHBC population which lacks both STRO-1

and AP remains to be determined. However, given the reduced capacity of this population

to mineralise in vitro it is proposed that this cell fraction may be representative of more

differentiated bone cells such as osteocytes and/or bone lining cells. ln support of this

view, osteocytes and bone lining cells have been shown to exhibit little or no AP activity

and lack the expression of the PTH-R in vivo [Bianco et al, 1993a; Bianco et al, 1993b;

Lee et al, 19931 consistent with the pattern of gene expression exhibited by the STRO-1 -

/AP- subpopulation in vitro. ln addition, following re-culture of the STRO-1-lAP- selected

subgroup, a minor proportion of the cells were found to develop a STRO-1-/AP+
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Figure 67. Proposed hierarchy of bone cell development based on the cell surface

expression of the STRO-1 (S) and alkaline phosphatase (AP) antigens in primary culture

of normal human bone cells.
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phenotype. This may imply a plasticity during bone cell development where for example

bone lining cells may be capable of differentiating into osteoblasts and visa versa.

The discovery of the DNA-binding protein CBFAI has provided a marker of early

osteogenic commitment [Ducy et al, 1997; Komori et al, 1997; Rodan and Harada, 1997].

Although an important marker of early osteogenesis, CBFAI can't be used to identify'

isolate and manipulate living osteogenic cells within a heterogeneous stromal cell

population. ln the present study, all STRO-1/AP NHBC subsets were found to express

CBFAl confirming that primary NHBC cultures are representative of committed

osteogenic cells. ln addition, our primer sets yielded three distinct splice variants in

addition to the expected PCR product for CBFAI in each of the STRO-1/AP subsets with

the exception of the STRO-1+/AP'subpopulation. The low levels of CBFAI expression

observed in the STRO-1+/AP'fraction may be due to the presence of only a minor

population of CBFAl+ cells within this subset. The availability of antibodies reactive to the

CBFAI gene product may resolve this issue. Recent reports have identified two

alternative spliced variants at the 3' end of the human CBFAl gene which have been

shown to affect protein function [Geoffroy et al, 1998]. lt will be of interest to determine

whether the expression of the putative splice variants described in this study are

associated with the switch from a pre-osteoblastic phenotype to a functional osteoblast

and a mature osteocYte.

Full characterisation of the STRO-1/AP NHBC subpopulations will depend on the further

development of monoclonal antibodies with restricted reactivity to specific developmental

stages during osteogenesis. Various osteocyte specific mabs, O87.3 [Niiwiede and

Mulder, 19861, O837.11 [Nijweide et al, 1988] and SB-5 [Bruder and Caplan, 1990], and

osteoblast specific mabs SB-2 and SB-3 [Bruder and Caplan, 1990] reactive to avian

bone cells, have previously been developed which recognise as yet unidentified antigens.

Unfortunately, these reagents do not cross-react with mammalian bone cells in vivo or in

vitro and therefore can not be used to dissect our model of bone cell development. ln
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humans the mab OB/M lWalsh et al, 1994] reacts with a cytoplasmic antigen in

osteocytes and may be useful in determining whether the STRO-174P' NHBC

subpopulation represent an osteocyte-like phenotype. To further complicate matters other

markers such as the hyaluronate receptor CD44 which is reported to be restricted to

osteocytes in vivo [Hughes et al, 1994] appears to be constitutively expressed by all cells

in primary cultures of NHBC (data not shown). Similarly, other mabs known to react with

human stromal precursors/osteoprogenitors (SH-2, SH'3 and SH-4) [Haynesworth et al,

19921, (SB-10) [Bruder et al, 1997] and osteoblasts (SB-20 and SB-21) [Bruder et al,

1g971 in vivo demonstrate ubiquitous expression in stromal cultures derived from human

bone and bone marrow. This typifies the limitations of any in vitro culture system where

antigen expression may vary from that observed in the cellular counterparts in vivo as a

result (at least in part) of the altered or inappropriate regulatory signals provided by the in

vitro culture environment. The continuing development of novel lineage and stage specific

markers will allow us to use this system to further subset the NHBC population and more

accurately identify all the different bone celltypes within. Furthermore, because of the use

of RT-PCR analysis to measure the expression of the bone'related markers, there is still

the possibility that other non-osteogenic stromal elements are also present in some or all

of the STRO-1/AP subgroups. Reliable lineage specific markers would also allow the

assessment of what proportion of other stromal cell types are contained within the

different STRO-1 /A P subpopulations.

