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ABSTRACT

The growth plate is a cartilaginous structure located at the proximal and distal ends of

immature long bones, which contributes to longitudinal growth through the process of

endochondral ossification. Cartilage has a limited ability to regenerate and in children,

injury to the growth plate can result in limb length discrepancies and angular deformity,

due to formation of a bone bridge at the damaged site which disturbs structure and function

of the growth plate. Current treatments of the abnormalities arising from growth plate

arrest involve surgical correction once the deformities have manifested. To date, there is

no biological based therapy for the repair of injured/damaged growth plate cartilage.

Mesenchymal stem cells (MSC) are self renewable multipotential progenitor cells with the

capacity to differentiate toward the chondrogenic lineage. Since their discovery,

significant interest has been generated in the potential application of these cells for

cartilage regeneration. The therapeutic potential of MSCs for the repair of growth plate

cartilage has not been thoroughly investigated and has been restricted to small animal

models. In this study, the ability of autologous BM MSC to regenerate growth plate

cartilage in a sheep model was examined. Due to the limited amount of information

available regarding ovine MSC, sheep BM derived MSC were characterised both in vitro

and in vivo prior to application in a model of growth plate injury repair.

Ovine MSC were isolated from BM aspirates and exhibited a fibroblast-like morphology.

Supplementation with human PDGF, EGF, IGF-I, FGF-2, and particularly TGFû,, induced

significant proliferation in vitro negating the requirement of serum in the media.

Evaluation of the multipotential capability of sheep MSC revealed these cells can be

induced to differentiate toward cells of an osteogenic, adipogenic, or chondrogenic lineage.

The cell surface expression profile of ovine BM MSC, chondrocytes and cultured

chondrocytes was analysed. Immunoselection of MSC directly from processed ovine BM

aspirates with the panel of novel antibodies resulted in enrichment of CFU-F in all

instances. Characterisation of the antigenic specificity of two of the novel antibodies

(Hybridoma B and H) by immunoprecipitation revealed proteins with high homology to

integrin bera 1 subunit (CD29) and the Heat Shock Protein-90p (HSP-908) molecule

respectively.

I



In vivo, transplantation of sheep MSC into immunocompromised mice resulted in the

formation of ectopic bone and cartilage-like tissue, which was dependent on and exclusive

to the delivery scaffold employed. Application of autologous BM MSC within a gelatin

sponge to a lamb model of growth plate injury did not accelerate osteogenesis but inhibited

bone bridge formation. Interposition of scaffold alone also hindered the establishment of

bone.

In conclusion, the characterisation of sheep MSC is beneficial for translational studies

using MSC for eventual therapeutic benefit. Ovine MSC can be isolated from bone

marrow aspirates and exhibit morphological and multipotential characteristics similar to

those observed in human MSC, in vitro and in vivo. Preliminary analysis of the

application of autologous MSC to growth plate injury suggests that although further

investigation is necessary, MSC may offer a viable therapeutic option for the biological

regeneration of the growth plate.
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CHAPTER 1

GENERAL INTRODUCTION AND AIMS OF THIS STUDY

1.7. Project Summary

The growth plate is a unique cartilaginous tissue located at the proximal and distal ends of

the long bones of children, and is responsible for longitudinal bone growth until closure at

skeletal maturity. The growth plate is a complex and tightly regulated tissue that elongates

bone through a sequential process of chondrocyte proliferation, maturation and

hypertrophy known as endochondral ossification.

Due to the avascular and alymphatic nature of cartilage, once damaged, cartilage has poor

repair capacity and rarely regenerates. Injury to growth plate cartilage results in an

undesirable repair response mechanism at the site of injury, where ossification of the

damaged tissue may occur leading to formation a bone bridge. Establishment of a bone

bridge across the growth plate can have serious consequences in children, and may lead to

limb length discrepancies and angular deformity. Current treatments of limb abnormalities

include surgical correction of angulation or length discrepancy after manifestation of the

deformity. To date, there is no biological based therapy to prevent bone bridge formation

and regenerate the damaged growth plate cartilage.

The discovery of a population of self renewable multipotential progenitor cells (termed

mesenchymal stem cells (MSC)) from bone marrow with the capacity to differentiate into

cells of the chondrogenic lineage has stimulated considerable interest in the application of

these cells for cartilage tissue engineering. Significant effort has been invested into

cartilage regeneration using chondrocytes and growth factors. Coupled with the ease of

harvest and rapid expansion in vitro, MSC offer an attractive alternative to traditional

therapies of cartilage regeneration. Whilst the majority of research to date has focussed on

articular cartilage repair, relatively little information exists on the repair of growth plate

cartilage. In this study, the potential of autologous ovine MSC to promote regeneration of

growth plate cartilage in a lamb model was investigated. However, as the characteristics of

ovine MSC are poorly understood, these cells were initially examined for their properties

and developmental potential in vitro and in vivo.
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1.2. The Vertebrate Skeleton

The vertebrate skeleton is a complex and essential organ which serves as a scaffold to both

support and protect the soft tissues and organs within the body and is comprised of two

tissue types, bone and cartilage. Bone intrinsically provides the strength and mechanical

support for the musculature and soft tissues, whereas growth plate cartilage is required for

longitudinal growth of the long bones at the growth plate prior to skeletal maturity, and

articular cartilage throughout life at the joint surfaces to lubricate for smooth movement

and absorb compressive forces during locomotion for minimal trauma to the more rigid

bony skeleton (Price et a1., 1994; Recker, 1992).

7.3. Anatomy of the Developing Long Bone

The long bones of growing children can be divided into four separate and functionally

distinct regions, the epiphysis, growth plate or physis, the metaphysis and the diaphysis

(Figure 1.1). These four regions originate by the process of endochondral ossification

during skeletal development, which continues at the growth plate until skeletal maturity

(Kerr, 1999).

1.3.1. Epiphysis

The epiphysis is located at the distal ends of the long bones and is covered by a thin layer

of articular cartilage. In combination with lubrication from synovial fluid, articular

cartilage provides the joint with continuous sliding motion (Mankin et al., 1994). Articular

cartilage additionally absorbs mechanical shock and distributes applied load evenly to the

bone. The sides of the epiphysis are flanked by the perichondrium. Muscle fibres, tendons

and ligaments attach to the perichondrium, which additionally contributes to enlargement

of the epiphysis. The perichondrium blends undetectably with the periosteum, contributing

to biomechanical strength of the epiphyseal-metaphyseal junction at the groove of Ranvier.

The epiphysis also includes the secondary ossification centre, which functions to determine

the shape and form of the joint surface, and to impart mechanical rigidity (Iannotti et al.,

1994).

2



tr'igure 1.L: The major anatomical regions of a long bone. From the articular surface the

long bone consists of an epiphysis, physis (growth plate), metaphysis and diaphysis. The

cartilage growth plate is located between the epiphysis and metaphysis. Bone marrow is

localised within a cavity of cortical bone in the metaphysis. Photo kindly provided by

AÆrof. C.J. Xian.





1.3.2. Growth Plate

The growth plate or physis is a complex cartilage structure adjacent to the epiphysis and is

fundamental for longitudinal growth of the long bones. Chondrocytes of the growth plate

are tightly regulated to sequentially proliferate, mature and synthesise a cafülage

extracellular matrix which is eventually calcified (Brighton, 1918; Brighton, l98la;

Brighton, I987b; Buckwalter et aI., 1985). This calcified matrix acts as an intermediary

scaffold, and is subsequently remodelled and resorbed to allow deposition of bone, by the

process of endochondral ossification.

Encircling the growth plate is the perichondrial ring of LaCroix and the groove of Ranvier.

The perichondrial ring limits lateral growth of the physis and contributes to mechanical

strength at the bone-cartilage junction, thereby resisting compressive forces experienced

across the growth plate (Iannotti et aI., 7994). The groove of Ranvier merges with the

growth plate restin g zone and aids in latitudinal physeal growth.

1.3.3. Metaphysis

At the primary spongiosa of the metaphysis immediately below the growth plate, the

calcified cartilage matrix is remodelled by osteoclasts to form calcified cartilage

trabeculae, onto which osteoblasts deposit a bony matrix (Kaplan et al., 1994; Kerr, 1999).

Synchronously, osteoclasts resorb the calcified matrix while osteoblasts synthesise new

bone extracellular matrix. Further remodelling of the primary spongiosa (where the

trabeculae are more prevalent and thinner) produces the more mature secondary spongiosa

(where the trabeculae are fewer in number and larger in size), characterised by an increase

of bone content. Compared with other regions of the long bone, the metaphysis has a

significantly elevated level ofosteoclast and osteoblast activity (Iannotti et al., 1994).

1.3.4. Diaphysis

The diaphysis comprises the majority of the long bone, which is comprised of dense

cortical bone surrounding the cavity within which bone marrow forms. During skeletal

development, cells of the diaphysis differentiate into osteoblasts, to form a collar of bone

surrounding the diaphysis, known as the periosteum. Vascularisation of the internal

calcified cartilage rudiment allows infiltration of mesenchymal progenitor cells, osteoclasts
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and the malïow forming elements. The bone maffow primarily serves as an active site of

haematopoiesis.

1.4. Mechanisms of Bone Formation

The process by which mineralised bone is formed through the establishment of a cartilage

scaffold is known as endochondral ossification. Most of the skeleton during embryonic

development occurs through this process with progenitor cells originating from the

mesoderm. However, some craniofacial bones develop through an alternate mechanism of

bone formation termed intramembranous ossification. In this instance, mesenchymal

progenitors of neural crest origin differentiate directly into osteoblasts, without the

requirement of a cartilage template. Endochondral ossification is not restricted to

embryogenesis; this mechanism is used at the growth plate for elongation of the long bones

during skeletal development post utero, until growth plate closure at skeletal maturity.

Intramembranous ossification is also important for the periosteal cortical bone formation

during longitudinal bone growth of long bones, in which the cortical bone is formed

directly from osteoblasts differentiated from osteoprogenitor cells located in the inner layer

of the periosteum.

7.5. Bone

In addition to providing mechanical support and protection for the soft tissues, bone also

serves as a lever for muscle action, and is responsible for maintaining blood calcium levels

and supporting haematopoiesis within the bone malrow. The tensile strength of bone is

due to its composition of calcified connective tissue matrix (hydroxyapatite). In addition

to the mineralised phase, bone also consists of cells, water and an organic matrix including

collagenous and non-collagenous proteins (Recker, 1992).

Bone is an extremely well organised tissue that can be loosely grouped into two categories

based upon structural and functional differences: cortical and trabecular bone. Cortical

bone is denser and mechanically stronger than trabecular bone, but has a slower

remodelling rate as it possesses less surface area (Buckwalter et al., 1996; Price et al.,

1994).
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Trabecular bone is found primarily in the metaphysis and diaphysis of the long bones and

within the cuboid bones of the vertebrae. The spicules of trabecular bone form a three-

dimensional lattice aligned along areas of biomechanical loading within the hollow cavities

of the cortical bone. Trabecular bone is therefore porous and spongy. Cortical bone acts

as a dense envelope surrounding most of the bones of the body including the diaphysis of

the long bones. This type of bone provides the strength against bending, torsional and

compressive forces encountered during movement. Cortical bone is made up of layers of

mature organised lamellar bone and non-uniform woven bone. Vascularisation of cortical

bone is predominantly found in the woven component.

1.6. Cells of Bone

Based on the location within the bone, there are generally three major types of bone cells:

osteoblasts, osteocytes and osteoclasts. Osteoblasts and osteocytes are responsible for the

synthesis of bone, and are located at the surface or within the mineralised matrix of bone

respectively. Both osteoblasts and osteocytes originate from the mesenchymal

osteoprogenitor cells, whereas osteoclasts are haematopoietic in origin.

1.6.1. Osteoblasts

Osteoblasts are the cells directly responsible for deposition and organisation of the

extracellular matrix, and mineralisation of bone tissue. Lining the surface of bone,

osteoblasts synthesise and secrete the organic extracellular matrix of new bone

(Buckwalter et al., 1996). At the junction between the osteoblast cell membrane and

mineralised bone matrix, there is a seam of newly formed unmineralised bone matrix

(osteoid). Histochemically osteoblasts are characterised by cell surface expression of

alkaline phosphatase. Osteoblasts synthesise a multitude of bone extracellular matrix

components such as collagen-1, osteocalcin, bone sialoprotein, osteonectin and osteopontin

(Xian and Foster, 2006a). Each of these molecules plays a significant role in the

mineralisation of bone. At the conclusion of bone formation, osteoblasts either decrease

synthetic activity, flatten and elongate to become bone lining cells, or become surrounded

by mineralised matrix and become osteocytes, or migrate to other sites (Kaplan et al.,

1994).
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1.6.2. Osteocytes

V/hen an osteoblast becomes enveloped by bone matrix, which is subsequently

mineralised, this cell is now termed an osteocyte. Osteocytes are considered to be

terminally differentiated osteoblasts and are the most predominant type of bone cells.

Unlike osteoblasts, osteocytes have extensive cellular processes, which project and

establish contact with adjacent osteocytes, blood vessels and bone lining cells, through

canals (canaliculi) in the bone matrix. This osteocyte process network enables the

osteocytes to monitor their environment for mechanical stress and maintain the bone

matrix in which they reside (Buckwalter et al., 1996; Reinholt et a1., 1990). Interstitial

fluid flows through the osteocyte canaliculi network from regions of high strain to low

strain thus modulating the production of signalling factors to regulate bone formation and

resorption. Osteocytes have been reported to positively express bone matrix proteins

collagen-l, osteopontin and osteonectin, but not alkaline phosphatase, bone sialoprotein,

and osteocalcin (Aubin and Turksen, 1996; van der Plas et a1.,1994).

1.6.3. Bone Lining Cells

Bone lining cells are commonly referred to as resting osteoblasts or surface osteocytes.

These cells are flattened and elongated and are found lying directly against the majority of

inert bone surfaces, neither undergoing bone deposition nor resorption. Bone lining cells

have long cytoplasmic extensions that penetrate the bone matrix to connect with the

cellular processes of osteocytes. These cells are sensitive to parathyroid hormone (PTH)

and exposure to PTH stimulates the bone lining cells to secrete collagenases in order to

remove the thin layer of osteoid sheathing the mineralised matrix (McSheehy and

Chambers, 1986a; Mcsheehy and Chambers, 1986b). This initial degradation of the

osteoid is the first sequence of events to allow osteoclasts to bind to the bone surface and

begin resorption (Buckwalter et a1., 1996). Therefore, bone lining cells play a significant

role in attracting and stimulating osteoclasts for the remodelling process.

1.6.4. Osteoclasts

Osteoclasts are large mobile multinucleated cells derived from haematopoietic progenitor

cells of monocyte/macrophage origin (Suda et a1., 1997; Vaananen, 1996). These cells

have irregular cytoplasmic branches and are the main cell type responsible for the

6



resorption of bone during remodelling. Osteoclasts are characterised by production of

tartrate-resistant acid phosphatase (TRAP). Initially, differentiated osteoclasts attach to the

target site via protein integrins and develop a ruffled border through extensive infolding of

the cell membrane adjacent to the resorptive surface. The ruffled border is completely

surrounded by the clear zone - a region where the osteoclast is smooth and lies directly

against the underlying bone (Blair and Zaidi, 2006; Vaananen, 1996; Zaidi et a1.,2003).

Following attachment to the bone surface, osteoclasts release lysosomal enzymes and acids

into the spaces within the ruffled border, which lowers the local environment pH to aid the

solubility of the hydroxyapatite and digest the organic collagen component, culminating in

the breakdown and removal of the calcified extracellular matrix.

1.6.5. Bone Marrow

The bone marrow organ is a soft connective tissue located within the hollow cavity of

bone, and is an active site of haematopoiesis. The development of haematopoietic cells in

vivo is dependent on the close association between haematopoietic stem cells (HSC),

mesenchymal stem cells (MSC), and the bone m¿urow microenvironment (Allen et al.,

1990; Dexter et al., 1984; Lichtman, 1981; Tavassoli and Friedenstein, 1983; Weiss, 1976).

Regulation of haematopoiesis by stromal cells is also mediated by the production of a

repertoire of cytokines and the expression of a broad range of cell adhesion molecules to

facilitate specific cell-cell and cell-matrix interactions (Dorshkind, 1990; Gronthos et al.,

2001b; Gronthos et al., 1,991; Simmons et al., 1994; Verfaillie, 1998). In addition to the

progenitors cells described here, the bone marrow microenvironment also contains many

other cell types including reticular cells, smooth muscle cells, adipocytes, endothelial cells,

macrophages and immature haematopoietic cells (Allen et a1., 1990; Dexter et al., 1984;

Lichtman, 1981; Tavassoli and Friedenstein, 1983; Weiss, 1916). The long term culture of

BM aspirates in vitro gives rise to an adherent population of stromal cells with the ability

to support the growth of myeloid and lymphoid progenitor cells (Dexter et al., 1977;

Johnson and Dorshkind, 1986; Whitlock and Witte, 1982). Further analysis of the adherent

cellular fraction of BM aspirates has revealed a minor population of self renewable

progenitor cells with the capacity to differentiate into a variety of connective tissue types.

These cells are commonly termed mesenchymal stem cells, mesenchymal stromal cells and

stromal precursor cells. This discovery has stimulated much interest in the application of

these cells for musculoskeletal repair, and will be discussed in more detail in section 1.19.
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1.7. Bone Remodelling

Bone is continually turned over and remodelled by osteoblasts and osteoclasts in order to

repair sites of microdamage, and to respond to changes in mechanical loading. Osteocytes

mediate the entire remodelling process, by sensing bone damage or stress via the

mechanosensory network of cellular processes and canaliculi which is then transmitted to

the bone lining cells (Nijweide et al., 1996; van der Plas and Nijweide, 1992:' Xian and

Foster, 2006a). Bone lining cells then degrade the osteoid lining of bone to allow

attachment of osteoclasts, which ruffle and secrete acids and enzymes to erode the

underlying bone. Osteoclastogenesis is entirely dependent on the combined presence of

NF-KB ligand (RANKL) and macrophage colony stimulating factor (M-CSF), which are

provided by cell of the osteoblast lineage (Anderson et al., 1997; Lacey et al., 1998;

Yasuda et a1., 1998). The acidic pH and proteases liberate sequestered signalling

molecules from the bone matrix such as growth factors IGF-I and TGF-8. The released

growth factors subsequently stimulate the recruitment, proliferation, differentiation and/or

activation of osteoprogenitor cells to become active osteoblasts. These metabolically

active osteoblasts begin to synthesise new bone matrix, which is later mineralised to

become bone.

1.8. Cartilage

Cartilage is specialised connective tissue containing chondrocytes within a unique

extracellular matrix. The extracellular matrix of cartilage consists of collagens, water, and

proteoglycans which impart the tissue with tensile strength, structural support and

flexibility without distortion. Cartilage tissue is avascular, aneural and alymphatic, and as

a consequence nutrients and metabolites perfuse the tissue through the matrix by diffusion

(Mankin et a1., 1994).

Based upon the types and amount of fibres present in the matrix, there are three types of

cartilage in the body: hyaline, elastic and fibrocartilage. Hyaline cartilage is the most

conìmon form of cartilage and during embryogenesis acts as the scaffold for bone

formation. In adults, hyaline cartilage functions in a structural and flexible manner at the

articular joint surfaces and in the nose, ribs, larynx, trachea and bronchi. Elastic cartilage

contains elastic fibres within the extracellular matrix to provide increased flexibility. For

example, the external ear contains elastic cartilage which is surrounded by a layer of
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perichondrium. Fibrocartilage is characterised by the presence of irregular thick bundles

of collagen fibres. This cartilage type is located at sites where durability, tensile strength

and resistance to compression are necessary such as in the invertebral discs and certain

joints (Mankin et al., 1994). Damage to articular cartilage joint surfaces is often

endogenously repaired with fibrocartilage.

1.8. 1. Articular Cartilage

Articular cartilage is a type of hyaline cartilage, and is the resilient load bearing surface of

the joint which allows for minimal friction, lubrication and wear characteristics required

for continuous gliding motion. In addition, articular cartilage absorbs mechanical shock to

spread the load on the underlying supporting bone structures. Characterised by sparsely

populated chondrocytes distributed within a large extracellular matrix, the structure and

composition of articular cartilage varies throughout its depth. Biochemically, articular

cartilage consists of approximately 65Vo to 80Vo water, IïVo to 20Vo collagen-Il, 4Vo to 7Vo

aggrecan proteoglycan, with the remainder a cocktail of proteoglycan, collagen, link

protein, hyaluronan, and fibronectin (Mankin et a1., 1994). Cell shape and volume,

collagen fibril diameter and proteoglycan concentration alter from the articular surface to

the subchondral bone.

1.8.2. Chondrocytes

The fundamental role of the chondrocyte is the synthesis and maintenance of the cartilage

extracellular matrix. Chondrocytes originate from mesenchymal progenitor cells, which

differentiate to exhibit the chondrocyte phenotype. Within articular cartilage tissue,

chondrocytes occupy less than l07o of the total tissue volume. These cells aÍe

metabolically active and respond to a variety of soluble mediators including growth

factors, cytokines, matrix constituents, mechanical loads and hydrostatic pressure changes

(Lin et a1.,2006).