This data demonstrates that the STRO-I antigen in addition to being expressed on multi-

potential BM SPC is also expressed on cells which exhibit characteristics of

osteoprogenitor cells and pre-osteoblasts. Furthermore the significance of AP as a marker

of osteoblasts is complicated by the observation that BM SPC express this marker in vivo

which is subsequently down regulated in vitro (Table 5). Primitive stromal precursor cells

in marrow and near bone surfaces share similar phenotypic traits with osteoprogenitor

cells including the expression of AP [Bianco and Riminucci,1998]. Alkaline phosphatase

expression may be transiently expressed in cultured bone cell populations in the absence
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of appropriate stimulants such as dexamethasone. Nevertheless, the differential

expression of the STRO-1 and AP antigens in cultures of NHBC in the present study

represents the first real attempt to define the ditferent developmental stages present

within human bone cell cultures and provides a means of investigating the factors

involved in the development and function of osteogenic cells in vitro. An improved

understanding of the factors which regulate the proliferation and differentiation of

osteogenic cells is an essential prerequisite for the effective management of many bone

diseases such as the various forms of osteoporosis. There is increasing evidence that

decreased bone mass in osteoporosis does not result purely from an increase in bone

resorption [Ballard and Purdie, 19961. Recent studies have indicated that decreased bone

formation due to a reduction in the number of osteoblasts is the predominant mechanism

for continued loss of cancellous bone in both type I (postmenopausal) and type ll (age-

related) osteoporosis [Parfitt, 1990;Cohen-Solal et al, 1991; Ballard and Purdie, 1996].

The ability of these markers to subset the NHBC population may allow the molecular

characterisation of discrete developmental stages of the osteogenic cell lineage which

could then be tested in situ in steady state and diseased bone tissue.
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CONCLUSIONS AND FUTURE CONSIDERATIONS

This thesis presents a series of novel observations which represent major advances in the

study of human stromal and osteogenic precursor cells.

ln the present thesis, a modification of the serum based CFU-F clonogenic in vitro culture

assay was developed to examine the growth requirements of bone marrow stromal

precursor cells (BM SPC) in vitro. This led to the development of a simple and

reproducible serum-deprived clonogenic assay for SPC which has allowed for the first

time, a stringent examination of the efÍects of a wide range of cytokines on the growth of

SpC in vitro. These studies demonstrated the very specific stimulatory effects of EGF and

pDGF on the proliferation of SPC which also demonstrated significantly higher cloning

frequencies when compared to serum-replete cultures. This work represent an essential

prerequisite for future studies of the role of cytokines in the regulation of stromal cell

proliferation, differentiation and development. Further investigations of other cytokines

and different combinations of cytokines, may allow identification and improve our

understanding of the pathogenesis and possible treatment of conditions of altered stromal

cellgrowth.

The STRO-1 mab, has proven to be a unique and valuable reagent for the identification

and isolation of adult human BM SPC. A detailed immunophenotype was compiled

demonstrating that SPC appear to express many antigens common to both bone marrow

stromal cells, osteogenic and endothelial cells, but lacked expression of haemopoietic

specific antigens. The SPC population was subsequently found to be exclusively in the

STRO-l bright¡¡çAy-1+ fraction of BMMNC. The ability to purify adult human BM SPC

virtually to homogeneity is a significant achievement and has allowed for the first time, a

detailed analysis of the cellular properties and functional characteristics of this precursor

cell population to be conducted. Collectively, these data demonstrate that purified SPC

are a rare and primitive progenitor cell population of non-cycling cells in aspirates of BM.
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Clonal studies have shown that a single SPC can give rise to a fibroblast-like colonies

where a proportion of clones demonstrate the capacity to develop into multiple stromal

cell types including fibroblast cells, osteoblasts and adipocytes in vitro and in vivo. The

absence of key regulatory genes such as PPARy2 and CBFA1 specific for the

differentiation of adipocytes and osteoblasts, respectively suggests that BM SPC are

uncommitted. These stem cell-like characleristics are in agreement with the observed

properties of putative BM SPC identified in animal studies [Friedenstein 1987; Bennett

1gg1l, and support the concept of a BM stromal hierarchy of cellular differentiation in

humans (Figure 68). lmprovements in existing assay systems and the development of

novel bioassays may eventually reveal the full developmental potential of human SPC.