1.9. Growth Pløte Structure

In children, longitudinal growth of the long bones occurs at either end of the bone, at the

cartilaginous growth plate through the process of endochondral ossification. At the growth

plate there is a continual establishment of new prechondrocytic cells which are stimulated
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to proliferate and differentiate into chondrocytes, the specific resident cells of cartilage that

synthesise and eventually mineralise the cartilage extracellular matrix. Following

differentiation and cell division, chondrocytes synthesise molecules to contribute to the

cartilage matrix and undergo maturation and hypertrophy (Wilsman et al., 1996). In

response to molecular and microenvironment cues the hypertrophic chondrocytes apoptose,

stimulating vascular invasion and degradation of the cartilage extracellular matrix.

Although not directly contributing to the formation of bone, the growth plate chondrocytes

generate a calcified cartilage scaffold upon which bone can be deposited. Longitudinal

growth continues in this fashion until growth plate closure at skeletal maturity. The

growth plate can be subdivided according to histological and biochemical characteristics

into three distinct zones: the resting zone, proliferative zone and hypertrophic zone (Figure

I.2). Polarity of the growth plate is absolute, as partial removal and reversal maintains

both cellular orientation and maturation pattern, in comparison to the original growth plate

(Abad et a1., 1999).

1.9.1. Resting Zone

The resting or reserve zone of the growth plate is located distally to the secondary centre of

ossification. Histologically, the resting zoîe contains sparsely distributed round

prechondrocytic cells in a large extracellular matrix. Cartilage specific matrix molecule

collagen-Il is highest in the resting zone, and associates in aggregate form to inhibit matrix

mineralisation (Buckwalter and Rosenberg, 1988; Sandberg and Vuorio, 1987). Another

major cartilage matrix molecule aggrecan is present in the resting zone, at a level

comparable to those in other zones of the growth plate. These cells undergo sporadic

cellular proliferation, and are relatively inactive in matrix turnover (Iannotti, 1990). The

resting zone chondrocytes do not contribute to longitudinal growth, and their function is

unclear, as they do not actively participate in proliferation, matrix synthesis or

calcification. However, functional studies of the resting zone indicate calls of the resting

zone ate progenitor cells that give rise to cells of the proliferative zone (Abad et a1., 2002).

1.9.2. Proliferative Zone

The proliferative zone is located immediately distally from the resting zone of the growth

plate. Proliferative chondrocytes in the upper regions of the proliferative zone rapidly

divide, flatten and align into longitudinal columns in response to molecular activation
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Figure l.2z The growth plate from the proximal tibia of sheep contains three

morphologically distinct zones. The resting zone is located immediately below epiphyseal

plate and is characterised by sparsely distributed chondrocytes within an abundant

extracellular matrix. The proliferative zone is comprised of chondrocytes aligned into

vertical columns. Cells of the hypertrophic zone enlarge in size, apoptose and are

subsequently mineralised following vascular invasion from the metaphysis.
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signals. The uppermost cell of each column is the progenitor cell for longitudinal growth

of each column. In the lower region of the proliferative zone, these chondrocytes exit the

cell cycle and terminally differentiate. The rate of cellular proliferation is sufficient to

balance the cellular loss at the chondro-osseous junction (Iannotti et a1., 1994). An

excellent blood supply via the epiphyseal aÍteÍy, in combination with high oxygen tension,

provides nutrients and oxygen essential for aerobic metabolism within cells of the

proliferative zone (Brighton, 1978). Proteoglycan synthesis and turnover is highest within

this zone and is deposited in aggregates to inhibit mineralisation. Prior to entry into the

hypertrophic zone, the cells distal to those undergoing cell division and proximal to the cell

hypertrophy seen in the hypertrophic zone, experience a transitory phase between the two.

The rate of terminal differentiation is tightly regulated by Indian hedgehog (Ihh) and

parathyroid hormone related protein (PTHTP) signalling loop (Lee et al., 1996; Vortkamp

et al., 1996). Overall, the proliferative zone chondrocytes contribute to longitudinal

growth by matrix production and cell proliferation.

1.9.3. Hypertrophic Zone

The hypertrophic zone is characterised histologically by the presence of large cells five to

ten times the size of proliferative chondrocytes (Buckwalter and Rosenberg, 1983;

Hunziker, 1994; Iannotti, 1990). These cells are responsible for the synthesis of alternate

matrix molecules and for the preparation and calcification of the extracellular matrix. The

hypertrophic chondrocyte is metabolically active and synthesises alkaline phosphatase,

neutral proteases and collagen-lO, which is the principal collagenous protein of the

hypertrophic zone. Diffusion of nutrients and oxygen from the epiphyseal blood supply in

the proliferative zone is poor, resulting in a progressive decrease proximally to distally of

energy stores and oxygen tension. The presence of mineralised matrix in the lower

hypertrophic zone additionally acts as a barrier of oxygen and nutrient supply from the

metaphysis. Collectively, the lack of nutrient and oxygen supply, and the depletion of

endogenous energy stores within the cell required for accumulation, storage and release of

calcium into the extracellular environment, result in the apoptosis of hypertrophic

chondrocytes (Gibson,1998; Roach et a1., 2004;Zenmyo et al., 1996).

1.9.4. Mineralisation
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Mineralisation of the growth plate extracellular matrix is restricted to the final layers of the

hypertrophic zone. The exact mechanism of mineralisation is unknown; however it is

likely that changes within the organisation and composition of the extracellular matrix are

responsible. It has been suggested that growth plate chondrocytes may play a significant

role in the mineralisation of the matrix, through intracellular calcium transport and the

synthesis, secretion and modification of extracellular matrix molecules such as collagen-

10, and biogenesis of matrix vesicles essential for the mineralisation process (D'Angelo et

a1., 200I; Schmid and Linsenmayer, 1985). Matrix vesicles are produced by the

chondrocyte plasma membrane and are alkaline phosphatase, neutral protease, and matrix

metalloproteinase-enriched extracellular membrane bodies (Anderson, 1995).

Interestingly, matrix vesicle biogenesis in the growth plate is linked to programmed

chondrocyte apoptosis (Anderson, 1995). Located within the ECM, matrix vesicles

generate the initial crystals of hydroxyapatite bone mineral during the instigation of

mineralisation. The neutral proteases assist degradation of proteoglycans, and as

previously mentioned, disaggregated proteoglycans promote mineralisation (Anderson,

2003). Disaggregated proteoglycans have been observed within the hypertrophic zone, and

are thought to bind and localise calcium to the matrix, in contrast to the proliferative and

resting zones where aggregated proteoglycans resist mineralisation. Disaggregation is

believed to be the result of enzymatic digestion by lysozyme, neutral proteases, and matrix

metalloproteinases (MMP) (Anderson, 19951' Malemud, 2006).

1.10. Blood supply to the growth pløte

Although cartilage by nature is avascular, a blood supply is essential for the maintenance

and regulation of the growth plate. The main arteries of the growth plate are the

epiphyseal artery, the main nutrient arteÍy, and the perichondrial arteries (Figure 1.3).

The epiphyseal artery enters the bone at the secondary centre of ossification. The terminal

branches feed through the growth plate resting zone and terminate in the proximal-most

cells of the proliferative zone. There is no penetration and nutrient delivery to the more

distal proliferative zone chondrocytes or to cells in the hypertrophic zone (Trueta and

Little, 1960). Furthermore, the capillaries never traverse from the epiphyseal to

metaphyseal sides of the growth plate. Transient or perrnanent intemrption of the

epiphyseal blood supply affects only the cells in the uppermost proliferative zone (Iannotti

et a1., 1994; Peterson, 1984). These cells fail to proliferate appropriately and growth is
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Figure 1.3: Schematic representation of the arterial blood supply to the growth plate. The

epiphyseal artery enters at the secondary site of ossification and feed chondrocytes within

the proliferative zone. The main nutrient artery enters from the metaphysis and supplies

nutrients to the interface of the hypertrophic zone and the last transverse septae of the

metaphysis. The perichondral arteries feed the perichondrial ring of LaCroix.

Chondrocytes of the resting zone receive blood supply from transphyseal vessels which

traverse the growth plate from the metaphysis to the epiphysis. Illustration adapted from

Wirth eral. (2002).
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partially or completely prevented. Interestingly, cells independent of the epiphyseal artery

supply will continue to grow longitudinally and laterally, leaving the affected region

behind. This differential growth can result in growth deformity.

The main nutrient artery of the long bone enters from the metaphysis and branches to reach

the last transverse septae at the bone-cartilage interface (Trueta and Amato, 1960). If the

metaphyseal artery is compromised, there is no consequence on the proliferation and

maturation of the growth plate chondrocytes. However, remodelling of cartilage scaffold

to bone at the primary spongiosa is ablated. Consequently, the growth plate widens at the

affected site due to the accumulation of cartilage tissue. Restoration of blood supply to the

metaphysis rapidly penetrates and ossifies the cartilage build-up, thus restoring normal

growth plate width (Trueta and Amato, 1960). The perichondrial arteries provide oxygen

and nutrients to the perichondrial ring of LaCroix (Iannotti, 1990; Trueta and Little, 1960).

1.11. Molecula.r and Genetic Regulation of the Growth Plate

Endochondral ossification is a tightly controlled mechanism of bone formation regulated

by a complex array of signalling systems and factors. In addition to the constituents of the

extracellular matrix, soluble messenger molecules such as growth factors play a

fundamental role in the transition of chondrocytes within each zone of the growth plate,

and subsequent formation of bone. Significant progresses in the understanding of the

molecular mechanisms controlling growth plate differentiation have been elucidated

through genetic manipulation of animal models. Many hormones, vitamins, morphogens,

growth factors, cytokines, transcription factors, and binding proteins have been

demonstrated to be important in coordinating the process of endochondral ossification

(Xian and Foster, 2006a).

1. 1 1. 1. Indian Hedgehog

Indian Hedgehog (Itìh) is considered the master regulator of endochondral bone

development, controlling chondrocyte proliferation and maturation (Kronenberg, 2003).

Ihh is a member of the hedgehog family of structurally conserved secreted proteins known

to provide key signals in embryonic pattering. In the developing long bones, Ihh is highly

expressed in the transitional region from proliferating to hypertrophic chondrocytes, and in

the upper hypertrophic chondrocytes. The ablation of Ihh in transgenic mice severely
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reduced skeletal growth (St-Jacques et al., 1999), which was associated with markedly

reduced chondrocyte proliferation, extensive hypertrophy, and abolished expression of

parathyroid hormone-related protein (PTHTP). Conversely, overexpression of Ihh was

characterised by cartilage elements lacking hypertrophic chondrocytes, accompanied by

upregulation of PTHrP (Vortkamp et al., 1996).

1.11.2. Parathyroid Hormone Related Protein

PTHrP is a paracrine hormone synthesised by multiple tissues, with structurally homology

to parathyroid hormone (PTH). Both these molecules bind to the same PTH/PTHTP

receptor. In the growth plate, PTHrP is expressed by perichondrial cells and proliferating

chondrocytes, whereas the receptor is distributed at low levels within the columnar

proliferativ e zone and at high levels in the prehypertrophic and hypertrophic chondrocytes

(Kronenberg et al., 1998). The targeted disruption of PTHIP or the PTHÆTHrP receptor

gave rise to homozygous mice with a highly similar phenotype. Progeny died shortly after

birth from abnormalities caused as a result of diminished proliferation, premature

maturation, and mineralisation of chondrocytes (Karaplis et aI.,1994). Forced expression

of PTHrP dramatically inhibited cartilage maturation and bone formation (Schipani et al.,

1997). A direct interaction between Ihh and PTHrP has been demonstrated (Vortkamp et

al., 1996). While supplementation of Ihh blocked hypertrophy of wildtype mouse limb

explants in vitro, it had no effect on chondrocyte differentiation in PTHrP or PTÍI/PTHTP

receptor knockout animals, suggesting that Ihh acts through PTftP to inhibit chondrocyte

hypertrophy and maintain cells within a proliferative state. Thus, the hypothesis that

chondrocyte proliferation and maturation in the growth plate is regulated by a negative

feedback loop of intercellular communication, mediated by the secreted signalling

molecules PTHrP and Ihh was established (Vortkamp et al',1996).

1.11.3. Fibroblast Growth Factor

Recent genetic studies have established that fibroblast growth factor (FGF) signalling

crucially regulates chondrocyte proliferation and differentiation. The FGF family of

proteins consist of at least 23 structurally related polypeptides and contain four tyrosine

kinase receptors that bind the FGF ligands with variable affinity. Proliferating

chondrocytes express FGFR3 and prehypertrophic chondrocytes express FGFRI. The

former is most understood. Knockout of FGFR3 in mice leads to an increased rate of
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proliferation of chondrocytes and an elongation of the proliferative columns (Colvin et al.,

1996; Deng et al., 1996). Thus it appears that FGF signalling through FGFR3 inhibits

chondrocyte proliferation. Gain of function mutations of FGFR3 lead to constitutively

active FGFR3 signalling and present with achondroplasia (dwarfism) (Shiang et a1., 1994).

The FGF-1 ,2, 4,8, 9, and 18 ligands, bind and activate FGFR3 with high affinity (Provot

and Schipani, 2005). Binding of the FGF ligands to FGFR3 requires the heparan-sulfate

proteoglycan. Furthermore, knockout of the FGFR3 gene increases Ihh expression, and

conversely, activation of FGFR3 decreases Ihh expression (Naski and Ornitz, 1998).

FGF-2 is a potent ligand for FGFR3, and is located in the proliferative and upper

hypertrophic zones of growth plate chondrocytes (Jingushi et al., 1995; Leach et al., 1991).

Transgenic mice overexpressing FGF-2 have shortened bones with a large reserve and

proliferative zone, while the size of the hypertrophic zone is greatly reduced (Coffin et al.,

1995). Systemic administration of FGF-2 in growing rats found that a low concentration

FGF-2 increased proliferation and longitudinal growth, whereas at high concentration, the

effect was reversed (Nagai et al., 1995). Interestingly, in vitro studies of the effect of FGF-

2 on growth plate chondrocyte proliferation and matrix synthesis have been conflicting.

Most investigations have reported that FGF-2 is a potent mitogen for cultured growth plate

chondrocytes (Trippel et a1., 1993), which is inconsistent with in vivo observations. The

use of an organ culture system maintains cells in a normal spatial relationship within the

growth plate. Employing this technique, the addition of FGF-2 to intact growth plates

inhibited longitudinal growth (Mancilla et a1., 1998). Moreover, the concentration of FGF-

2 applied inversely affected cartilage matrix production. Additionally, there is some

evidence that FGF-2 also plays a role in angiogenesis. Direct infusion of FGF-2 into a

rabbit growth plate accelerated vascular invasion, cartilage remodelling and ossification of

the growth plate (Baron et al., 1994).

1.11.4. Bone Morphogenic Protein

Bone morphogenic proteins (BMPs) are a subfamily of related proteins within the TGF-p

superfamily of secreted growth factors. These molecules were first identified for their

ability to induce endochondral bone formation at ectopic sites in rats (Urist, 1965). BMPs

impart function by cell surface receptor binding, and have multiple roles during bone

formation. In the long bones, BMP-2, 3,4,5, and'7 are expressed in the perichondrium,

with BMP-2 and 6 expressed in the hypertrophic chondrocytes and BMP-7 in the
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proliferative chondrocytes of the growth plate (Anderson et a1., 2000). Analysis of the

effect of single mutations in BMPs in mutant mice has not elucidated significant insight

into their roles in skeletal development. While mutations of BMP-4 led to early embryonic

lethality (V/innier et a1., 1995), mutations of BMP-6 (Solloway et al., 1998) or 7 (Dudley et

a1.,1995; Luo et al., 1995) exhibited a mild skeletal phenotype suggesting the existence of

a compensatory mechanism and a high level of redundancy between the BMP genes in

regulating skeletal development.

The actions of BMPs have been somewhat established using various overexpression

systems or by recombinant proteins or antagonists. Supplementation with BMP-2 delays

terminal differentiation of hypertrophic chondrocytes, to which Noggin accelerates

(Minina et al., 2002; Minina et a1., 2001). In contrast to the FGF molecules, various

overexpression systems have shown that BMPs are positive modulators of chondrocyte

proliferation and negatively regulate terminal differentiation (Minina et a1., 2002; Minina

et a1., 2001). Therefore, it appears that BMPs oppose the effects of FGF signalling at

several levels, namely chondrocyte proliferation and differentiation (Minina et a1.,2002).

The molecular mechanisms of BMPÆGF antagonism are currently unknown.

1 . 1 1 . 5. Grow th Hormone/Insulin-like Growth F actor

Growth hormone (GH) and insulin-like growth factor (IGF-l) are considered to be two

fundamental systemic regulators of developmental and childhood growth. IGF-I, IGF

receptor (IGFR) and GH receptor (GHR) are expressed at all stages of growth plate

chondrocyte differentiation (Hunziker et al., 1994; Olney and Mougey, 1999; Werther et

al., 1990). Additionally, IGF-I is also found sequestered within the ECM (Robson et a1.,

2OO2). Genetically modified mice deficient for GHR exhibit severe growth retardation,

dwarfism, markedly diminished IGF-1, and elevated GH plasma concentrations (Sjogren et

a1.,200Q Zhou et al., 1997). Chondrocyte proliferation and hypertrophy are reduced and

consequently, the growth plate is naffower (Sjogren et al., 2000). Treatment with IGF-I in

GHR mutant mice almost completely restores growth, suggesting that most of the effects

of GH on growth are mediated by actions of IGF-I (Sims et al., 2000). Similarly, IGF-I

knockout mice exhibit growth retardation with delayed bone development (Wang et a1.,

2006).
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A considerable body of evidence has concluded that the actions of GH are mediated

predominantly via IGF-I but also by IGF-l-independent direct effects (Hunziker et a1.,

1994). Termed the "dual effector theory", it is proposed that GH acts selectively on

reserve zone cells, but also promotes chondrocyte proliferation via local IGF-l production

(Green et a1., 1985). IGF-1 subsequently stimulates proliferative chondrocyte expansion in

an autocrine/paracrine manner. A comparison of knockout mouse models indicates a dual

role for GH in promoting longitudinal growth: an IGF-l-independent role in growth plate

chondrocyte generation, and an IGF-1-dependent role in promoting chondrocyte

proliferation and hypertrophy (Wang et al., 2004).

1. 1 1.6. Transþrming Growth Factor-þ

The transforming growth factor-beta (TGF-P) superfamily is comprised of more than 30

members (Miyazono et al., 2004). With a diverse array of biological activities, TGF-B

members are critical during skeletal development, maintenance, and repair. TGF-p1 and

TGF-82 are highly expressed in bone, and are sequestered within the ECM associated with

molecules such as biglycan, decorin, and fibromodulin (Hildebrand et al., 1994).

Furthermore, TGF-p receptor 3 is a membrane bound proteoglycan known as betaglycan,

and is thought to act as a TGF-p cell surface reservoir (Rosado et al., 2002). Within the

growth plate TGF-PI, TGF-þ2, and TGF-83 are expressed differentially in the resting,

proliferative and hypertrophic zones (Matsunaga et aI., 1999). Both genetic manipulation

and organ culture explants have indicated a function for TGF-p in limiting terminal

differentiation. The supplementation of limb explants with TGF-BI demonstrated

inhibition of hypertrophic differentiation and matrix mineralisation (Serra et al., 1999).

Moreover, PTHrP mRNA expression was stimulated in response to TGF-B suggesting that

TGF-p action in the growth plate may be partially mediated by PTHTP.

1. 1 1.7. Angiogenic factors

The establishment of a vascular supply is fundamental for the formation of bone during

endochondral and intramembranous ossification, and fracture repair. Angiogenic factors

are an integral part of this process and promote neovascularisation by endothelial cells and

localised proteolytic modification of the ECM. During endochondral ossification at the

growth plate, the process of mineralisation is dependent on the establishment of a vascular

supply. Previous studies have demonstrated the essential mediator of angiogenesis is
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vascular endothelial growth factor (VEGF). VEGF is an endothelial specific mitogen,

which is highly expressed by hypertrophic chondrocytes in the growth plate, osteoblasts,

and is stimulated by hypoxic conditions in the growth plate (Ferrara and Davis-Smyth,

1991; Horner et al., 1999). VEGF is indispensable for embryonic development, with both

homozygous and heterozygote progeny presenting with embryonic lethality (Carmeliet et

aI., 1996; Ferrara et a1., 1996). Beyond embryogenesis, VEGF and is also necessary for

growth and survival during post-natal life. The early embryonic lethality observed in

classic knockout experiments precluded analysis of the contribution of VEGF in the

vascularisation of long bones. The inactivation of VEGF by systemic administration of a

soluble receptor in juvenile mouse growth plates suppressed blood vessel invasion and

trabecular bone formation (Gerber et al., 1999). This was coupled with substantial

expansion of the hypertrophic zone, and the inhibition of resorption of terminally

differentiated chondrocytes. Thus VEGF is essential for blood vessel invasion, subsequent

cartilage remodelling and bone formation during endochondral bone lengthening. Another

important angiogenic factor is hypoxia inducible factor (HIF)-1c1, a key transcription factor

which regulates VEGF expression and is upregulated in hypoxic hypertrophic

chondrocytes (Schipani et al., 2001). In addition, the pro-angiogenic factors matrix

metalloproteinase (MMP) are expressed by and around developing blood vessels and

hypertrophic chondrocyte matrix vesicles, and are integral in the proteolysis of the

cartilage extracellular matrix

Apart from VEGF, HIF-1o, and MMPs, several other molecules appear to play an

important role in regulating angiogenesis at the growth plate. TGF-p, PDGF, and FGF-2

have been shown to accelerate differentiation, vascular invasion, and ossification when

infused into the growth plate (De Luca and Baron, 1999; Mitlak et a1., 1996;Zeruth et al.,

1997). Factors such as FGF-2 and TGF-p are sequestered within the ECM, and once

liberated may promote vascularisation either directly or indirectly. The presence of a

blood supply not only provides essential nutrients for the mineralisation process, but

permits migration of osteoblasts, osteoclasts and other cell types to degrade the mineralised

cartilage ECM, and deposit new bone.