Further subsetting of the STRO-1 bright¡¡çAM-1+ BM fraction using three- and four-colour

FACS analysis may eventually provide a means to discriminate between subpopulations

contained within the SPC pool which exhibit different developmental potentials . The

purification of SPC with different potential may be used to generate multipotent and

bipotent cell lines which could greatly facilitate the design of experimental approaches to

study the molecular mechanisms regulating the commitment of early marrow stromal

precursors into different stromal cell types.

Expression of the STRO-1 antigen by stromal cells gradually decreases with time in

culture. lt is hypothesised, therefore that STRO-1 is a specific marker of SPC and that the

differentiation of SPC into particular stromal cell types, such as the generation of bone

cells, is characterised by sequential changes in the expression of cell surface antigens

which represent stage and/or lineage restricted markers of stromal cell development. This

is demonstrated in studies where NHBC cultures were found to contain a minor

subpopulation of STRO-1+/AP- bone cells which lacked the expression of the bone-

related markers AP, BSP, PTH-R. These cells were also found to display functional

properties characteristic of a osteoprogenitor cells in comparison to other more mature

bone cell phenotypes such as STRO-1-/AP' (osteocyte-like) and STRO-1-/AP+

(osteoblast-like). ln addition, a fourth intermediate subpopulation (STRO-1+/AP+) was
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Figure 68. Revised hypothetical hierarchy of stromal stem cell differentiation (A

modification of Figure 6). The stromal precursor cell (SPC) compartment is characterised

by high STRO-1 expression, and includes all cells with the ability to form clonogenic

clusters (CFU-F) in vitro. The proliferation of SPC is attributed to the growth factors

pDGF and EGF. The STRO-1 antigen is proposed to be a developmental marker which

is gradually lost as the BM SPC proliferate and differentiate. Differentiation of SPC

involves the accquisition of lineage-restricted markers and may be driven by other

cytokines such as BMP-2, bFGF, IGF-1, VEGF and Leptin.
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found to represents a phenotype characteristic of pre osteoblast-like cells. Given the

heterogeneity observed within cultures of NHBC, the differential expression of STRO'1

and Ap can be used as a model for further studies of osteogenic development and

function. Furthermore, ths identification of the cDNA encoding STRO-1 would facilitate

studies into the role of this antigen in stromal cell and osteogenic development. Efforts are

currenly underway, in collaboration with Dr. A. Zannettino, to develop a CDNA expression

library [Zannettino et al, 1996] derived from mRNA isolated from MG63 cells, which

exhibiting high levels of STRO-1, in order to identify and fully characterise the 60 kDa

STRO-1 antigen.

This work also creates a basis to explore a range of future potential clinical benefits. lt is

likely that purified SPC expanded under serum-deprived conditions, as described in this

study, may allow for the expansion of primitive haemopoietic stem cells in vitro, which can

then be used to reconstitute the bone marrow following ablative therapy for a variety of

malignancies. ln particular, the MACS procedure offers a reliable and efficient means to

isolate large numbers of partially purified BM SPC required for large clinical scale

isolations. Stromal precursor cells could then be cultured and expanded in vitro, using the

serum-deprived culture conditions described in the present study in the presence of

different differentiation factors. One potential benefit that may develop from a greater

understanding of the regulation of stromal stem cell proliferation and differentiation is the

ability to manipulate and expand stromal cell precursors in vitro for subsequent re-

implantation in vivo. This approach may help to improve the grafting of HSC following

ablative therapy by helping to regenerate the BM microenviroment. Furthermore, stromal

cell defects such as those seen in many bone diseases and after inductive cancer

therapies offer an ideal situation for the treatment of these diseases using autologous

stromalcells in combination with biocompatible implant materials and or with stromal cells

ectopically expressing a therapeutic gene. The current study also offers insights into bone

cell-matrix interactions mediated by molecules belonging to the B1 integrin family of cell

adhesion molecules. Continued studies into the adhesive requirements of bone and other
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stromal cells, may eventually contribute to the development of suitable and improved

transplantation strategies of biocompatible implant materials and may help to promote the

successful inlusion and grafting of stromal cells'

ln conclusion, this thesis establishes a foundation for future studies investigating the

molecular mechanisms regulating the commitment of primitive human SPC to particular

developmental pathways and the progression of osteoprogenitors to develop into

functional osteoblasts.
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