1.11.8. Transcription Factors Central to Endochondral Ossification

There are a number of transcription factors known to regulate endochondral ossification

during bone growth. Sox-9 is a member of the Sox family of transcription factors that are
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characterised by a high-mobility-group (HMG)-box DNA binding domain with high

sequence similarity to the sex determining factor SRY (Foster et al., 1994; 'Wagner et al.,

1994). Sox-9 is now known to be the key transcription factor controlling chondrogenesis

(V/right et al., 1995). Expression of Sox-9 is found in mesenchymal cells undergoing

chondrogenic differentiation and in proliferating chondrocytes, but not in hypertrophic

chondrocytes or osteoblasts. Sox-9 acts early in chondrogenesis and can activate other

transcription factors that promote overt chondrocyte differentiation such as Sox5 and Sox6

(Bi et aI., 1999; Lefebvre et al., 2001). Sox-9 stimulates expression of cartilage specific

matrix genes including CoI-2aL, Col-l1a2, and aggrecan, which contain Sox-9 binding

sites (Bi et al., 1999).

The essential role of Sox-9 was demonstrated by the analysis of human genetic diseases

and genetically manipulated mice. In humans, haploinsufficiency of Sox-9 leads to

campomelic dysplasia (CD) which is characterised by hypoplasia of virtually all

endochondral skeletal elements (Foster et al., 1994; Wagner et al., 1994), accompanied by

an increase in the length of hypertrophic chondrocyte zones premature mineralisation (Bi

et al., 2001). Sox-9 deficient mouse chimera cells failed to form chondrogenic

condensations expression of CoI-2, Col-9, Col-11 and aggrecan molecules were absent (Bi

et al., 1999). This suggests Sox-9 may play two roles; in the formation of mesenchymal

cartilage condensations which is the earliest step in chondrocyte differentiation and

cartilage formation, and in the regulation of the rate of chondrocyte differentiation to

hypertrophy.

Signalling by PTHTP, BMP, Shh and FGF all markedly upregulate the expression and

maintenance of Sox-9 in vitro (Huang et al., 2001, Murakami et al., 2000; Semba et al.,

2000). In contrast, tumour necrosis factor-o (TNF-cr) and interleukin-l (il--l) potently

inhibit Sox-9 expression (Murakami et a1., 2000).

The importance of Sox-9 in chondrocyte differentiation and cartilage formation is

equivalent to the significance of Cbfa-l in osteogenesis and bone formation. Core binding

factor alpha-l (Cbfa-l or Runx2) is a member of the Runt domain family of transcription

factors, and is expressed by all osteoblasts (Ducy et al., 1991) and hypertrophic

chondrocytes (Inada et al., 1999). Expression and activity of Cbfa-l is upregulated by

BMP-2, BMP-4, BMP-7, FGF-2, and FGF-8 and downregulated by glucocorticoid, vitamin

D, and TGF-B (Alliston et al., 2001; Chang et al., 1998; Ducy et al., 1,991; Gori et al.,
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1999;Zhot et al., 2000). Cbfa-l is able to induce both early and late markers of osteoblast

differentiation including alkaline phosphatase, Col-l, osteopontin, bone sialoprotein and

osteocalcin (Ducy et al., 1997).

Haploinsufficiency of Cbfa-l in humans leads to severe skeletal dysplasia (Lee et al.,

1997; Mundlos et al., 1991). Genetic experiments in mice have demonstrated that Cbfa-l

is required for osteoblast differentiation, chondrocyte maturation and angiogenesis. In

Cbfa-l null mice, no endochondral or intramembranous bone formation occurs, due to the

absence of mature osteoblasts, bone matrix, and osteoclasts (Komori et al., 1997; Otto et

al., 1997). Chondrocyte maturation was also disturbed, with an inhibition of chondrocyte

hypertrophy in most of the skeleton. Additionally, knockout mice displayed no vascular

invasion of cartilage or degradation of the cartilage ECM, and lack expression of many

osteoblastic ECM markers. Conversely, the overexpression of Cbfa-l in Col-2 expressing

chondrocytes of transgenic mice accelerated endochondral ossification and partially

rescued the anomalies observed in Cbfa-l deficient embryos (Takeda et a1., 2001). This

rescue returned hypertrophic chondrocyte differentiation, VEGF expression by

hypertrophic chondrocytes, vascular invasion, and the presence of

osteoclasts/chondroclasts in the hypertrophic cartllage matrix, all which were defective in

Cbfa-l null mice. However, osteoblast differentiation and bone formation were not

restored. The overexpression of a dominant negative form of Cbfa-l in chondrocytes

suppressed maturation and delayed endochondral ossification (Ueta et aI., 2001).

Collectively, these studies indicate Cbfa-1 has two distinct functions, in the differentiation

of mesenchymal progenitors to osteoblasts, and the stimulation of hypertrophic

chondrocyte differentiation; both of which affect intramembranous and endochondral

ossification.

Cbfa- 1 also appears to mediate the vascular invasion of cartilage (Hoshi et al., 1999:. Inada

et a1., 1999 Kim et al., 1999; Komori et al., 1997; Otto et al., 1997). Knockout mice lack

vascular invasion and the expression of angiogenic factor VEGF, which is normally

expressed by hypertrophic chondrocytes. Coupled with the observation that Cbfa-l

activates the VEGF promoter in vitro (Zelzer et al., 20Ol), it appears that the Cbfa-l

dependent regulation of blood vessel invasion is mediated by VEGF.
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1.12. Extracellular Møtrix Molecules of Bone and Cartílage

The biological function and structural properties of cartilage and bone are largely

dependent on the characteristics of the extracellular matrix (Table 1.1). The cartilage

extracellular matrix is synthesised and maintained by chondrocytes, and predominantly

consists of cartilage specific collagen-2 and sulfated proteoglycans. Collagen provides

structural strength, whereas the proteoglycans are bifunctional, interacting with collagen to

contribute to strength, and playing a regulatory role on the cartilage microenvironment

through interaction with growth factors and cell-matrix connections. Bone is a composite

material consisting of minerals, proteins, water, cells and other macromolecules. Although

the bone cells are the primary mediators of metabolism, the acellular components are also

involved in the control of cellular processes (Robey, 1996). The mineral and inorganic

components account for 6O-707o of bone tissue, water 5-8Vo, and the organic components

makes up for the remainder (Kaplan et al., 1994). The inorganic component of bone is the

calcium phosphate mineral similar to crystalline calcium hydroxyapatite. Apatite is a

small plate-like crystal which imparts bone its physical strength. The organic extracellular

matrix of bone has roles in determining the bone structure, and both mechanical and

biomechanical properties.

1.12.1. Collagen-1

Collagen-l is a member of the fibrillar collagen family which are encoded by at least 32

identified genes. Collagens are characterised by a triple helix structure of approximately

1,000 amino acids each. Cross linking of the collagen chains produces a rigid linear

molecule, which is further aligned in a staggered parallel fashion in a quartet to form a

collagen fibril. The collagen fibrils subsequently group in bundles to produce the collagen

fibre. The aggregation of collagen fibrils and fibres impart the tensile strength to the bone

and bone maffow connective tissues.

Type-l collagen is the most abundant collagen in bone, contributingto 907o of total bone

collagen (Kaplan et aI., 1994). Collagen-l is synthesised by bone-forming cells

(osteoblasts) during bone formation. The collagen fibres act as sites for initial

mineralisation and provide a scaffold for the bone extracellular matrix, which imparts

tensile strength to the bone (Mundlos et al., 1990).
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Table 1.1. Extracellular matrix molecules associated with bone and cartilage.

Molecule Site/Cellular Expression Function

Bone
sialoprotein

Collagen-1

Osteocalcin

Osteonectin

Osteopontin

lO-ISVo of non collagenous
protein in bone. Mineralised
bone and calcified cartilage

Major organic component of
bone. Synthesised by
osteoblasts.

lo-207o of non collagenous
protein in bone. Synthesised by
osteoblasts and hypertroPhic
chondrocytes.

High binding affinity for
hydroxyapatite crystals and

collagen - potential role in early
mineralisation (tsianco et al.,

l99l1, Chen et al., 1991)

Provides scaffold for the bone
extracellular matrix to impart
skeletal strength (Mundlos et al.,

1990; Sandberg and Vuorio,
1987).

Calcium and mineral binding
protein (binds hydroxyapatite) -
regulates rate of mineralisation
and recruits osteoclasts (Boskey
et al., 1998; Ducy et a1.,1996).

5-IO7o of non collagenous
protein in bone. Secreted bY

osteoblasts. Rich at sites of
remodelling.

Wide distribution throughout
body. Secreted by osteoblasts,

osteocytes and hypertrophic
chondrocytes.

Binds hydroxyapatite and
collagen regulates
mineralisation, bone formation
and remodelling (Delany et a1.,

2OOO; Lane and Sage, 1994',

Young et al., 1992).

Anchor osteoclasts to resorptive
sites, promotes angiogenesis,
and negatively regulates
hydroxyapatite mineral
formation (Boskey et al., 1993;
McKee et al., 1992; Reinholt et

al., 1990).



Table 1.1. Extracellular matrix molecules associated with bone and cartilage continued

Molecule Site/Cellular Expression Function

Aggrecan

Biglycan

Collagen-10

Collagen-2

Decorin

Expressed
subchondral
periosteum.

in cartilage,
cartilage and

8O-90Vo of glycosaminoglycan
content of cartilage.

Imparts resistance to
compression by water retention.
Forms complex with hyaluronan
and link protein (Muir, 1995;
Perkins et al., 1992;Rittenhouse
et al., 1978; Watanabe et al.,
1994; Watanabe et al., 1998).

Binds collagen during
extracellular matrix assembly
and regulates TGFB activity.
Regulates bone formation
(Bianco et al., 1990; Fisher et

al., 1989; Hildebrand et aI.,

1994; Xu et al., 1998)

Mediates matrix mineralisation
and vascular invasion (Kielty et
al., 1985; Kirsch and von der
Mark, l99O; Paschalis et al.,
t9e6).

Mediates collagen fibril
formation and assembly.
Negatively regulates TGFP
activity (Danielson et al., 1997;

Schonherr et al., 1995; rü/eber et

al., 1996; Yamaguchi et al.,
1990).

Inhibits calcification of ECM
(Luo et a1.,1997).

Unique and major Provides tensile strength

macromolecule of cartilage. (Aszodi et al., 1998; Li et al.,

Synthesised by chondrocytes. 1995; Mundlos et al., I99O;
Sandberg and Vuorio, 1987¡,

Talts et al., 1998).

Hypertrophic zone of growth
plate. Expressed by
hypertrophic chondrocytes.

Found at surface of collagen
fibrils.

Expressed by proliferative and

late hypertrophic chondrocytes.
Matrix Gla



1.12.2. Collagen-2

Collagen-2 is the major structural macromolecule of the extracellular matrix in the resting

and proliferative zones of the growth plate, and in articular cartilage. Expression of

collagen-2 is unique and exclusive to cartilage tissue, and indicative of chondrocyte

differentiation (Mankin et al., 1994; Muir, 1995). The main function of collagen-2 is to

provide tensile strength and to immobilise proteoglycans within the matrix. Structurally

similar to other members of the collagen family, collagen-Z is a triple helical molecule

comprised of three identical u1(ID polypeptide subunits encoded by the COL2Al gene

(Cheah et al., 1935). Mutant mice display dwarfism, with shortened long bones and

disorganisation of the endochondral bones. In addition there is a complete lack of an

organised growth plate (Li et al., 1995). Although chondrocyte differentiation, maturation

and hypertrophy are not affected by the lack of the collagen-2 expression, it appears the

collagen-2 matrix is critical for cartilage organisation and function.

1.12.3. Collagen-10

Type 10 collagen is expressed in the hypertrophic zone of the growth plate and is

indicative of cartilage undergoing endochondral ossification (Chan and Jacenko, 1998;

Jacenko et a1., 1993; LuValle et al., 1992). In articular cartilage, expression is restricted to

a thin layer at the interface of calcified cartilage and bone (Eyre, 2002). Collagen-l0 is

also expressed by mesenchymal progenitor cells cultured in vitro (Gronthos et al., 2003)'

The function of collagen-lO is unknown but spacio-temporal location at the site of

endochondral ossification in the growth plate suggests a role in regulating matrix

mineralisation, matrix stabilisation and remodelling, or vascular invasion (Price et aI.,

1994; Schmid et a1., 1990; Wu et al., 1989). Genetic manipulation of Col-10 in mouse

models exhibited a mild skeletal abnormality with similarities to the phenotype observed in

mutated human Col-10 (Chan and Jacenko, 1998; Gress and Jacenko, 2000; Kwan et a1.,

IggT). Although phenotypic discrepancies exist between transgenic and knockout mice,

taken together, these studies indicate the role of Col-10 in endochondral ossification and

establishment of the bone maffow.
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1 . 1 2. 4. P rot e o g ly c ans and Gly c o s amino g ly c ans

Proteoglycans are complex macromolecules found within all connective tissues. Gaps at

the ends and between sides of parallel collagen molecules are filled by deposits of

noncollagenous matrix molecules such as proteoglycans and structural glycoproteins. By

definition proteoglycans consist of a protein core to which one or a number of different

extended polysaccharide (glycosaminoglycan) chains are linked. Hyaluronate, heparin,

heparin sulfate, chondroitin sulfate, dermatan sulfate and keratan sulfate are all

polysaccharide glycosaminoglycans (GAGs). Hyaluronate is an unsulfated GAG, and as it

is not bound to a protein core it is essentially not considered to be a proteoglycan. The

glycosaminoglycans differ in their disaccharide structure, and can combine with other

extracellular matrix molecules to produce macromolecular structures. GAGs are long-

chain, unbranched repeating disaccharide units differing according to their constituent

structures. The primary function of proteoglycans is maintaining structural integrity by

interaction with collagen fibrils, or due to their high viscosity, providing a lubricating

function in connective tissue (Jackson et a1., l99l; Knudson and Knudson, 2001).

1.12.5. Aggrecan

Approximately 80Vo to 9O7o of proteoglycans in cartilage are of the large aggregating type

called aggrecaî. Aggrecan has a large protein core, with chondroitin sulfate and keratan

sulfate GAG side chains, which is anchored via the link protein at the N-terminal end to

hyaluronate (Watanabe et al., 1991;'Watanabe et a1., 1998). The hyaluronate molecule

serves to anchor aggrecaî. As each hyaluronate chain is long and unbranched; many

aggrecan molecules can bind to a single chain of hyaluronate to form a large aggregate'

This aggregation is thought to immobilise the proteoglycan within the cartilage collagen

network. The aggrecan molecule contributes to water retention and resistance to

compression (Muir, 1995; Watanabe et al., 1998).

Cartilage matrix deficient mice have a naturally occurring knockout of the aggrecan gene.

Homozygous animals die shortly after birth due to respiratory failure and are characterised

by dwarfism, a shortened snout and cleft palate (Rittenhouse et al., 1918; 'Watanabe et al.,

Igg4). Tightly packed chondrocytes within little cartilage extracellular matrix is observed

in these aggrecatr deficient mice. Thus the interaction between aggrecan, link protein and
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hyaluronate is essential for the development, organisation and maintenance of canilage

architecture (Kimata et a1., 1981; Wai et al., 1998).

7.13. Frøcture Repøir

Following fracture of the developing skeleton, there is a complex cascade of molecular and

cellular events to regenerate the damaged tissue. Injury to both cartilage and bone

stimulates sequential phases of events, which can be divided into the inflammatory phase,

reparative phase and remodelling phase (Ogden, 2000).

1. 1 3. 1. Inflammatory Phase

Bleeding from the damaged soft tissue, bone or periosteum initiates the repair process

through the release of stimulatory growth factors, cytokines, and prostaglandins. There is

formation of a haematoma at the injury site. Coagulation and platelet activation

functionally ablate bleeding, and synthesise inflammatory mediators and angiogenic

factors. The angiogenic stimulants recruit endothelial cells to the fracture site to promote

neovascularisation, which in turn allow the migration of leukocytes, monocytes and

macrophages of the immune system into the injury (Xian and Foster, 2006a).

Disruption of the blood supply either side of the fracture site leads to local necrosis,

releasing sequestered growth factors to stimulate inflammatory cell-mediated debris

removal and osteoblastic differentiation of surrounding mesenchymal progenitors

(Bolander, 1992: Sandberg et a1., 1993; Xian and Foster, 2006a). In parallel there is

modification of the extracellular matrix by fibroblast like cells to assist new bone

formation. Vascularised fibrous tissue replaces the blood clot with deposits of ground

substances and matrix proteins including collagens and proteoglycans. This initial matrix

supports endochondral or intramembranous bone formation (Sandberg et a1., 1993;

Szczesny, 2002). Eventually there is mineralisation of the matrix and formation of a

provisional fracture callus, which is dependent on the presence of a functional vascular

supply. The primary callus is gradually remodelled to mature bone from the immediate

fracture site outwards.
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1. 1 3.2. Reparative Phase

The inflammatory phase initiates the repair of bone fracture through the formation a soft

callus. Following haematoma, in the reparative phase, osteogenic cells proliferate from the

periosteum and endosteum to instigate deposition of an external (surrounding) and internal

(within) bone callus around the fracture site (Ogden, 2000; Xian and Foster, 2006a). This

new bone is randomly organised and cannot withstand general mechanical stress, so must

be immobile to permit the entire repair process. Mesenchymal progenitors are recruited

through the release of growth factors and cytokines, and differentiate within the

haematoma in response to TGFB and BMP molecules (Xian and Foster,2006a). At this

point bone formation can proceed either via the endochondral or intramembranous

mechanisms, as mesenchymal progenitors can be modulated to differentiate to

chondrocytes or osteoblasts (Bruder et a1., 1994; Owen, 1988; Xian and Foster,2006a). In

mechanically unstable fractures, mesenchymal cells may become chondrogenic to produce

bone via the endochondral pathway in a transitional fashion. Alternately, in stable

fractures, these progenitors directly differentiate into osteoblasts to form a hard callus by

intramembranous ossification. Microvascular invasion in the fracture callus originates

from the periosteal, nutrient, and endosteal blood vessels for the delivery of nutrients and

reparative cells.

1. 1 3. 3. Remodelling Phase

The final and longest phase of fracture repair is the remodelling phase. The fundamental

step in the reparative/remodelling transition is the formation of an intact bony bridge

between the fragments. The osseous callus undergoes extensive remodelling involving

actions of osteoclasts and osteoblasts, similar to the normal bone maturation process

(Gerstenfeld et al., 2003). Mechanically unnecessary portions of the callus are removed.

As the bone grows, the immature bony fracture callus is gradually incorporated into the

pre-existing cortical bone and replaced by the remodelling process.

7.74. Current Treatment of Articular Cartilage Repair

Articular cartilage is remarkably durable, however once damaged has a poor capacity to

repair. Although metabolically active, cartilage is avascular and alymphatic and due to

cellular entrapment within the dense ECM limiting cell movement, articular cartilage is
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unable to elicit any inflammatory or reparative response, and as a consequence has a

limited capacity for repair. Trauma, chronic or progressive disease at the articular cartilage

surface can lead to degradation of the cartilage tissue and destruction of the articular

surface. Due to the lack of repair, surface damage is frequently associated with disability

and symptoms such as joint pain, locking phenomena, and disturbed function (Mankin et

a1.,1994). Moreover, damage to the articular surface can lead to rapid degeneration of the

entire joint surface, as characterised by osteoarthritis. Surgical interventions attempt to

relieve joint pain, joint functionality, and to delay progression of severe joint destruction.

Partial thickness defects do not self heal, because the defect is confined to the articular

surface and devoid of a vascular supply. In contrast, spontaneous healing of articular

cartllage is associated with defects that penetrate the subchondral bone, and are termed full

thickness defects. This observation prompted the surgical practice of drilling or

microfracture, where penetration of the subchondral bone permits progenitor cells from the

marrow to infiltrate the injury site to remove necrotic tissue and endogenously repair the

joint surface (Hunziker, 2002). However, the repair tissue is a poorly integrating

fibrocartilage with inferior mechanical properties and durability.

1.14.1. Autologous Chondrocytes for the Repair of Articular Cartilage

The potential of autologous chondrocytes to repair full thickness articular cartilage defects

has been under extensive investigation. The initial experiment investigating the potential

of expanded chondrocytes to regenerate articular cartilage defects was undertaken by

Grande et al (1989) in rabbits (Grande et a1., 1989). Chondrocytes were isolated from

surgically created patella defects, cultured in vitro, and autotransplanted by injection under

a periosteal flap secured over the chondral defect. The failure of repair in the absence of

chondrocytes suggests a direct requirement of chondrocytes for proper repair (Grande et

al., 1989). Autologous chondrocyte implantation (ACD is now the preferred method for

joint resurfacing and is in clinical use (Brittberg et al., 1994). Whilst autologous

chondrocyte transplantation shows promise, the quality of new repair tissue is often poor

(Redman et al., 2005). As a consequence, more sophisticated tissue engineering

techniques are required for the establishment of durable, high quality repair cartilage.

To date, the repair of articular cartilage defects has been assessed using numerous delivery

vehicles. Implantation of chondrocytes embedded in collagen gels (Wakitani et al., 1998),

fibrin (Hendrickson et al., 1994), agarose (Rahfoth et al., 1998), alginate (Fragonas et al.,
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2000), hyaluronan (Grigolo et al., 2001) and synthetic polymers polylactic acid (Chu et al.,

I99l), polyglycolic acid (Liu et aI.,2002) and composites (Niederauer et a1.,2000) have

all produced positive preliminary results. Nevertheless, the application of autologous

chondrocytes for cartilage regeneration is still limited by the availability of hyaline

cartilage sites for tissue harvest, and inherent risk of damage to previously healthy

cartilage.

1.14.2. Growth Factor Repair of Articular Cartilage

Recent studies have approached the regeneration of full thickness cartilage defects using

the local administration of growth factors. In theory, the application of specific growth

factors would recruit progenitor cells to the injury site and subsequently signal

differentiation and endogenous regeneration of the injured tissue. Furthermore, growth

factor therapy obviates the requirement for the cultivation of cells or tissue.

The application of BMP-2 within a collagen sponge demonstrated improved healing of a

full thickness defect in rabbit, with improved histological appearance when compared with

untreated defects (Sellers et al., 2000). Similarly, the direct stimulatory effect of BMP-7

on the repair of full and partial thickness articular cartilage lesions has been established by

studies in rabbit, dog, goat and sheep (Cook et al., 2003; Grgic et aL, 1997; Jelic et al.,

2001; Louwerse et al., 2000). Partial thickness defects were repaired at both high and low

concentration BMP-7 administration.

Administration of FGF-2 within a collagen sponge to repair full thickness articular defects

was initially reported in rabbits (Fujimoto et al., 1999). Local administration of FGF-2

resulted in successful resurfacing of large full thickness defects with hyaline cartilage

(Hiraki et al., 2001). In contrast, defects receiving a neutralising monoclonal antibody

against FGF-2 were clearly impeded, and filled with fibrous tissue. The mechanism by

which FGF-2 successfully resurfaces a large articular defect may be due to targeting of

mesenchymal progenitor cells to form cartllage by selective expansion of

chondroprogenitor cells.

Two studies have demonstrated the potential of IGF-I therapy to repair osteochondral

articular damage. Tuncel et al. (2005) employed an IGF-I laden collagen sponge in

rabbits, and Nixon et al. (1999) administered IGF-I to horse joint surfaces using a slow
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release fibrin clot (Nixon et al., 1999; Tuncel et al., 2005). In both circumstances, the

repair of the subchondral bone and articular cartilage surface were enhanced by addition of

IGF-1, in comparison to controls (Nixon et al., 1999; Tuncel et a1., 2005).

To investigate whether partial thickness defects of articular cartilage could be repaired by

the introduction of a variety of different growth factors, a comprehensive study was

undertaken in miniature pigs (Hunziker et al., 2001). A free chemotactic/mitogenic factor

(TGF-81, TGF-p2, IGF-I, or FGF-2) at low concentration and liposome-encapsulated

TGF-PI at high concentration were administered in combination within a fibrin matrix into

partial thickness defects. All defects containing liposome-encapsulated TGF-pl became

filled with cartilage like tissue positive for major cartilage ECM components and the

additional presence of a mitogenic factor increased cellularity of the repair tissue.

Similarly regeneration of rabbit full thickness defects has been achieved using TGF-81

delivered within alginate (Perka et al., 2000a). Taken together, these studies detail

importance of growth factors in promotion of intrinsic healing of partial thickness articular

defects.

1.15. Scaffolds

As opposed to the differentiation of progenitor cells in vitro to a specific cell type, the

formation of stable tissue of desired function in vivo is often dependent on the

transplantation of cells within some type of supportive scaffold. Biological scaffolds for

tissue engineering must ideally provide a non-immunogenic three-dimensional structure

that can permit high seeding densities, be porous to allow perfusion of nutrients to

maintain cell survival, and degrade at a rate matching that of cellular deposition of an

extracellular matrix. The engineering of a specific tissue often requires the selection of a

scaffold that is biomechanically and functionally suitable for that purpose (Frenkel and Di

Cesare, 2004; Luyten et al., 2OOl1' Xian and Foster, 2006b).

In order for chondrogenesis and maintenance of the chondrocyte phenotype to occur,

progenitor cells or chondrocytes require a three dimensional affangement. It has been well

documented that once cultured in monolayer, primary chondrocytes dedifferentiate,

become more fibroblastic, and lose expression of molecules unique to chondrocytes

(Benya et al., 1978; Grundmann et al., 1980; Haudenschild et al., 200|' Schnabel et al.,

2002). The standard procedures for chondrogenic differentiation of progenitor cells in
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vitro include the pellet culture or micromass techniques vitro (Benya and Shaffer, 1982;

Schulze-TanzlI et aI., 2O02; Solursh, l99I; Thorogood and Hinchliffe, 1975). Both

provide an aggregate three dimensional spatial Íurangement for maintenance of phenotype.

Differentiation of MSC to chondrocytes in vitro has been demonstrated using naturally

occurring seaweed extracts agarose (Awad et al., 2004; Huang et al., 2004)and alginate

(Erickson et al., 2002; Majumdar et al., 2000), gelatin (Awad et al., 2004; Ponticiello et al.,

2000), silk (Wang et al., 2005) and hyaluronic acid (Kavalkovich et al., 2002; Lisignoli et

î1., 2005). More recently the manufacture of synthetic polymers, including

polycaprolactone (PCL) (Li et al., 2005a), polyvinyl resin (PVF) (Aung et a1., 2002),

polylactic acid (PLA) (Caterson et al., 2001), polylactic-polyglycolic acid (PGLA)

copolymer (Fan et al., 2O06; Uematsu et al., 2005), and PGlA-collagen hybrids (Chen et

aI.,2004) have also shown to be chondrogenic supportive biomaterials.

In addition to supporting differentiation of chondroprogenitors, the aforementioned

biomaterials also maintain primary chondrocytes of various species in a differentiated

phenotype in vitro. Alginate (Wong et al., 2001), alginate-fibrin composites (Perka et al.,

2000b), hyaluronic acid (Aigner et al., 1998), collagen (Veilleux and Spector, 2005), and

polyglycolic acid (PGA) (Freed et al., 1993), are all potential carriers for tissue engineering

with chondrocytes, as they maintain phenotype and encourage deposition of a cartilage

ECM. Furthermore, dedifferentiated chondrocytes cultured in monolayer can be

redifferentiated when cultured in vitro in a PGlA-collagen hybrid mesh (Chen et a1.,

2003b).

Many bioscaffolds have shown promise in vitro as cell carriers for MSC or chondrocytes in

cell transplantation or tissue engineering. Considerable interest lies in the use of cartilage

engineering not only for joint resurfacing but for the treatment of craniofacial implants. In

vivo, subcutaneous formation of cartilage like tissue by chondrocyte seeded in biomaterials

including alginate (Chang et a1., 2003; Paige et al., 1996), PCl-fibrin glue (Hutmacher et

a1.,2003), hyaluronate (Aigner et al., 1998), and PGLA (Kaps et al., 2006; Marijnissen et

al., 2002) have been reported. Three separated studies have applied the PGLA (Ethisorb)

scaffold, using fibrin glue (Haisch et al., 2002), alginate (Marijnissen et al., 2002), or

agarose (Rotter et al., 1998) as the chondrocyte delivery substance to incorporate cells

within the non woven fleece. Tissue engineering applications to regenerate articular and

growth plate cartilage are discussed in the sections I.14,1.18, and 1.20.
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7.76. Growth Plate Fracture Repair

Although there has been extensive research of the cellular and molecular events following

fracture and subsequent repair of bone, there is minimal understanding about growth plate

fracture repair.

The growth plate is the weakest structure in the developing long bone, and is a common

region of failure in children. Injury or trauma to the growth plate can be inflicted by

fracture, radiation, tumour, infection, metabolic abnormality, and extremes of hot and cold

(frostbite and burn). Fractures through the growth plate may be as a result of physiological

or mechanical reasons, with mechanical failure often giving rise to physiological failure'

This is the case for instance when the mechanical demands placed upon the bone outweigh

the strength of the epiphysis-growth plate-metaphysis complex. It is important to assess

and classify the type of growth plate fracture accurately, as the location of damage often

defines the outcome of proliferative cell activity and epiphyseal blood supply, and

consequently further growth.

The incidence of growth plate facture has been reported to range ftom I87o (Mizuta et al',

1987; Worlock et al., 1986) to 30Vo (Mann and Rajmaira, 1990). Epidemiologically, males

present with fractures twice as often as females. The majority of fractures were sustained

through sporting and recreational activities, with an equal distribution on the left and right

sides (Peterson et al., 1994). Of the growth plate injuries up to 307o undergo undesirable

bony repair at the injury site.

There is currently no universal classification system for growth plate injury; however the

most recognised is that of Salter and Harris, which encompasses five types of fracture

(Salter and Harris, 1963). The Salter-Harris classification system was proposed to relate

the mechanisms, characteristics and prognoses of growth plate fractures (Figure 1.4).

Owing to its avascular and alymphatic nature, both articular and growth plate cartilage

have a poor reparative response to injury. The type of repair initiated by trauma to the

growth plate is dependent on the injury sustained. If a fracture occurs in a plane within the

growth plate, there is minimal disorganisation of the growth plate, and healing occurs

without major disruption to the growth plate (Iannotti et al., 1994; Peterson, 1996; Xian

and Foster, 2006a).
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Figure 1.4: Schematic illustration of the classification of growth plate injuries according to

Salter and Harris. This classification system was based on the mechanism of injury'

relationship of the fracture line to the cellular layers of the growth plate, and prognosis

following disturbance to growth. Illustration taken from Young et al. (2005).



t
VIV



However, in the instance of injury extending across all layers of the growth plate, from the

epiphysis to the metaphysis (such as in Salter's type 3 and type 4 injuries), cellular debris,

growth plate disorganisation and formation of a bone bridge can be observed (Iannotti et

aI., 1994; Xian and Foster, 2006a). Communication of the epiphysis, metaphysis and

corresponding blood supply is believed to be the major causative factor for bone bridge

formation (Foster, 1989a). Animal studies exploring the response of the growth plate to

partial ablation, have shed some light on the sequence of events leading to bone bridge

formation (Foster, 1989a; Lee et a1.,2000 Thomas et al., 2005; Wirth et al., 1994;Xianet

al., 2004). Initially, there is formation of fibrous tissue within the separated physeal

components and an infiltration of mesenchymal cells. If the gap is small, minimal fibrous

tissue is necessary and the defect can be slowly replaced by diametric expansion of the

adjacent growth plate chondrocytes. Conversely, a larger gap often displays irregular

healing firstly characterised by a loss of normal cell architecture. The growth plate

adjacent to the injury site degenerates and grows in the direction of the metaphysis.

Diametric expansion of the adjacent chondrocytes is minimal, and as a result there is non-

union of the growth plate. These larger defects also increase the potential for vascularity.

The presence of a blood supply amplifies the propensity for ossification of the fibrous

tissue containing mesenchymal progenitor cells which potentially can differentiate into

bone cells. If this occurs, small trabeculae develop within the defect which expand and

mature, leading to a complete replacement of the fibrous fissure with bone (Xian and

Foster, 2006a).

The substitution of damaged growth plate cartilage with osseous tissue is known as a bone

bridge (Figure 1.5). Consequently, the functionally undesirable repair of growth plate

cartilage following injury can have serious repercussions on growth plate structure and

biomechanics. Impairment of growth plate physiology can lead to growth arrest and

consequently, limb abnormalities. When the entire growth plate is obstructed, often

through the formation of a bone bridge, this can manifest in a limb length discrepancy.

This can be further complicated if only a portion of the growth plate is damaged. In

addition to limb length discrepancy, presence of a bone bridge can result in angular

deformity of the limb (Moseley, 1987).
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Figure 1.5: Formation of an osseus bridge following growth plate injury. Under Magnetic

Resonance Imaging (MRI), the growth plate appears transparent as the tissue is comprised

of cartilage. In this instance a bone bridge has developed through the central portion of the

tibial growth plate as indicated by an affow. Development of a large bone bridge can

disrupt growth plate function and may result in limb abnormalities.
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7.17. Current Treøtments for Growth Arrest

The clinical intervention of growth plate fractures to minimise abnormal growth is largely

dependent on the age of the patient and type of injury sustained. For example, a patient

approaching skeletal maturity may not require surgical management as the deformity will

not significantly affect growth. In contrast, a young patient with significant pending

growth may require surgery in order to maximise growth potential and prevent

abnormality.

Currently, there are several modes of therapy to correct both limb length and angular

deformity (Foster et a1., 2000 Hasler and Foster,2002 Ilizarov, 1990; Ilizarov and

Frankel, 1988; Langenskiold, 1975). The surgical approach is appropriate to the severity

of the irregularity. A slight limb length discrepancy can be corrected with the use of a shoe

lift. Occasionally the use of a shoe lift needs to be coupled with arrest of the remaining

limb growth, to prevent angular deformity from occurring. Established angular deformity

can be rectified by wedge osteotomy, where the bone is cut at an angle so as to open one

side. Substantial limb length divergence is most commonly approached by bone

lengthening or shortening procedures. Current surgical interventions either correct

established growth discrepancies through limb lengthening, or minimise potential

inconsistencies by resection of the bone bridge and insertion of interpositional materials.

These interpositional materials attempt to permit regeneration of the cartilage peripheral to

the injury site, and include fat, silicone, bone wax, and cement.

There are two common methods in practice for the correction of large limb length

differences, the lfizarov and Langenskiöld procedures. The Ilizarov technique employs

lengthening of the shortened limb to equal that of the contralateral limb (Ilizarov and

Frankel, 1988) by a process of distractional osteogenesis and was developed by in 1951

(Figure 1.6). A large frame is placed externally around the affected bone and anchored to

the proximal and distal ends by wires. The shortened bone is broken in the diaphyseal

region and distracted in increments using screws on the external frame. This strategy is

highly invasive, time consuming and painful, and often leads to complications including

pin site infection, fracture, dislocation, and more seriously compartment syndrome

(increase in internal pressure). As the extent of lengthening is restricted, the procedure

often needs to be repeated several times throughout adolescence until skeletal maturity in

order to achieve the desired length.
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Figure L.6: Correction of large limb length discrepancies using the llizarov frame. The

Ilizarov frame is commonly used to resolve discrepancies between limbs by lengthening

the affected limb to match that of the contralateral limb (A). The bone is broken within the

diaphysis and the frame is attached to the bone through a series of pins. Screws on the

outside of the frame are used to elongate the frame which subsequently lengthens the bone

(B). This method of distraction is highly invasive and painful, and is often accompanied

by infection due to the pins which penetrate the skin. Photos kindly provided by Assoc.

Prof. B.K. Foster.
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The Langenskiöld procedure involves the excision of an established bone bridge and

substitution with autologous fat as an interpositional graft, to prevent reformation of a bone

bridge and thereby prevent the progression of deformity by the correction of future growth

(Foster et a1., 2000; Langenskiold, 1981). However, although the improvement of angular

deformity of patients has been documented (Langenskiold and Osterman, 1919), there are

variable results in regard to longitudinal growth. Often some additional growth was

achieved following removal of the bone bridge, but was not sufficient to restore limb

length discrepancy. Despite the improvement of preoperative imaging methods, predictive

factors, and continual review of criteria for Langenskiöld procedure, fair and poor results

are still observed in l5Vo to 43Vo of patients who undergo the technique (Hasler and Foster,

2002). The most common causes of failure were incomplete resection or reformation of

the bone bridge due to fat displacement or necrosis (Hasler and Foster, 2002).

A novel and recent technique for the restoration of unequal limb length is the use of

internal distraction (FitBone) (Baumgart et a1.,2005; Singh et a1., 2006). This device is an

intramedullary pin with telescopic action that is wirelessly triggered to extend by one

millimetre per day in response to a transmitter. As there are no external pins or frame, pain

is lessened, and the incidence of misalignment, infection and associated complications is

greatly minimised. Hospitalisation time is reduced and weight bearing is possible at an

earlier stage. However, the intramedullary pin is inserted from the epiphysis and thus

through the growth plate, so is only a suitable therapy for the management of growth

discrepancies in children approaching skeletal maturity.

Current treatment of growth plate injury attempts to correct the skeletal manifestation of

damage incurred by the growth plate. Nonetheless, currently there is no biological based

therapy to assist endogenous repair of the growth plate, in order to prevent the formation of

a bone bridge and thus eradicate the requirement for corrective surgery.

7.78. Growth Plate Repair using chondrocyte and/or Growth Factors

Injury to the growth plate can lead to growth arrest and/or deformity depending on the size

and location of the transphyseal bone bridge. The development of a biological based

therapy is now under close investigation, with guidance from the more extensively studied

field of articular cartllage regeneration. Research has incorporated the use of tissue grafts,
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growth factor therapy and chondrocyte transplantation to reconstitute the damaged growth

plate cartilage.

The administration of growth factors to growth plate defects has been investigated

previously. Using a sheep model, BMP-7 was delivered to a peripheral growth plate injury

in combination with a collagen-l paste (Johnstone et al., 2002). BMP-7 has previously

been shown to not only stimulate ectopic bone formation, but have an essential role in

cartilage ECM synthesis, and used in the repair of full thickness articular defects in

multiple species (Cook et a1., 2003; Hidaka et a1., 2003; Kuo et a1.,20061' Louwerse et al.,

2000). At the growth plate, BMP-7 promoted outgrowth of the physeal cartilage adjacent

to the defect site. However, this expansion was eventually blocked by formation of a bone

bridge within the defect. Therefore, this suggests a potential role for BMP-7 in growth

plate cartilage repair, but, it appears that the collagen-1 paste is not a suitable

interpositional material, as it may mediate or act as a template for bone formation. More

recently, BMP-7 was administered in conjunction with the Langenskiöld procedure of an

interpositional fat graft (Thomas et a1., 2005). Although formation of a bone bridge was

prevented, histological and molecular evidence indicated that BMP-7 application

stimulated expression of both chondrogenic and osteogenic markers. The failure of BMP-

7 to induce chondrogenesis may be due to the temporary delivery BMP-7 in a single dose.

The sustained delivery of growth factors within microcapsules may be a more

advantageous strategy.

The feasibility of an autologous muscle interposition in combination with adenoviral

mediated gene transfer of IGF-I or BMP-2 to repair rabbit growth plate injury was

investigated by Lee et al. (2002). Tibial shortening and bone bridge formation was

observed in the untreated and muscle graft/adBMP-2 treatment groups. Conversely,

autologous muscle interposition alone or combined with adIGF-l enabled the growth plate

to remain open, suggesting that IGF-I has a supportive effect on physeal chondrocytes,

while BMP-2 increases osteogenic activity within the injured growth plate (Lee et al.,

2002).

'* -':'

The implantation of allogeneic foetal growth plate chondrocytes into injured lamb growth

plates has also been examined (Foster et al., 1990). Following transplantation, the

chondrocyte cultures survived, proliferated and produced a cartilage like ECM. In
addition, at 2-3 months, cells organised into longitudinal columns, underwent hypertrophy
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and integrated well to the process of endochondral ossification. Cell survival was variable

and occasionally resulted in a cartilage matrix devoid of chondrocytes, possibly due to a

local inflammatory reaction in response to the allogeneic transplant (Foster et a1., 1990).

Furthermore, the implantation of a cartilage disc always prevented formation of a bone

bridge (Foster et al., 1990). A similar technique using canine new born epiphyseal

chondrocytes to regenerate growth plate cartilage has been reported (Park et al., 1994).

Although cell survival and immunological response were not illustrated, gross findings

indicate the implantation of a chondrocytic disc reduced both angular deformity and limb

length discrepancy compared to cell free controls (Park et a1., 1994). However, a major

limitation of these studies is the impracticality of using growth plate chondrocytes

harvested from human tissue, especially from foetal or post natal tissues.

Two studies have approached the use of allogeneic chondrocytes sourced from articular

surfaces in rabbits (Lee et al., 1998; Tobita et a1., 2002). Both employed the use of a cell

carrier to deliver cultured chondrocytes to a large (50Vo) growth plate defect. In the first

study, chondrocytes were embedded within agarose and transplanted to a growth plate

defect immediately post-injury, and following resection of a previously established bone

bridge. Growth arrest and angular deformation were prevented in the case of cell

transplantation immediately following injury. Conversely, implantation following excision

of a bone bridge reversed growth arrest, but did not restore full longitudinal growth.

Labelling of cells confirmed viability within the new host physis, and in most instances

columnar affangement was observed. However, the presence of agarose alone did not

prevent bone bridge formation, and is therefore not suitable as an interpositional graft. As

the clinical safety of agarose is unknown, in the second study, articular chondrocytes were

implanted within type-1 collagen gel (atelocollagen) (Tobita et a1.,2002). A reduction in

angular deformity and length discrepancy following transplantation of cells in

atelocollagen was observed. Additionally, chondrocyte transfer was superior to that of a

fat interpositional graft.

The collection of chondrocytes from the human body is not ideal. Isolation of human

foetal chondrocytes is not ethically possible and the harvest of autologous articular

chondrocytes is invasive and requires damage to an otherwise healthy joint surface. Since

the identification of chondrocyte progenitor cells in adult tissues, interest has swung to the

application of mesenchymal stem cells for growth plate regeneration. The application of

MSC to growth plate defects will be discussed in section I.20.2.
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1.79. Mesenchymøl Stem Cells

The possibility of the existence of progenitor cells within the bone marrow became

apparent through studies where ablated bone marrow (BM) by various mechanisms

spontaneously regenerated, and the development of a BM organ following transplantation

of BM to an ectopic site (Friedenstein, 1980; Knospe et al., 1966; Patt and Maloney, l9l5;

Simmons et aI., 1987; Tavassoli and Crosby, 1968; Tavassoli and Khademi, 1980).

Pioneering studies by Friedenstein directly demonstrated the presence of bone marrow

mesenchymal stem cells (MSC) from BM explants, by growth of plastic-adherent colonies

of cells with a fibroblast-like morphology, termed colony forming unit-fibroblastic (CFU-

F) (Friedenstein et al., 1916; Knospe et al., 1972; Owen, 1988; Simmons et al., 1991).

Although initially identified in rat, subsequent studies have isolated bone marrow MSC

from humans (Castro-Malaspina et al., 1980), goat (Fischer et a1., 2003; Murphy et a1.,

2OO3), rat (Lennon and Caplan, 2OO6; Yoshimura et a1., 2001), rabbit (Awad et a1.,1999),

mouse (Tropel et al., 2004), horse (Fortier et al., 1998), cow (Bosnakovski et al., 2005),

dog (Kadiyala et aL, 1997), cat (Martin et al., 2002), sheep (Jessop et al., 1994; Rhodes et

al., 2004; Zhang et a1., 2OO4), pig (Ringe , 2002; Vacanti, 2OO5; Moscoso, 2005) and non-

human primates (Devine et a1., 2003). A consistent feature of bone malrow derived

colonies across all species is the heterogeneity in size, morphology, proliferation, enzyme

histochemistry, and developmental potential (Owen, 1988). Various techniques have

established that the CFU-Fs observed are clonal in origin, supporting the hypothesis that

the bone marrow contains a small population of self-renewable, pluripotent progenitor cells

(Figure 1.7). MSC share similarity to haematopoietic stem cells (HSC) in that they are

found endogenously in a non-cycling state and are quiescent within the body (Castro-

Malaspina et al., 1980; Castro-Malaspina et al., 1981). Numerous studies have

demonstrated the multilineage differentiation capacity of MSC, which has stimulated

significant research in the potential use of these cells for therapeutic application and will be

discussed further in section 1.20.

Since the identification of bone marrow MSC, the isolation and characterisation of MSC

from connective tissues other than the bone m¿urow have been investigated. To date,

progenitor cells demonstrating morphological, histochemical, and multilineage similarities

to bone marrow-derived MSC have been isolated from fat (Gronthos et al., 200Ia;

Zannettino et a1.,2008; Zuket a1.,2001), muscle (Bosch et a1.,2000), synovial membrane

(De Bari et al., 2001b), periosteum (De Bari et al., 2O0Ia; Nakahara et a1., 1991), bone
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Figure L.7: Schematic illustration of the hypothetical hierarchy of mesenchymal stem cell

differentiation. The mesenchymal stem cell (MSC) is capable of self renewal and has the

potential to differentiate into one or more of the many connective cell types shown in vitro

and in vivo. The MSC and committed progenitors are capable of forming clonogenic

clusters (Cil-F) in vitro. Adapted illustration kindly provided by AÆrof. S. Gronthos.
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(Noth et al., 2002; Osyczka et al., 2002; Tuli et al., 2003), dental tissues (Gronthos et al.,

2000; Miura et al., 2003; Seo et al., 2004), blood (Kuznetsov et al., 2001 Zvaifler et al.,

2000), umbilical cord blood (Hou et al.,2OO3; Korbling et al., 2005), pericytes (Brighton et

aI.,1992; Reilly et a1., 1998), and skin (Young et a1., 2001).

1.19.1. Comparison of MSC from Dffirent Sources

In the past it has been assumed that irrespective of the site of origin MSC are relatively

comparable, given they all exhibit proliferative potential, multipotential differentiation

capability, and express similar extracellular matrix molecules. More recently, a series of

comparative studies have been undertaken to define discrepancies between MSC harvested

from different sources, specifically pertaining to selection of a suitable harvest site for

tissue regeneration. The characteristics of bone malrow and adipose derived MSC have

been examined in several cases using human patient matched samples (Afizah et al., 2007:.

De Ugarte et a1., 2003; Huang et a1., 2005). In one study, the yield, growth rate and

differentiation potential were reported to be equivalent (De Ugarte et a1., 2003), whereas

other studies demonstrated in vitro chondrogenesis was superior with BM derived

progenitor cells (Afizah et al., 2001; Huang et al., 2005). A comparison of rat MSC

derived from bone m¿rrrow, synovium, periosteum, adipose tissue and muscle revealed the

synovium as an optimal source of progenitor cells (Yoshimura et al., 2OO7). The yield of

CFU-F, growth rate, and chondrogenic potential exceeded that of other tissues, a finding

supported by similar comparison between BM and synovial MSC (Shirasawa et a1.,2006).

Adipogenic potential was equivalent between synovial and adipose tissues, whereas

osteogenic potential was greatest in cells derived from the periosteum and muscle. A

parallel study in patient matched humans reported some discrepancies to the rat study

(Sakaguchi et a1., 2005). The growth rate and chondrogenic capacity of bone marrotw,

synovial, and periosteal MSCs were determined to be equivalent. Optimal adipogenesis

was observed by synovial and adipose tissue MSC, with superior osteogenic differentiation

in bone m¿urow, synovial, and periosteal MSC. Rabbit MSC obtained from BM,

periosteum, and adipose tissue displayed equivalent proliferation rates, osteogenic and

chondrogenic potential in vitro, however upon transplantation to a growth plate cartilage

defect, only BM and periosteal derived cells were capable of correction of physeal arrest

(Hui et al., 2005). Taken together, although these studies are not entirely consistent, they

do suggest that the local environment at the site of the harvest tissue may influence the

developmental potential of MSC.
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1.19.2. MSC Isolation and Enrichment

The incidence of clonogenic MSC in human bone marrow is reported to range from I to 20

per 10s mononuclear cells plated (Castro-Malaspina et al., 1980; Falla et al., L993;

Simmons and Torok-Storb, I99Ib; Walker, 1995). The low frequency of progenitor cells

is a major limitation to the application of these cells in a therapeutic setting. The initial

technique for isolating MSC based upon their adherence to tissue culture plastic and rapid

proliferation results in a heterogeneous pool of BM cells, of which only a minor proportion

are multipotent BM derived MSCs (Castro-Malaspina et al., 1980; Friedenstein, 1980;

Simmons and Torok-Storb, 1991b). One technique to facilitate isolation and enrichment is

the selection of MSC according to the expression of specific cell surface antigens, which

has been somewhat hampered due to the paucity of antibodies that can identify and enrich

for MSC. One of the first antibodies demonstrated to enrich MSC from human bone

maffow aspirates was STRO-I. STRO-I is expressedby approximately IIVo of the bone

ma11ow mononuclear cell population (Simmons and Torok-Storb, 1991b). Essentially, all

detectable clonogenic CFU-Fs aÍe included within the STRO-I* bright population

(Gronthos et al, 2003; Simmons and Torok-Storb, 1991b). The CFU-F can be further

restricted to cells that have an absence of glycophorin A expression (Simmons and Torok-

Storb, l99lb;Zannettino et al., 2007).

Vascular cell adhesion molecule (VCAM-1; CD106) is a cell surface marker constitutively

expressed by cells of the bone marrow in vitro and in vivo, and cultured MSC (Simmons,

1992). The combined selection of bone marrow cells with both STRO-I and VCAM-I

antibodies enabled the resolution of a discrete population of cells with a cloning efficiency

for CFU-F approaching 50Vo (Gronthos et al., 2003). The degree of enrichment of CFU-F

within this fraction is approximately 5,000 fold relative to that of unfractionated bone

manow. Furthermore, the selected population of MSC exhibits extensive proliferation and

retains the capacity for multilineage differentiation.

Immunoselection of MSC has been undertaken using various other antibodies, but not with

the same enrichment potential as STRO-1/VCAM-1. The SB-10 antigen identified as

CD166 (activated leukocyte adhesion molecule; ALCAM) appears to be a marker of

pluripotency as its expression is down regulated following osteogenic differentiation

(Bruder et al., 1997). The SH-2 antibody is reactive for an epitope present on the TGF-B

receptor, endoglin (CD105) is predominantly associated with endothelial cells
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(Haynesworth et al.,l992a). Both the SH3 and SH4 antibodies recognise distinct epitopes

of the membrane bound ecto-5'-nucleotidase (CD73) (Haynesworth et aI.,l992a). All the

aforementioned antibodies do not recognise osteocytes or haematopoietic cells.

Supplementary to STRO-I, VCAM-I, ALCAM, Endoglin, and CD73, the cell surface

expression profile of MSC also includes receptor molecules for Muc-18 (CD146), ICAM-I

(cD54), hyaluronate (HCAM/CD 4), EGF, PDGF (CD140a), IGF-I, TGFp, FGF-2 and a

multitude of integrin subunits (Filshie et al., 1998; Gronthos and Simmons, 1995;

Haynesworth et al., 1992a; Simmons et a1., 1994). Integrins are a large family of cell

surface receptors which mediate adhesion interactions between cells and the surrounding

ECM. These molecules are transmembrane bound heterodimers comprised of an u and B

subunit. The connection between integrin receptors and corresponding ligands has been

linked to many cell proliferation, differentiation, survival, motility and embryogenesis

(Gronthos et a1., 2}0lb; Simmons et al., 1994). It is presumed that the expression of

integrins allow MSCs to home to sites of injury, to bind to specific matrix molecules, and

to regulate cellular processes. MSCs express integrin ol (CD49a), a2 (CD49b), u5

(CD49e), o6 (CD49Ð, crv (CD51), pl (CD29), P3 (CD61), and B5 subunits in an

assortment of combinations with variable intensities (Gronthos et a1., 2001b; Majumdar et

a1.,2003).

Cultured MSC express various fibroblastic and osteoblastic related markers including

alkaline phosphatase, collagen types 1, 3, and 10, osteopontin, osteonectin, smooth muscle

actin, and adipogenic marker LPL (Gronthos et a1.,2003). MSC have the capacity to

produce a spectrum of cytokines, and constitutively secrete l,-6,IL-7 ,IL-8, IL- II, ['-I2,

IL-I4,IL-15, LIF, SCF, M-CSF, and Flt-3 ligand (Azizi et al., 1998; Haynesworth et a1.,

1996; Majumdar et al., 1998). These cytokines and growth factors regulate proliferation,

differentiation and maintenance of surrounding cells, especially in regard to the

maintenance of haematopoiesis within the bone maffow microenvironment.

Until recently, the anatomical distribution of MSC within the bone marrow has been

unknown. Current evidence points towards pericytes of the blood vessel wall. Gronthos et

al. (2003) reported that 107o of STRO-1/VCAM-1 bright selected MSC expressed o-

smooth muscle actin (cr,-SMA) (Gronthos et al., 2003). As over 5O% of these cells give rise

to CFU-F, a significant proportion must express cl-SMA. Within the bone maffow

microenvironment o-SMA is observed in a pattern restricted to the vascular smooth muscle
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cells of arteries, and in the pericytes lining the capillaries (Bianco et al., 2001).

Furthermore, MSC in culture exhibit phenotypic similarities characteristic of vascular

pericytes (Doherty et a1., 1998; Galmiche et al., 1993). Cultured pericytes and MSC

synthesise a comparable selection of extracellular matrix proteins comprising basal lamina

and interstitial collagens. The responses of MSC and pericytes to PDGF-B demonstrate a

close association; PDGF-B is essential for pericyte recruitment and maintaining viability in

vivo, and MSC proliferate in response to supplementation under serum free conditions

(Gronthos and Simmons, 1995; Hellstrom et a1., 1999). These observations advocate the

interpretation that MSC are vascular pericytes that reside within the perivascular niche.

1.19.3. In Vitro Expansion of MSC

Due to the limited number of MSCs that can be isolated, MSCs need to be expanded in

tissue culture to a sufficient quantity for therapeutic application. Standard expansion of

MSC requires supplementation with foetal calf serum; however the components of serum

may interfere with and modify the response of exogenously added factors. The growth

factor requirement for bone marrow derived STRO-I positive MSC was investigated by

Gronthos et al. (1995). Growth factors were examined for their ability to initiate and

support clonogenic growth of CFU-F under serum free conditions. It was demonstrated

that clonogenic growth was dependent on the presence of a mitogenic growth factor

(Gronthos and Simmons, 1995). Platelet derived growth factor (PDGF) and epidermal

growth factor (EGF) exhibited the greatest stimulation of growth in a dose dependent

manner. In addition, it was demonstrated that cells of the CFU-F constitutively express

receptors for PDGF and EGF. Although MSC also express receptors for IGF-I and NGF,

these factors did not support colony growth. The glucocorticoid dexamethasone and L-

ascorbate were also found to be essential for colony development in serum deprived

conditions (Gronthos and Simmons, 1995).

In contrast to the study conducted by Gronthos and colleagues (1995), there are many

reports documenting the mitogenic effect of FGF-2 supplementation on MSC proliferation

(Baddoo et al., 2003 Bianchi eta1.,2003; Locklin et a1., 19951, Mastrogiacomo et a1.,200I:.

Solchaga et al., 2005; Sotiropoulou et al., 2006). Multipotential capacity was retained

following expansion with FGF-Z and in some cases chondrogenesis and osteogenesis were

enhanced. However, a proportion did not perform expansion under serum deprived
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conditions, therefore it is unknown if the presence of FCS enhanced or inhibited the effect

of the added growth factors observed

1.19.4. In Vitro Dffirentiation of MSC

The potential of human MSC to differentiate in vitro into cells of the osteogenic,

adipogenic and chondrogenic lineages has been well established (Gimble, 1998; Gronthos

et a1.,2003; Johnstone et al., 1998; Mackay et al., 1998; Pittenger et aI., 1999). Osteogenic

differentiation of MSCs in vitro requires the presence of inorganic phosphate, the

glucocorticoid dexamethasone, ascorbate, and B-glycerophosphate. When cultured in

monolayer for several weeks with appropriate supplementation, osteogenic differentiation

is characterised by the expression of bone related markers bone sialoprotein and

osteocalcin, and accompanied by formation of small mineralised nodules throughout the

monolayer culture. These nodules are positive for Von Kossa staining and are composed

of hydroxyapatite crystals identical to that observed in bone.

The induction to that of a chondrocytic phenotype was initially performed using rabbit

culture expanded CFU-F. Single cell suspensions were grown in aggregate cultures, in the

presence of ascorbate and TGF-PI (Johnstone et al., 1998; Yoo et al., 1998). Generally,

among a variety of species, chondrogenesis is dependent on a three dimensional culture

format, serum free conditions and the presence of a member of the TGFP superfamily.

TGF-p1, 2 (Barcy et al., 200lb; Bosnakovski et a1., 2005 'Worster et a1., 2000)and TGF-P3

(Mackay et al., 1998; Majumdar et a1., 2000; Pittenger et al., 1999) are all capable of

chondrogenic induction, but appear to have differing levels of efficacy depending on the

species. Under these conditions the MSC lose their fibroblastic morphology, become

rounded, and initiate expression of a number of cartilage specific extracellular matrix

components. Differentiation to a chondrogenic phenotype is inferred by the down

regulation of collagen-l expression, and upregulation of cartilage specific markers

collagen-Z, collagen-l0 and aggrecan, and rapid synthesis of sulfated proteoglycans.

Human MSC stimulated by TGF-p3 appear to express versican, fibromodulin and decorin

to form the earliest extracellular matrix components, with aggrecan and biglycan

incorporated at a later stage (Barry et al',2001b).

Although MSC chondrogenesis was initially demonstrated using members of the TGF-P

family, many other growth factors have been revealed to induce chondrogenic
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differentiation of both primary and cultivated (cell line) mesenchymal progenitors.

Members of the BMP subfamily, including BMP-2, BMP-6, and BMP-9, all stimulate

morphological changes and expression of cartilage specific markers (Denker et al., 1999:'

Majumdar et al.,2}OI Sekiya et a1., 2001). The combinatorial addition of BMP and TGFB

appear to accelerate and intensify the differentiation process (Schmitt et al., 2003; Sekiya

et al., 20OI; Sekiya et a1., 2005; Toh et a1.,2005). Several studies have also established a

synergistic effect on chondrogenesis using IGF-I with TGF-p1 or TGF-83 (Fukumoto et

aI.,2003; Indrawattana et al., 2004; Worster et al., 2001). It should be noted that many of

the growth factors mentioned above can also induce osteogenesis under different

conditions, so caution is warranted for the application of 'chondrogenic' growth factors for

cartilage regeneration.

Adipogenic differentiation of MSC in monolayer can be achieved by supplementation with

isobutylmethylxanthine, hydrocortisone and indomethacin (Gimble, 1998). This process

can be morphologically characterised by the production of large lipid filled vacuoles and

genetic upregulation of transcription factor peroxisome proliferator-activated receptor-

gamma (PPAR-y), as well as leptin.

Although the differentiation of MSC to cells of bone, fat and cartilage tissue have been the

most frequently documented, parallel studies have also presented evidence that MSC can

differentiate beyond that of the connective and supportive tissues. It has now been

demonstrated that MSCs also exhibit plasticity and a capable of differentiation into

neuronal-like cells including astrocytes and neurons, cardiomyocytes, hepatocytes,

mesangial cells, and myocytes (Bianco et al., 200I; Jiang et al.,2O03b; Kopen et al., 1999;

Ong et aI.,2006 Pittenger et al., 1999; Verfaillie et al., 2003; 'Woodbury etaI.,2000:-Zhao

et a1., 2002).

1.20. The Application of MSC to Repair Musculoskeletal Defects

Due to the potential of ex vivo expansion and differentiation into a variety of connective

tissues, in the last 15 years, the use of MSCs to repair musculoskeletal defects has

increasingly been investigated for potential therapeutic application. MSC have been

demonstrated to have the potential in the repair of cardiovascular tissue (Orlic et al.,

2001b; Stamm et a1., 2003), spinal fusion (Muschler et al., 2005), segmental bone defects

(Bruder et al., 1998a; De Kok et a1., 2OO3; Petite et a1., 2000; Quarto et al., 2001),
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craniotomy defects (Krebsbach et al., 1998), articular cartilage defects (Murphy et al.,

2003; Ponticiello et a1., 2000; Solchaga et al., 2002; Wakitani et al., 1994), and growth

plate injury (Chen et a1., 2003a; Hui et al., 2005; Li et al., 2004). Attempts at cartilage

tissue engineering using MSC will be discussed in greater detail.

1.20.1. Articular Cartilage Repair Using MSC

The initial study of the potential of MSC to repair articular cartllage was performed by

Wakitani and colleagues (1994). Osteoprogenitor cells of rabbit bone marrow and

periosteum were isolated by plastic adherence and dispersed within a collagen-l gel.

These constructs were transplanted into large full thickness articular defects of rabbits.

Two weeks post transplantation, MSC had uniformly differentiated into chondrocytes

throughout the defect and in addition the subchondral bone was repaired (Wakitani et al.,

1994). It was hypothesised that full thickness repair occurs via an endochondral process.

Transplanted cells initially differentiate within the defect site into chondrocytes, and at the

subchondral bone zone cells progress to a hypertrophic state, at which point are targeted

for erosion, vascular invasion and subsequent mineralisation to regenerate the subchondral

bone. Furthermore, there appeared to be no difference in the repair response between the

progenitor cells derived from bone marrow or periosteum. Continuing on from this work,

autologous BM MSC have been clinically assessed for application to articular defects in

patients with osteoarthritic knee joints (Wakitani et a1., 2002). Expanded cells embedded

within a collagen gel were transplanted into articular defects and covered with autologous

periosteum. Ten months after surgery, the defects were covered with a white soft tissue

resembling hyaline cartilage. Arthroscopic and histological evaluations showed better

repair outcomes in the cell transplanted group than in the cell free group.

Successful regeneration of meniscal-like tissue in a caprine model of osteoarthritis has

recently been documented, without the use of a solid biomatrix (Murphy et a1., 2003).

Autologous MSCs suspended in a dilute solution of sodium hyaluronate were locally

injected into the knee joint six weeks after total medial meniscectomy. In cell treated

joints, implanted cells contributed to repair of the damaged tissue, as inferred by detection

within the neomeniscal tissue. Degeneration of the articular cartilage and subchondral

bone was also reduced; suggesting that local delivery of MSC can stimulate regeneration

of the meniscus and retard the progressive destruction of the joint surface, both of which

are characteristic of osteoarthritis.
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The direct injection of BM MSC to full thickness articular defects in rabbits reported

partial regeneration of cartilage tissue (Im et a1., 2001). Spontaneous repair of the articular

surface within members of the control group highlights the individual differences in ability

to self-repair. In addition, some variability between samples was obseryed, which may be

attributed to leakage of cells from the sutured defect'

As hyaluronan is a major component of the cartilage ECM, the use of hyaluronan as a

scaffold for cartilage regeneration has been explored. MSC were seeded within a

hyaluronan based scaffold, and transplanted into rabbit full thickness articular lesions (Gao

et al., 2002; Kayakabe et al., 2006; Radice etaI.,2000; Solchaga et a1.,2002). Healing and

integration of the subchondral bone and articular surface were observed, with neocartilage

morphology and matrix expression comparable to that of the adjacent cartllage.

Interestingly, transplantation of MSC seeded hyaluronan sponge did not exert a significant

advantage in comparison to the scaffold alone, suggesting that hyaluronan itself can elicit a

positive biological effect on osteochondral repair.

Repair of full thickness defects by transplantation of MSC has also been documented using

polylactic acid (Yan and Yu, 2007), polyglycolic acid (Yan and Yu, 2007), gelatin

(Ponticiello et al., 2000; Quintavalla et aI.,2002) and a hyaluronic acid- gelatin composite

(Liu et a1.,2006).

1.20.2. Growth Plate Cartilage Repair Using MSC

The application of MSC in growth plate cartilage repair has not been extensively

investigated. Nonetheless two similar studies have approached the repair of large growth

plate defects in rabbits using allogenic periosteal derived MSC (Chen et al., 2003a; Li et

a1.,2004). Both studies used MSC derived from the periosteum, the former transplanted

cells within agarose gel, while the latter employed a natural polymer chitin. In each

instance, following excision of an established bone bridge, the transplanted MSC-scaffolds

corrected growth arrest and angular deformity. The transplanted MSC differentiated into

chondrocytes, which integrated, aligned into columns, and closely resembled native growth

plate cartilage. Moreover, whereas the transfer of agarose alone did not prevent bone

bridge formation, the interposition of chitin did correct deformity, almost to that of MSC,

indicating a potential role as an interpositional material.
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Ahn and colleagues investigated the use autologous rabbit bone marrow derived MSC in

conjunction with gelatin scaffold and growth factor TGF-83 (Ahn et al., 2004). The

application of MSC within the Gelfoam resorbable sponge, in media containing

chondrogenic factor TGF-p3, lead to no significant varus deformity or limb length

discrepancy. The presence of MSC alone promotes but does not guarantee cartilage

healing; the addition of TGF-83 provides an appropriate external signal for

chondrogenesis. Labelling of transplanted cells revealed differentiation of MSC into a

chondrogenic phenotype and maintenance within the repair tissue for three weeks.

Histological examination showed a predominance of irregularly arranged chondrocytes

within a sulfated GAG rich matrix (Ahn et a1', 2004). More recently, a comparison

between the regenerative potential of MSC derived from bone marrow, periosteum and

adipose tissue for growth plate cartilage repair, found that limb angularity and length

discrepancies in rabbits were only corrected using MSC harvested from the BM and

periosteum, and not adipose tissue (Hui et al., 2005).

Although the aforementioned studies have demonstrated the potential of MSC in growth

plate regeneration, in order to translate this research into clinical application,

characterisation of the similarities and differences between animal and human MSC needs

to be elucidated. To date, the use of MSC in growth plate repair has only been explored in

a rabbit model, which has an exceptional inherent ability to regenerate cartilage. Therefore

it would be advantageous to undertake further studies of growth plate regeneration using a

larger animal model, to gather information that may eventually be applicable to human

studies.

Overall, insights into the critical factors that regulate MSC migration, proliferation and

differentiation will augment the development of techniques for the engineering of cartilage

tissue, and therapeutic application in articular and growth plate cartilage regeneration. As

MSC are multipotential, directed differentiation of these cells to the desired (and not

undesired) lineage is paramount for regeneration of specific tissue. Eventual success will

also be dependent on the characterisation of growth factors and culture conditions that

facilitate chondrogenesis of either introduced or endogenous progenitor cells, and the

identification or manufacture of biological or synthetic matrix scaffolds, to act as the

delivery vehicle for cells and growth factors. Although considerable progress has been

achieved to date, there are still many questions remaining, especially in the field of growth

plate cartilage repair.
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7.21. Rationale, Hypothesis ønd Aims of the Cunent Study

Injury to the growth plate in children can give rise to limb length discrepancy and angular

deformities. Current treatments of the deformities arising from damage to the growth plate

are of a surgical nature, and involve correction of the deformity rather than prevention.

Additionally, restoration of normal function of the growth plate is never achieved. As yet,

there is no biological based therapy for regeneration of growth plate cartilage. Bone

marrow MSCs offer a promising alternative to traditional therapies due to ease of harvest

from the body, high proliferative capacity in vitro, and chondrogenic potential. Although

there have been some recent investigations in rabbit or rodent models examining potential

applications of MSCs in repairing injured growth plate with some success (Ahn et al.,

2004; Chen et al., 2003a; Hui et al., 2005; Lui et al., 1995), the therapeutic potential of

MSCs in growth plate regeneration remains to be investigated in a large animal model.

This project is interested in the repair response initiated by the application of autologous

MSC to a growth plate injury using an immature sheep model. However, the

characteristics of sheep MSC have been poorly described, so initial research will attempt to

characterise the properties of these cells in vitro and in vivo.

Hypothesis:

It is hypothesised that sheep BM MSC will share many characteristics with human MSC in

vitro and in vivo, and that delivery of MSC to the site of the growth plate will augment the

repair of growth plate cartilage. Furthermore it is hypothesised that transplantation of a

scaffold alone will inhibit bone bridge formation.

Project Aims:

1. Determine the characteristics of ovine BM derived MSC in vitro, in regard to incidence,

morphology, proliferative response to mitogens, and multipotential differentiation

capacity, specifically the optimal growth factors for chondrogenesis.

2. Define the cell surface expression profile of ovine BM MSC, cultured chondrocytes and

articular chondrocytes, examine the potential enrichment of BM MSC using these

antibodies, and elucidate the antigenic target of two novel anti-sheep MSC antibodies.

3. Examine the differentiation potential of ovine BM MSC in vivo, and determine the

optimal delivery scaffold for chondrogenic differentiation of these cells.

4. Investigate the tissue repair response following application of autologous MSC to a

growth plate injury using a lamb model.
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CHAPTER 2

MATERIALS & METHODS

2.1. Cell Culture

All tissue culture was performed in Class 2 'biohazard' laminar,flow hoods (BioAir

Instruments, Siziano, Italy). Cell cultures were incubated at 37"C (f'òima Scientific air

incubator), in the presence of 5Vo COz to maintain a pH of 7.0 and relative humidity of

917o.

Cell densities and viabilities were determined using a haemocytometer and Trypan blue

dye exclusion. Cells were incubated briefly in 0.4Vo (w/v) Trypan blue solution (Sigma-

Aldrich, St Louis, MO, USA) and counted using a light microscope'

2.1.1. Solutions and Buffers

2. 1 . 1. l. ß-Mercaptoethanol ( ß-M E)

1 M stock solution of B-ME was prepared by diluting 0.7 ml of 14.27 M B-mercaptoethanol

(Sigma-Aldrich) into 9.3 ml Hank's Balanced Salt Solution (HBSS, SAFC Biosciences,

Lenexa, KS, USA) and was stored at -20"C.

2.L1.2. l}Vo (w/vl Bovine Serum Albumin (BSA)

To prepare l\Vo (w/v) BSA, 20g BSA (JRH Biosciences, Lenexa, KS, USA) was gently

overlayed on the surface of 88.4 ml of Milli-Q water, and was allowed to sit at 4'C for 24

hours. Once dissolved, 3 g of AG@ 501-X8 (D) Resin (Bio-Rad Laboratories, Hercules,

CA, USA) was used to deionise the BSA and remove trace elements and contaminants.

The beads were removed by filtration through Whatman No. 1 paper (Whatman,

Maidstone, Kent, UK) when beads had changed colour from green to yellow. This

procedure was then repeated 3 times. An equal volume (100m1) of 2 x DMEM (SAFC

Biosciences)or 2 x PBS (JRH Biosciences) was added to the BSA solution, sterilised by

filtration through a 0.22 pm bottle filter (Nalgene Nunc International, Rochester, NY,

USA), and stored at -20"C.
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2.1.1.3. StandardWash Buffer-for CelI Culture and Immuno Anah¡sis (HHF)

To prepare HHF, HBSS was supplemented with5To (v/v) foetal calf serum (FCS; Hyclone,

South Logan, UT, USA or JRH Biosciences), sterilised by filtration through a 0.22 ¡tm

bottle filter, and stored at 4"C.

2.1.1.4. White Cell Fluid

To prepare white cell fluid, 2 ml acetic acid (BDH AnalaR@, Merck), was slowly added to

98 ml of MilliQ water. A few crystals of methyl violet (BDH Gurr@, Merck, Darmstadt,

Germany) were added the solution and mixed well to ensure crystals were completely

dissolved. The solution was subsequently filtered through a 0.22 pM minisart filter

(Sartorius, Goettingen, Germany) and stored at room temperature.

2.1.2. Media

2.1.2.1. Alnha Minimal Essential Media-10 (a-MEM-10)

To prepare, alpha minimal essential media (cl-MEM; JRH Biosciences) was supplemented

with penicillin (50 i.u./ml)/streptomycin sulphate (50 ¡rglml), I}Vo (v/v) FCS, 2 mM L-

glutamine (SAFC Biosciences), 1 mM sodium pyruvate (SAFC Biosciences), and 100 pM

L-ascorbate-2-phosphate (Asc-2-P, WAKO Pure Chemical Industries Ltd, Osaka, Japan).

The medium was subsequently filter sterilised and stored at 4"C.

This media is essentially as described for cr-MEM-lO, with 2OVo (vlv) FCS. To prepare, cr-

MEM was supplemented with penicillin (50 i.u./ml)/streptomycin sulphate (50 pglml),

20Vo foetal calf serum (FCS), 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 pM

ASC-2P. The medium was subsequently filter sterilised and stored at 4"C.

2.1.2.3. ',s Modified Eaples Medium- IO (DMEM-IO)

To prepare 500 ml of DMEM-IO, Dulbecco's Modified Eagles Medium (JRH Biosciences)

was supplemented with penicillin (50 i.u./ml)/streptomycin sulphate (50 pglml), lOTo (v/v)
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FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 15 mM of N-2-Hydroxyethylpiperazine

N'-2-ehtaneslphonic acid pH 1.2 ([{.F,PE,S; JRH Biosciences), and buffered with I g

sodium bicarbonate (Infectious Disease Laboratories, IMVS). The medium was

subsequently filter sterilised and stored at 4"C. The media was replenished with 2 rr.1JN{L-

glutamine at weekly intervals.

2.1.3. Specimens

2.1.3.1. Isolation of Bone Manow Samples

Fresh bone marrow (BM) aspirates were obtained from the iliac crest of adult sheep

(approximately l-4 years old) under general anaesthesia at Animal Services, IMVS.

Coagulation of the bone marrow was minimised by rinsing of equipment used with 1000

Units/ml heparin (David Bull Laboratories, DBL, part of Mayne Pharma, Lake Forest, IL,

USA). After dilution (approximately l:2) in HHF, a white cell estimation was performed

using white cell fluid to determine a pre-processing cell count. Small clots and bone chips

were removed using a 70 ¡rm cell strainer (Becton Dickinson, BD Biosciences, Franklin

Lakes, NJ, USA). Bone marrow mononuclear cells (BM MNC) were isolated by gentle

overlay in 14ml polystyrene round bottom tubes (Falcon, BD Biosciences) on a

Lymphoprep'" density gradient (S.G. l.Oll g/ml) (Axis Shield or Nycomed, Oslo,

Norway) and centrifugation at 1,400 rpm for 30 mins. Mononuclear cells at the interface

were carefully removed and washed twice in HHF, by centrifugation at 1,400 rpm for 5

mins at 4oC. The cell pellet was resuspended in fresh HHF, and a post processing count

was performed. BM MNC were then used for cell culture, immunological studies, or

cryopreserved (at 2 x 107 cells per ampoule) for future use.

2.1.3.2. Sheen P ri.marv M e s enchvmal Stem Ce,l.l. Cultures

Primary ovine MSC were isolated and expanded according to their plastic adhering ability.

Briefly, single cell suspensions of BM MNC were plated in 75cm2 polypropylene flasks

(Cellstar, Griener Bio-One) at a density of 7 to 13 x lOa cells per c-' 15 x 106 to 10 x 106

cells per flask) in o-MEM-10 media and subsequently incubated at37"C in the presence of

57o COz. After 3 days, non adherent cells were removed by a quick rinse with HFIF and

fresh media was replaced. From that point, fresh media was exchanged twice weekly until

49



adherent cells were confluent, at which point cells were routinely detached by trypsin-

EDTA digestion and passaged at lower density.

2.1.3.3. Sheeo Ch.on.rlrocvtes

Single cell chondrocyte suspensions were obtained from euthanised adult sheep (Animals

Services, IMVS) by enzymatic digestion. Briefly, using a scalpel, sterile scrapings of

cartilage from the articular surface were collected under sterile conditions and suspended

in g-MEM-I0 media. Following gentle centrifugation at 1400 rpm for 5 minutes, shavings

were washed twice in PBS and then digested in 10 ml solution containing collagenase type

II (3 mg/ml working concentration, Worthington Biochemical Corporation, Lakewood, NJ,

USA) and dispase (4 mglml working concentration, Roche, Basel, Switzerland) overnight

at 37"C. The suspension was occasionally vortexed to facilitate disaggregation of the

cartilage extracellular matrix. The suspension was then washed with HHF, spun at 1400

rpm for 10 mins, resuspended in c-MEM-10, strained using a 70 prm cell strainer (Falcon,

BD Biosciences), and a cell count performed. These cells were then used for flow

cytometry, RNA extraction, or cryopreserved.

2. l. 3.4. Dedi.fferentiated chondrocvte s

Regression of chondrocyte phenotype in vitro is initiated upon attachment of cells to

plastic, and culture in monolayer. To generate dedifferentiated chondrocytes, single cell

suspensions of sheep chondrocytes liberated from the native cartilage were transferred to

25cm2 or J5cm2 polypropylene flasks (Cellstar, Griener Bio-One) and cultured in cl-MEM-

lO at37"C in the presence of 57o COz. On approaching confluence, cells were harvested

by trypsin-EDTA detachment and repassaged at lower density, or used for in vitro assays,

transplantation studies or cryopreservation.

2.1.3.5. Adherent Stromal Cell Lines

Human osteosarcoma cell lines MG63 and SAOS were provided by Dr. Karina Stewart

(Bath Institute of Rheumatic Diseases, Bath, UK). Both cell lines were maintained in filter

sterilised g-MEM-10 media, and harvested by detachment using trypsin digestion.
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2.1.3.6. Human Normal O.çtcohl.a..çt Don.or

Normal osteoblast like cells were obtained from young healthy donors according to the

institutional ethics approved Normal Bone Marrow Donor Program. In summary, bone

marrow donations were strained with a 70 pm cell strainer to isolate small bone chips.

These were subsequently washed in HFIF and cultured in cI-MEM-IO supplemented with

100 ¡rM L-ascorbate-2-phosphate at 37'C in the presence of 57o COl Media was

exchange twice weekly for 5 to 6 weeks until confluent. NOD cells were liberated and

harvested by digestion with collagenase/dispase solution.

2.1.3.7. Human Ste.m Cells

Bone marrow derived human MSC were similarly isolated from aspirates according to the

protocol outlined above for sheep. Briefly, single cell suspensions of BM MNC collected

by density gradient centrifugation were plated in polypropylene 75crr? flasks containing u,-

MEM-10 media and adherent cells were allowed to attach. After several days, the non-

adherent cells were removed by media replacement, and adherent cells were cultured until

confluent. Cells were enzymatically detached using trypsin.

2.1.4. Enzymatic Digestion of Adherent CeIl Types

2. 1.4. l. Trypsin-EDTA Digestion

Trypsin digestion solution was prepared by the addition of 0.057o (w/v) trypsin (Gibco,

Invitrogen, Carlsbad, CA, USA) and 0.5 mM EDTA (BDH AnalaR@, Merck) in sterile

PBS. To detach cells using this method, trypsin was warrned to 37"C in a water bath, and

concurrently, the medium from adherent cultures was removed and cells rinsed with PBS.

Following removal of the PBS, lml per 25 cm2 flask surface area of trypsin solution was

added to the cells and placed in a 3'7"C incubator for 5 mins to detach the cells. The

trypsin reaction was inactivated by the addition of HHF, and cells were further washed in

HHF prior to use.
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2. 1.4.2. Collagenase/Dispase Digestion

Adherent cell cultures were washed in PBS and incubated in a prewarmed solution of Type

II collagenase (3 mgiml working concentration, Worthington Biochemical Corporation)

and dispase (4 mg/ml working concentration, Roche) (1 ml per 25 cm2 flask surface area)

for 60 mins in a37"C incubator. Single cell suspensions were subsequently washed twice

in HHF to neutralise the enzymatic digestion process.

2. 1. 5. Cryopreservation

2.1.5.1. Cnopresenation of Cells

Cells were cryopreserved in FCS containing IÙVo (v/v) of the cryoprotectant, dimethyl

sulphoxide (DMSO, BDH AnalaR@, Merck) to prevent crystallisation and fracturing of the

cell membranes. Immediately prior to freezing, 0.5 ml of pre cooled sterile freeze mix

(20Vo (v/v) DMSO in FCS) was added dropwise with mixing, to cells suspended in 0.5m1

of FCS. The cell mixture was kept on ice and immediately transferred to cryovials

(Greiner Bio-One Labortechnik, Frickenhausen, Germany). Ampoules were placed in a

Cryo 1"C Freezing Container (Mr Frosty, Nalgene, Rochester, NY, USA) to chill cells at a

rate of -1oC per minute, and eventualld stored at -196"C in liquid nitrogen.

2. l. 5.2. Thawing Cryopreserved Samples

Following removal from liquid nitrogen storage, cryoampoules were rapidly thawed at

37"C. Cells were transferred dropwise to a 50 ml polypropylene conical tube (Falcon, BD

Biosciences) containing 40-50 ml of HHF, and pelleted by centrifugation at 1400 rpm for 5

mins. The cells were then washed again in HHF to remove residual DMSO, resuspended

in appropriate growth medium, and culture d in':.5cm2 flasks at 37"C in the presence of 5Vo

COz.

2.1.6. BM CFU-F Clonogenic Assay

Details of this procedure have been well documented elsewhere (Gronthos & Simmons,

1995; Gronthos et al, 1998). BM MNC or immunoselected BM MNC were cultured in 6

well plates (Nunclon, Nalgene Nunc International) with filter sterilised single strength o-
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MEM supplemented with ZOVo FCS. Cells were seeded at two densities, 2 x 105 and 5 x

105 cells per well, in triplicate and incubated at 37"C in the presence of 5Vo COz for l0 to

14 days. Cultures were stopped whilst distinct colonies could still be observed, before

confluence occurred. When ready to be scored, cultures were rinsed three times with PBS

and incubated for 3 hours in O.l%o (w/v) Toluidine blue (Aldrich, Sigma-Aldnch) in I7o

paraformaldehyde in PBS. Once fixed and stained the cultures were rinsed well in tap

water. Aggregates of greater than 50 cells were scored as CFU-F using a dissecting light

microscope (Olympus SZ-PT, Olympus Optical Co., Tokyo, Japan).

2. 1.7. Proliferation Assay

2.1.7.1. Serum Free Mediafor Prolí.feration Assav

This serum free media is a modification of the serum deprived media developed for growth

of haematopoietic progenitors (Lansdorp, 1995; Migliaccio et al., 1988) and adapted for

the growth of stromal progenitors (Gronthos and Simmons, 1995). Single strength cl-MEM

was supplemented with2 mM L-glutamine, 100 ¡rM L- ASC-2P, 10-5 M dexamethasone

sodium phosphate (Dex, DBL), penicillin (50 i.u./ml)/streptomycin sulphate (50 ¡rg/ml), 10

mM HEPES (JRH Biosciences), 200 ¡rg/ml iron saturated human transferrin (Sigma-

Aldrich), l0 ¡rglml bovine pancreas derived insulin (Royal Adelaide Hospital Pharmacy,

Adelaide, Australia), 50 prglml human low density lipoprotein (LDL, Sigma-Aldrich), 5 x

10-s M p-mercaptoethanol, and 2Vo (v/v) BSA in DMEM. SDM without growth factors

was prepared fresh as required and filter sterilised prior to use.

2. 1.7.2. WST- I P roli.feration Assalt

Sheep MSC derived from different donors were seeded in 96-well plates (Nunclon,

Nalgene Nunc International), at a density of 2 x 103 cells per well in 200 ¡rl of o-MEM-1O

media and allowed to attach overnight at 37"C. The following day, the media was

removed, and wells were washed twice in PBS, prior to the addition of 150 pl of serum

free media containing various growth factors. Cells were incubated with growth factors for

5 days. Using the colorimetric assay reagent WST-I (Roche Molecular Biochemicals,

Mannheim, Germany), the relative number of viable cells in each well was determined at

day 5. Briefly, 100 ¡rl of WST-1 diluted 1:10 in PBS was added to each well, and

incubated for 3 hours at 37"C protected from light. Diluted WST-I solution was also
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added to three wells containing only medium, to enable background subtraction. WST-I is

a tetrazolium salt that is cleaved to formazan by cellular enzymes. An expansion in the

number of viable cells results in an increase in the overall activity of mitochondrial

dehydrogenase in the sample that leads to an increase in the amount of formazan dye

formed, which directly correlates to the number of metabolically active cells in the culture.

Following incubation in the dark, the colour of the medium turned to orange, proportionate

to the extent of cell viability and cell number. The absorbance of dye solution was

measured directly with a plate reader (BIO-RAD Model 3550 microplate reader) at a

wavelength of 450 nm. Each treatment group was performed in triplicate and the results

were compared against controls using a paired t-test. Statistical significance was

confirmed where p<0.05.
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Table 2.1.: Cytokines Used In This Study

Growth Factor Specificity Company

BMP-2

BMP-7

IGF-1

FGF-2

TGF-p1

rGF-83

TGFo

Recombinant human

oP-1@

Recombinant human

IGF-I analogue

Recombinant human

Recombinant human

Recombinant human

Recombinant human

Cytolab/Peprotech, Israel

Cat. No. 120-02

Stryker Biotech, St Leonards

NSW, Australia

Gropep,

Australia

Thebarton, SA,

CytolabÆeprotech, Israel

Cat. No. 100-18B

Cytolab/Peprotech, Israel

Cat. No. 100-21R

Cytolab/Peprotech, Israel

Cat. No. 100-36

Peprotech, Rocky Hill, NJ, USA

Cat. No. 100-164
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2.1.8. InVitro Osteogenesis Assay

The conditions required for the induction of human bone marrow stromal cells to deposit

mineralised bone matrix in vitro has previously been established (Gronthos et al., 1994).

Sheep MSC were seeded in 25cm2 tissue culture flasks (2 x 10s cells per flask, Cellstar,

Griener Bio-One), and cultured overnight in a-MEM-1O to facilitate attachment. On the

following day, the media was exchanged for osteo-inductive medium which consists of

single strength cr-MEM supplemented with 107o FCS, penicillin (50 i.u./ml)/streptomycin

sulphate (50 pglml),2 mM L-glutamine, 10-7 M dexamethasone, 100 pglml ASC-2P, 1.8

mM KHzPO¿ (BDH Chemicals, Merck), and 10 mM HEPES. This media was filter

sterilised and stored at 4"C. Fresh media was replaced twice weekly and incubated at37"C

in the presence of 5Vo CO1 Samples were collected at three time points for gene

expression and histological evaluation.

2.1.8.1. Alizarin Red Stainjne

To prepare Alizarin Red solution, IVo (w/v) Alizarin Red powder (BDH GURR@, Merck)

was added to a solution of ZVo (v/v) ethanol in water/PBS. The pH was adjusted to 4.1 to

4.3 or 6.5 with concentrated (6M) ammonium hydroxide (BDH AnalaR@, Merck). The

solution changed to red upon reaching the desired pH. To perform staining on cell culture

flasks, media was aspirated, cells were rinsed in PBS, and fixed for t hour at RT in 47o

formaldehyde in PBS. Following fixation, flasks were rinsed in distilled water and stained

for approximately 5 mins in Alizarin Red solution to reveal mineral. Loosely bound stain

was removed by 5 rinses in distilled water, and allowed to air dry at RT.

2. 1.9. In Vitro Adipogenesls Assay

The optimal conditions for adipogenic differentiation of human BM MSC to produce lipid

laden fat cells, has been described previously (Gimble, 1998). Sheep MSC were seeded in

25cm2 tissue culture flasks (2 x 10s cells per flask), and cultured overnight in o-MEM-1O

to facilitate attachment. On the following day, the media was exchanged for adipogenic

medium which consisted of single strength cr-MEM supplemented with 0.5 mM

isobutylmethylxanthine (Sigma-Aldrich), 0.5 ¡rM hydrocortisone (Sigma-Aldrich), 60 pM

indomethacin (Sigma-Aldrich), penicillin (50 i.u./ml)/streptomycin sulphate (50 ¡rglml),

100 ¡rglml ASC-2P and 107o FCS. This media was filter sterilised and stored at 4oC.
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Cultures were fed three times a week and incubated at 31"C in the presence of 5Vo COz'

Samples were collected at three time points for gene expression and histological

evaluation.

2.1.9.1 OiI Red O Staining

Oil Red O stock solution (ICN Biomedicals, Seven Hills, Australia) was prepared by

dissolving 0.5 g in 100 ml isopropanol (BDH AnalaR@, Merck). A working solution of

stain was prepared by mixing 6ml of stock Oil Red O solution with 4ml of water, allowed

to stand for 10 mins, and was then filtered through No. 46 V/hatman filter paper

(Whatman). Adherent cell cultures exhibiting adipocytic clusters were rinsed gently twice

with PBS and fixed in 47o (v/v) formaldehyde in PBS for 10 mins at room temperature.

Cell cultures were subsequently stained by immersion in the Oil Red O working solution

for approximately t hour. Finally, cells were washed three times in distilled water and

counterstained with Mayer' s Haematoxylin (Sigma).

2. I. 10. In Vitro Chondrogenesis Assay

The conditions for differentiation of stromal progenitor cells towards a chondrogenic

phenotype have been established (Johnstone et al., 1998; Mackay et al., 1998; Yoo et al.,

1998). Employing this technique,2.5 x 105 cells were added to 10ml polypropylene screw

cap conical tubes (Sarstedt, Nümbrecht, Germany), and aggregated by centrifugation at

1400 rpm for 10 mins. The supernatant was gently aspirated and 300 ¡rl of serum deprived

media containing growth factors was gently overlayed. Samples were centrifuged again at

1,400 rpm for 5 mins. Cells at the bottom of the tube formed spherical aggregates

overnight. Cultures were incubated at 37"C in the presence of 57o COz with lids loosened

to allow the diffusion of oxygen. Media was replaced three times a week for 2l days. At

this point, for each duplicate culture, RNA was isolated from one sample for gene

expression analysis, whereas the other sample was processed in preparation for paraffin

embedding, for assessment by histological and immunohistochemical methods.

2.1.10.1. Serum Deprived Chondrogenic Media

Chondroinductive media devoid of growth factors consisted of single strength DMEM

(high) supplemented with ITS+ Premix (BD Biosciences), penicillin (50
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i.u./ml)/streptomycin sulphate (50 ¡rglml), 2 mM L-glutamine, 100 pM L-ascotbate-2-

phosphate, 10 
7 M dexamethasone, l7o BSA in DMEM, and 0.5 mM B-ME. The solution

was filter sterilised prior to use and stored at 4"C. Several growth factors and

combinations were utilised in this assay including BMP-2 (5Ong/ml), BMP-7 (100ng/ml),

FGF-2 (10 nglml), TGF-BI (10 nglml), TGF-P3 (10 ng/ml), combinatorial factors BMP-

2nGF-þ3 (50 and 10 nglml respectively) and BMP-7/TGF-PI (100 and 10 ng/ml

respectively). Cytokines were added at appropriate concentration to the serum free

chondrogenic media. Manufacturer and specific details are provided in Table 2.1.

2.1.10.2. IIet Processins for RNA Isolation

Each pellet was rinsed once gently with 1 ml PBS. The PBS was aspirated and cultures

were incubated in 400 pl collagenase/dispase solution for 3 hours in a 37oC water bath.

Enzymatic activity was neutralised by the addition of 1 ml HHF. This solution was then

transferred to a 1.7 ml microcentrifuge tube, spun at 1,400 rpm for 5 mins, rinsed in cold

PBS before another spin as above. 200 pl of TRIzolrM was added, the sample was

vortexed and frozen at -80"C until required. The subsequent process of RNA extraction,

cDNA synthesis and RT-PCR is outlined in Section2-2.I-2.2.3.

2.1.10.3. Pellet Processins for Parqffin Embeddins

Pellet aggregates were rinsed gently once in PBS before fixation overnight in 4Vo (vlv)

formaldehyde in PBS at 4"C. Fixative was then replaced with l}Vo (v/v) ethanol, and

samples were dehydrated ready for paraffin embedding. Following paraffin embedding 5

¡rM cross sections were histologically stained with H&E and Alcian Blue, and

immunohistochemical analysis of Col-2 and Col-10 were performed as described in

Section 2.8.

2.2. Gene Expression AnølYsis

2.2.1. TRIzolrM Isolation of Total RNA

Total RNA was extracted from 0.5-5 x 106 cells by adding 1ml (per 5-10 x 106 cells) of

TRIzolrM (Invitrogen, Mount Waverley, Victoria, Australia). Prior washing of cells before

addition of TRIzol reagent was avoided as this increases the possibility of mRNA
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degradation. RNA was solubilised by passing the lysate through a pipette several times.

The homogenised samples were incubated at room temperature to permit the complete

dissociation of nucleoprotein complexes. To each tube, 0.2 ml of chloroform (APS

Finechem, Seven Hills, NS'W, Australia) was added per I ml of TRIzol reagent. The tubes

were vortexed or shaken vigorously by hand for 15 seconds and incubated at room

temperature for 3 mins. Samples were centrifuged at 12000 x g for 15 mins at 4"C to

separate the mixture into a lower red phenol-chloroform phase, an interphase, and a

colourless aqueous upper phase. RNA that remained exclusively in the aqueous upper

phase was carefully removed and transferred to a fresh 1.7 ml copolymer microcentrifuge

tube (Scientific Specialties Incorporated, Lodi, CA, USA). The total RNA was then

precipitated by the addition of 0.5 ml isopropanol (BDH Chemicals, Merck) per lml of

TRIzol reagent used for the initial homogenisation. The sample was mixed gently and

incubated for 10 mins at room temperature, prior to centrifugation at 12000 x g for 10 mins

at 4"C to pellet the RNA. Once the supernatant was removed, the RNA pellet was washed

once with a volume of 75Vo (v/v) ethanol (Univar, Ajax Finechem, Taren Point, NSW,

Australia) equal to the amount of TRIzol reagent used initially. The samples were mixed

by vortexing and were centrifuged at 7500 x g for 5 mins at 4"C. Finally, the RNA pellet

was briefly air dried at 37"C for 5-10 mins. RNA was resupended in 12 ¡rl RNase free

diethylpyrocarbonate (DEPC, Sigma-Aldrich Ltd) treated Milli-Q water, and to facilitate

RNA solubility, the samples were incubated for 10 mins at 55'C. The concentration of

RNA was determined by spectrophotometry, and either used immediately for cDNA

synthesis, or stored at -80'C.

2.2.2. Determination of RNA Concentration

The concentration of RNA in solution was determined by measuring the absorption at 260

nm on a Beckman UV spectrophotometer (Beckman Instruments, Mount Waverley,

Victoria, Australia), assuming that an Azoo of 1.0 represents 40 prglml of RNA. The ratio

of RNA (Azeo) to protein (Azso) provided some indication of the quality and integrity of

RNA isolation.

2.2.3. Reverse Transcription (RT) Polymerase Chain Reaction (PCR) Amplification of

DNA
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2.2.3.1. $¡nthesis o-f Complementary DNA (cDNAl

Total cellular RNA from cells or tissues was prepared with TRIzol, as described

previously. The following components were added to a nuclease-free I.7 ml

microcentrifuge tube: 1 pl of 500 ngl¡rl random hexamers (Oligo-dT, Geneworks,

Hindmarsh, SA, Australia), 2 ¡tg total RNA, and RNase free DEPC treated Milli-Q water

up to 12 ¡r1. The mixture was heated at 70'C for 10 mins and quickly chilled on ice. The

contents of the tube were collected by brief centrifugation and then added to a mixture

containing 4 ¡rl of 5 x first strand buffer, 2 ¡tl of 0.1 M DTT, and 1 ¡rl of 10 mM dNTP mix

(5 mM each of dATP, dGTP, dCTP, and dTTP at neutral pH) (all Fisher Biotec, Wembley,

WA, Australia). The contents of the tube were mixed gently and incubated at 42"C fot 5

mins. One prl (200 units) of SuperScript II RT (Gibco, Invitrogen, Carlsbad, CA, USA)

was added, and mixed by gentle pipetting before incubation at 42"C for t hour. The

reaction was inactivated by heating at 70"C for l0 mins. The sample was rapidly cooled

on ice for 5 mins and collected by brief centrifugation. In order to remove the RNA from

the reaction, and leave cDNA only, 1 ¡rl of 2 Units/pl RNase H (Invitrogen) was added,

mixed, and incubated at 37"C for 20 mins. Finally 80 ¡rl of nuclease free DEPC treated

Milli-Q water was added for a final volume of 100 ¡rl. The cDNA was then used as a

template for amplification by PCR.

3.2 PCR

cDNA was amplified by PCR to generate products corresponding to mRNA encoding the

gene products. Two ¡rl of each cDNA synthesis reaction was utilised as template DNA in

each PCR reaction. Routinely, the cDNA mixture was added to a 0.2 ml flat cap

microcentrifuge PCR tube (Scientific Specialties Incorporated), to which 2 ¡i of 10 x PCR

amplification buffer (10x PCR buffer: 670 mM Tris HCI pH 8.8, 166 mM (NH¿)zSO¿,

4.5Vo Titon-X 100, 2 mglml gelatin, Applied Biosystems, Foster City, CA, USA), I.2 p'l

of 25 mM MgCl2 (Applied Biosystems), 2 ¡il of 2 mM dNTP mixture (Applied

Biosystems), 100 ng (1 pl of 100 ng/¡rl) of each of the appropriate sense and antisense

primers, 0.2 ¡il (1 Unit) of AmpliTaq@ DNA Polymerase (Applied Biosystems), and

DEPC-treated water were added to a final volume of 20 pl. Amplitaq Gold is a 'hot start'

DNA polymerase that has an inactivating protein modification which only permits the

eîzyme to become active at high temperatures. Amplification was achieved using a

Corbett Research thermal cycler or Eppendorf Mastercycler. DNA was amplified under
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the following typical cycle conditions: long denaturation at 95'C for 10 mins (once only

prior to repeating cycle), denaturation at 94"C for 1 min, annealing at the temperature

appropriate for each different primer set for 1 min, and extension at 12"C fot I min. These

three steps were repeated for 22-40 cycles, with a final 10 min extension at 72oC such that

all products were assayed in the exponential phase of the amplification curve. Following

the amplification, PCR products (10 ¡rl of each reaction) were separated on a 27o (wlv)

Type I agarose (Sigma-Aldrich) gel according to molecular weight, and visualised by 1)

staining in 0.5 ¡tg/mI ethidium bromide solution (Sigma-Aldrich) and UV exposute, ot 2)

for quantitation SYBR Gold (Molecular Probes, Invitrogen, Eugene, OR, USA) staining

and exposure under UV light at 570nm.

2.2.3.3. Primers

All primers used in the study are displayed in Table 2.2. Where ovine sequences of

particular genes rwere unavailable, multiple alignments of various species were performed'

Primers were designed to the consensus sequence within regions of high homology.

Multiple sequence alignments are presented in the Appendix with primer site indicated by

bold typeface. The cycle numbers were determined by cycle course analysis, and

annealing temperatures were determined empirically using AmpliTaq Gold in a gradient

thermal cycler.
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Table 2.2: RT-PCR Primers Used In This Study, Product Size, and Manufacturer.

Gene Name Forward Sequence (5' to 3')
Reverse Sequence (5' to 3')

Species and
Accession Number

Product Size
(bp)

Aggrecan

Cbfa-1

Collagen-1

Collagen-10

Collagen-2

GAPDH

LPL

PPARY

Sox-9

Leptin

TGGGAGTGAGGACCGTCTAC

GCTAAGGTCACCTGCACGAC

GGACGAGGCAAGAGTTTCAC

GGTGGCAGTGTCATCATCTG

CCAGTCACCTGCGTACAGAA

GAGACCACGAGGACCAGAAG

AGCCAGGGTTGCCAGGACCA

TTTTCCCACTCCAGGAGGGC

GAGGTGGATGCCACGCTCAA

CAGGT TC TCAT CGC CGTAGCT

GAC C TCCAC TACATGGCC TACA

CCATCCACAGTCTTCTGGGT

TTGGATGGCCTAGGAATCTG

TTGCTTCCTGCAAGTGATTG

TGGACGGTGACAGGAATGTA

ACATCCTGGTTGGAAAGTGC

CATCTTCCAGGGGTGTCAGT

GAGGTCCGTCATTTTCTGGA

GGAGAGC GAGGAGGACAAGT T

CCTGCAGCGCCTTGAAGAT

445

465

456

386

JJI

454

446

486

487

439

Appendix A

Appendix B

Sheep

AF129287

Human#n

NM 000493

Appendix C

Sheep

AF03542r

Sheep

AY278244

Sheep

x68308

Sheep

AY137204

Appendix D

# As published by Gronthos et al (2003)

^ All primers manufactured by Invitrogen (Mount'Waverley, Victoria, Australia), except

for Collagen-lO, which was manufacturecl by Geneworks (Hindmarsh, SA, Australia).
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2. 3. Immunofluoresc enc e Støining and Flow Cytometry

Flow cytometry was performed using an Epics@-XL-MCL analyser (Beckman Coulter,

Fullerton, CA, USA). Cells to be analysed were immunostained with primary antibodies

that recognise specific antigens of interest. Cell populations were analysed on the basis of

the forward and side scatter, which is indicative of cell size and granularity respectively.

2.3.1. Solutions and Buffers

I B

HBSS was supplemented with 0.4Vo (w/v) bovine serum albumin, 4Vo (v/v) normal human

serum (NHS; Red Cross, South Australia), 57o (v/v) FCS and penicillin (50

i.u./ml)/streptomycin sulphate (50 pglml) (JRH Biosciences). The buffer was filter

sterilised through a0.22 pM bottle filter and stored at4"C.

2.3.1.2. Flow Cytometrv Fixative (FACS Fixl

Single strength PBS was supplemented with 0.4Vo (v/v) formaldehyde (407o (v/v) stock,

BDH AnalaR@, Merck, Darmstadt, Germany), 27o (w/v) D-glucose (BDH AnalaR@,

Merck), and 0.02Vo (w/v) sodiu m azide (Sigma-Aldrich).

2.3.2. One Colour Flow Cytometric Analysis

Cells to be analysed were harvested from culture (2 x 105 cells per condition tested) and

pelleted by centrifugation at 1400 rpm for 5 mins at 4"C. Prior to immunolabelling, cells

were incubated in blocking buffer at a concentration of 5 x 106 cells/ml, on ice, for at least

30 mins, to prevent non specific binding to Fc receptors. For each condition,2 x 10s cells

were incubated with 200 ¡rl of antibody, either diluted purified monoclonal antibodies or

neat culture supernatant both at a final concentration of 10 pglml, or isotype-matched

control. After 45 min incubation at 4"C, the cells were washed twice in chilled HHF to

remove unbound primary antibody, and pellets were resuspended in 200 pl HHF

containing 1:50 dilution of fluorescein isothiocyanate (FlTC)-conjugated goat anti mouse

Ig G or M (Southern Biotechnology Associates Inc., Birmingham, AL, USA). Following

incubation with secondary antibody for 45 mins at 4"C, cells were washed twice in chilled
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HHF before fixation in FACS fix. Typically, for each sample 10000 events were analysed

on the flow cytometer and stored as list mode data for further analysis using WinMDI

software (Windows Multiple Document Interface Flow Cytometry Application, 1993-1998

Joseph Trotter).

2.3.3. Fluorescence Activated Cell Sorting (FACS)

Following thawing of sheep bone marrorù/ mononuclear cells, approximately 1 x 107 cells

were pelleted in 14 ml polypropylene round bottom tubes (Falcon, BD Biosciences) and

resuspended in HHF. These cells were then passed through a 70 ¡rm cell strainer to obtain

a single cell suspension, spun again and incubated in 10ml of blocking buffer for at least

30 mins at 4"C. At this point a viable cell count was performed using Trypan blue

exclusion. Cells were then distributed into the required number of 5 ml polypropylene

round bottom tubes (Falcon, BD Biosciences), and incubated with the appropriate primary

antibody (purified at 10 ¡rglml or neat supernatant) or isotype matched control (diluted in

blocking buffer) for at least 45 mins at 4"C. Samples were washed twice in HHF and

incubated with 200-500 ¡rl HHF containing 1:50 dilution of fluorescein isothiocyanate

(FlTC)-conjugated goat anti mouse Ig G of M (Southern Biotechnology Associates Inc.,

Birmingham, AL, USA) at 4"C for approximately 45 mins. After secondary antibody

incubation, cells were again washed twice in HHF, and resuspended in 3 ml HHF.

Suspensions were analysed using FACSIaTPLUS flow cytometer (Becton Dickinson).

Positive fluorescence was defined as the level of fluorescence greater than 997o of the

corresponding isotype matched control antibody. Positive and negative cells were

collected in 5 ml polypropylene round bottom tubes containing 3 ml of u,-MEM-2O and

cultured in 6 well plates.
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Tabte 2.3: Antibodies Used In This Study

Antibody Alternate Names & Specificity Isotype source

t^6.12

185

1D4.5

3G5

AA6

AB11

rnIgM

mIgGt

ntlgGru

tnlgM

dgG'
mIgGt

mIgM

mIgG'

rnlgM

dgGt

mIgM

AC1 1

AC9

B'478

CC9

CD14

CD166

CD31

CD45

CD9O

EB4

H9H11

Isotype-matched negative controVc-Salmonella

Isotype-matched negative controUo-Giardia

Isotype-matched negative controUcr-Salmonella

microvascular pericytes

Glycophorin - A, CD23 5 a, erythrocytes

Endoglin, CD105, endothelial cells, activated

monocytes, macrophages, stromal cells

Integrin CD49blCD29

CD13, granulocytes, monocytes, endothelial

cells, BM stroma, osteoclasts

a human bone/liver/kidney isoform of ALP

MUC-18, CDl46, endothelial cells, smooth

muscle, stromal cells

u ovine CDl4, monocytes/macrophages

ALCAM, activated monocytes, epithelial cells,

fibroblasts, stromal cells, endothelial cells

o ovine CD31, PECAM-I, endothelial cells,

platelets, leukocytes

cl ovine CD45, Leukocyte Common Antigen,

lymphocytes, macrophage, granulocytes

Thy-l, HSC, neurons, connective tissue,

fibroblasts, stromal cells

MUC-18, CDl46, endothelial cells, smooth

muscle, stromal cells

Phagocytic glycoprotein-1 (Pgp-1), H-CAM,

CD44, most cell types, stromal cells

F3.F8.86

F11.F8.E4

c11.G6.412

B4.H8.G6

F4.D10.H8

mIgGt

IgGt

mIgGt

dgGru

rnlgG

mIgGr

rnlgG aSerotec

rnlgG aSerotec

rnIgG 2BD Biosciences

mlgGr uDr. S. Gronthos

mlgGr nDt. P. Simmons

tDr. L. Ashman
8Dr. G. Mayrhofer
tDr. L. Ashman

'ATCC
tDr. L. Ashman
uDr. S. Gronthos

'ATCC
6Dr. S. Gronthos

,DSHB

uDr. S. Gronthos

aSerotec

2BD Biosciences

toDr. A. Zannettino
toDr. A. zannettino
toDr. A. Zannettino
toDr. A. Zannettino
toDr. A. Zanneftino

Hyb A

Hyb B

Hyb E

Hyb H

Hyb I
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XB1

Table 2.3: Antibodies Used In This Study Continued

Antibody Alternate Names & Specificity Isotype Source

QE4G9 cr ovine VCAM-I, CD106, endothelial cells, rolgG

myeloid cells, stromal cells

Erythroid, stromal cells, CFU-F, endothelial mIgM

cells

Endoglin, CD105, endothelial cells, activated IgGt

monocytes, macrophages, stromal cells

tDr. R. Krishnan

STRO-1
nDr. P. Simmons

6Dr. S. Gronthos

TATCC American Type Culture Collection, Manasas, VA, USA

2BD Biosciences, Becton Dickinson, Franklin Lakes, NJ, USA

3DSHB, Developmental Studies Hybridoma Bank, University of Iowa, IA, USA

aSerotec, Oxford, England

tDr. L. Ashman, University of Newcastle, NSW, Australia

uDr. S. Gronthos, Institute of Medical and Veterinary Science, Adelaide, Australia

tDr. R. Krishnan, Queen Elizabeth Hospital, Adelaide, Australia

tDr. G. Mayrhofer, University of Adelaide, Australia

nDr. P. Simmons, Peter MacCallum Cancer Institute, Melbourne, Australia

t0Dr. A. Zannettino, Institute of Medical and Veterinary Science, Adelaide, Australia
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2.4. Anatysis of Cetl Surface Antigens by Immunoprecípitation with Monoclonal

Antibodies

2.4.1. Solutions and Buffers

2.4.1.1. EDTA (TSE)

50 mM Tris-HCl (Sigma-Aldrich), 150 mM sodium chloride (Univar, Ajax Finechem), 1

mM EDTA (BDH AnalaR@, Merck),0.1% sodium azide (Sigma-Aldrich), pH 8'0

2.4.1.2. 17o NP40-TSE

I7o (vlv) Nonidet P40 (NP40, Fluka Chemie, Sigma-Aldrich, Buchs, Switzerland), 50 mM

Tris-HCl, 150 mM sodium chloride, 1 mM EDTA, 0.17o sodium azide, in water, pH 8.0.

2.4. 1.3. 0. 17o NP40-TSE

o.lVo (vlv) Nonidet P40,50 mM Tris-HCl, 150 mM sodium chloride, 1 mM EDTA,0.lVo

sodium azide, in water, pH 8.0.

2.4.1.4. Inhibitor

One Complete Protease Inhibitor Cocktail Tablet (Roche Molecular Biochemicals,

Mannheim, Germany) was dissolved in I ml water to produce a 50 x stock solution.

2.4.2. Biotinylation of Cell Surface Antigens and Preparation of NP40 Lysates

Biotinylated cell surface lysates were essentially prepared as described previously (Cole et

aI.,1987). Approximately 1 x 108 cells were washed three times in cold PBS, counted, and

resuspended in PBS at a concentration of I x 108 cells per ml. Cell surface antigens were

biotinylated with Sulfo-NHS-Biotin (Pierce Biotechnology, Rockford, IL, USA), by

addition of 2.2 mg dissolved in 50 ¡rl PBS per 108 cells. The mixture was incubated on ice

for 30 minutes with occasional gentle mixing. Biotinylated cells were subsequently

washed three times in cold PBS, and resuspended at2 x 107 cells/ml in cold PBS. Protease

inhibitor was added to the cell solutioî at a final concentration of 2 x, prior to cell lysis, so
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as to prevent endogenous proteases released from lysed cells from degrading the proteins

within the lysate. Lysates were prepared by addition of an equal volume (to total cell

solution volume) of lVo NP4O-TSE and incubated on ice for 30 mins with occasional

gentle mixing. The mixture was centrifuged at 1400 rpm for 10 mins at 4"C, and 1 ml

aliquots of supernatant were carefully transferred to fresh tubes and used immediately for

immunoprecipitation or stored at -20'C. Prior to use lysates were centrifuged at 14000

rpm for 10 mins at 4"C to remove cell nuclei and debris.

2.4.3. Preparation of Unbiotinylated NP40 Lysates for Cell Surface Antigen Analysis.

Approximately 2 x 107 cells were washed three times in cold PBS, counted and

resuspended at a concentration of 2 x 108 cells/ml. Protease inhibitor must be added prior

to cell lysis to prevent endogenous proteases released from lysed cells from degrading the

proteins within the lysate. Protease inhibitor was added to cell solution to a final

concentration of 2 x. An equal volume (to total cell solution volume) of l7o NP40 in TSE

was added to cells and incubated on ice for 30 mins with occasional gentle mixing. The

mixture was centrifuged at 14000 rpm for 10 mins at 4"C and supernatant was carefully

transferred to a fresh tube and stored at -20"C.

2.4.4. Pre Clearing Lysate

In order to remove non specific binding of cell lysates to Dynabeads@ (Dynal@, Invitrogen,

Oslo, Norway), the lysate was pre-cleared. For each IP, 25 ¡rl uncoated Dynabeads@

(appropriate for primary antibody isotype) were washed three times in a solution of I7o

NP40 with 0.5 x protease inhibitor. Briefly, solution was added to tube, inverted, and

placed on a magnet for at least 30 seconds to separate beads from the wash solution.

Supernatant was carefully removed and fresh solution replaced immediately. Following

the third wash, cell lysate was added to the washed beads and the mixture placed on a

nutator or rotator at4C overnight.

2.4.5. Arming of Dynabeads with Monoclonal Antibodies

Primary antibodies of interest for immunoprecipitation were armed with appropriate

isotype matched Dynabeads. For each IP, 50 ¡rl of Dynabeads were washed three times in

0.1% BSA in PBS. Either 3 ¡rg of purified monoclonal antibody or 500 ¡rl supernatant
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antibody was added to the washed beads. The mixture was placed on a nutator or rotator at

4'C overnight.

2.4.6. Immunoprecipitation from N P40 Lysates

Beads armed with antibody of interest were washed once in 0.17o BSA in PBS, and then

washed once in 17o NP4O-TSE with 0.5 x protease inhibitor. Concurrently, the lysate

incubated with beads for pre clearing was placed on a magnet to separate beads from

lysate. The lysate supernatant was removed and retained, and beads (containing non

specifically bound protein) were discarded. Thus pre cleared lysate was added to the

armed Dynabeads and incubated on a nutator or rotator at 4"C for 2 hours.

Following incubation, the bead/lysate mixture was washed three times in lVo NP4O-TSE,

twice in O.lVo NP4O-TSE and finally once in TSE. During the TSE wash and prior to

placement on the magnet, the solution was transferred to a Ll ml microcentrifuge tube.

After removal of the TSE on the magnet, lysate bound beads were resuspended in 20 pl of

1 x non reducing or reducing buffer. Samples were then boiled for 5 mins to facilitate

removal of protein from the beads

2.5. Protein Gel Electrophoresis: Sodium Dodecyl Sulphate Polyacrylami.de Gel

Electrophoresis (SDS -PAGE )

2.5.1. Buffers and Reagents

2.5.1.1. Reducine Sample Buffer

1 ml 0.5 M Tris-HCl, pH 6.8, 800 ¡rl glycerol (Univar, Ajax Finechem), 1.6 ml 107o SDS

(BDH AnalaR@, Merck), 400 ¡rl p-mercaptoethanol (Gibco, Invitrogen), 200 ¡il 0.05Vo

bromophenol blue (BDH AnalaR@, Merck) and4 ml Milli-Q water.

2.5.1.2. Non Reducing Sample Buffer

1 ml 0.5 M Tris-HCl, pH 6.8, 800 pl glycerol, 1.6 ml 10% sDS, 200 pl 0.05vo

bromophenol blue and4.4 ml Milli-Q water.

2. 5. l. 3. Electrophoresis Runnins Buffer

0.37oTns-HCl,l.447o Glycine (Unilab, Ajax Finechem),0.17o SDS, pH 8.3 in water
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2.5.1.4. Semi Dry Tran;fut Bufut

0.37oTis-HCl,l.44Vo Glycine, 20VoMethanol (Univar, Ajax Finechem), pH 8.3 in water.

2. 5.2. PolyacryIamide Gel P reparation

To analyse cell surface antigens following immunoprecipitation, protein samples were

separated on a I\Vo acrylamide SDS-PAGE gel. The constituents of a lÙVo gel are as

follows: 6.7 ml307o Acrylamide Mix (Bio-Rad Laboratories), 5.0 ml 1.5 M Tris pH 8.0,

0.2 ml 107o SDS, and 7.9 ml water. Immediately prior to pouring, 8 Pl TEMED (MP

Biomedicals, Irvine, CA, USA) and 0.2 ml I}Vo ammonium persulphate (APS, Sigma-

Aldrich) were added to the gel solution. After pouring the gel was immediately overlaid

with water. Following polymerisation of the acylamide, a stacking gel was prepared,

consisting of L7 mI30Vo Acrylamide Mix, 1.25 mL1.5 M Tris pH 8.0, 0.1 ml 10% SDS,

and 6.8 ml water. Similarly, 1 pTI TEMED and 0.1 ml IOTo ammonium persulphate (APS)

were added to the gel solution immediately prior to pouring, and once poured, overlaid

with water.

Approximately 25 to 30 pl of each sample was loaded into wells of the acrylamide gel, and

a similar volume of sample buffer was loaded into empty lanes to maintain a level running

buffer front. The size of the immunoprecipitated protein s were estimated by comparison

with the pre-stained protein molecular weight standard, SeeBlue@ Plus 2 (Invitrogen). The

gel was electrophoresed at 20 mA until the bromophenol blue buffer front entered the

separating gel, at which point the voltage was raised to 30 mA until the bromophenol blue

buffer front migrated to the end of the gel.

2.5.3. Coomassie Blue Staining

To prepare stain,O.lVo (wiv) Coomassie Blue (Sigma) was added to a solution of 50Vo

(v/v) methanol in water. Prior to use, acetic acid was added to a final concentration of

IO% (v/v). Acrylamide protein gels were stained for 2 hours with gentle agitation at RT.

To improve the resolution of Coomassie staining, gels were subsequently destained in a

solution of 5Vo (v/v) methanol in water. Just before use, acetic acid was added to destain

solution to a final concentration of 7.5Vo (v/v). Acrylamide protein gels were destained for
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at least 2 hours with gentle agitation at RT. Sponges were placed in solution to aid this

process and when required, fresh destain was exchanged.

2.5.4. Silver Staining

The silver staining method for protein detection was initially developed by Switzer et al

(1979), and is a more sensitive technique than Coomassie staining for the identification of

protein samples (Switzer et a1., 1979). All incubations were performed at RT. SDS-PAGE

acrylamide gels were prefixed in a solution of 50Vo (v/v) methanol, lÙVo (v/v) acetic acid

in water for 30 mins. Gels were then gently rocked for a further 30 mins in a solution of

5Vo (vlv) methanol and 7Vo (v/v) acetic acid in water. Gels were soaked overnight in a

large volume of water, and rinsed in fresh water for 30 mins the following morning. A

solution of 5 mg/ml dithiothreitol (DTT) (Sigma-Aldrich) in water was prepared, and gels

soaked for 30 mins. Without rinsing the DTT solution was decanted and a solution of

O.lVo (wlv) silver nitrate (Rhone Poulenc, France) was added and incubated for 30 mins.

The silver solution was decanted, and the gel rinsed briefly once with a splash of water,

and then a splash of developer solution (solution will turn silvery brown). Developer

solution consisted of 50 prl 37Vo (v/v) formaldehyde in 100 ml3Vo sodium carbonate (BDH

AnalaR@, Merck) in water. Following the quick rinse in developer solution, fresh solution

was added and gently rocked under close observation until staining was sufficient. The

reaction was stopped by the addition of 57o (v/v) acetic acid in water. Following

rehydration in water the gel was preserved by vacuum drying at 80'C.

2.5.5. Detection of Cell Surface Antigens by Immunoblotting/Western Blotting

2. 5. 5. 1. Identification B i o t int¡ lat e d Lt¡ s at e s

Following gel electrophoresis, proteins were transferred onto Hybond PVDF membrane

(Amersham Biosciences, Buckinghamshire, UK) overnight at 20 mA using a blotting

apparatus (Hoefer Scientific Instruments, San Francisco, CA, USA). Note the membrane

was soaked in methanol for 5 mins prior to transfer assembly. Following transfer non

specific binding sites were blocked for t hour at RT in 5Vo (w/v) skim milk powder in IVo

Tween-2Q (Sigma-Aldrich) in PBS (PBST). The membrane was then rinsed briefly three

times in PBST, and then washed 3 x 5 mins in PBST. Samples were subsequently rocked

for 45 mins at RT in streptavidin-alkaline phosphatase conjugate (2 mglml, Molecular
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Probes, Invitrogen) diluted 1/4000 in PBST. The membrane was rinsed three times and

washed3x5minsinPBST.

To visualise nitrocellulose staining and thus localisation of biotinylated protein, the

membrane was incubated for 2 mins in Vistra ECF substrate (Amersham Biosciences) and

scanned using ECF Blue Program Typhoon at 100 ¡rM at 600V.

2.5.5.2. Western Blottine with HSP-90 Antibod))

Following gel electrophoresis, proteins were transferred onto Hybond PVDF membrane

(Amersham Biosciences, Buckinghamshire, UK) overnight at 20 mA using a blotting

apparatus (Hoefer Scientific Instruments, San Francisco, CA, USA). Note the membrane

was soaked in methanol for 5 mins prior to transfer assembly. Following transfer non

specific binding sites were blocked for t hour at RT \n 5Vo (w/v) skim milk powder

MANUF in lVo Tween-20 (MANUF) in PBS (PBST). The membrane was then rinsed

briefly three times in PBST, and then washed 3 x 5 mins in PBST. Following blocking and

PBST washes, the nitrocellulose membrane was incubated in Heat Shock Protein-9O mAb

(HSP-90 o/P H-l 14,2O0 ¡-rg/ml, Santa Cruz Biotechnology, Santa Cntz, CA, USA) diluted

1/600 in block solution for t hour. The membrane was rinsed and washed in PBST as

specified earlier, and incubated in sheep anti rabbit IgG alkaline phosphatase (Amersham

Life Sciences) diluted ll200} in blocking solution for t hour at RT. After

immunolabelling, the membranes were rinsed three times and washed 3 x 5 mins in PBST,

and subsequently reacted with Vistra ECF substrate (Amersham) and scanned using ECF

Blue Program Typhoon Fluorimager (Molecular Dynamics) at 100 pM at 600V.

2.6. Xenotransplantation of Ovine Cells

All procedures described below were performed after obtaining approval from the Animal

Ethics Committee of the University of Adelaide and the Royal Adelaide Hospital/IMVS,

South Australia for the duration of the project. The animals used were six week old SCID

or Nude mice and were housed in sterile microisolator cages in the sterile barrier room 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 anaesthetised by a gas mixture of nitrous oxide (0.4 L/min), oxygen (1.0 L/min)
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and 2-37o halothane. Animals were maintained under anaesthesia with reduced air flow

with l-2Vo halothane.

2.6.1. Ectopic Bone AssaY

2.6.1.1. Preoaration Cells and Scaffolds

This technique for ectopic bone formation in vivo is essentially as described by Gronthos

et al (Gronthos et a1.,2003). Adherent MSC from two separate sheep BM donors were

harvested by trypsin digestion, passed through a 70 pm cell strainer to ensure cultures were

in single cell suspension and resuspende d at2 x 106 cells/ml in u,-MEM-10. To prepare the

scaffold, 40 mg of hydroxyapatite/tricalcium phosphate ceramic particles (Zimmet

Corporation, Warsaw, IN, USA) were washed in 1 ml cl-MEM-lO media for 30 mins at

37oC on a nutator. The particles were then centrifuged at 1000 rpm for 2 mins to collect,

and supernatant was aspirated. For each transplant, 2 x 106 cells in 1 ml media was added

to the ceramic particles and incubated on a nutator at 37"C for approximately t hour to

facilitate attachment of the cells to the scaffold. Samples were gently centrifuged at 1000

rpm for 2 mins and the supernatant was aspirated. To the cell/particle aggregate, 20 prl of

fibrinogen and 20 ¡rl thrombin were sequentially added and carefully combined, forming a

fibrin glue to consolidate the cell scaffold composite.

2.6.1.2. Implantation of CelI Preparations

Six week old SCID mice were anesthetised as described above and shaved on the dorsal

side parallel to the shoulders. The site of incision was swabbed with a sterile isopropanol

wipe. A 1 cm longitudinal incision was made centrally along the skin using small curved

scissors. The skin lateral to the incision was teased away from the underlying tissue using

blunt scissors to form a pocket behind the shoulder. This procedure was then repeated on

the contralateral side. Following this, one ceramic particle-cell aggregate was inserted into

each subcutaneous pocket. The opening in the skin was closed by applying2to 3 sterile

wound clips. The wound was washed liberally with Betadine and the mice were allowed to

recover in clean microisolator cages.
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2.6. 1. 3. Tis sue Prore;;tne

After 8 weeks, mice were euthanized and transplants were recovered. Excess

subcutaneous tissue was trimmed and transplants were cut in half. Samples were fixed

overnight in 47o (v/v) formaldehyde in PBS at 4"C. The following morning, transplants

were washed three times in PBS and decalcified for 14 days in a solution of buffered IïVo

EDTA (BDH AnalaR@, Merck) (pH 8.0), which was replaced daily. After decalcification,

samples were placed again in 4Vo (v/v) formaldehyde in PBS at 4"C, prior to embedding in

paraffin.

2.6.2. In Vivo Chondrogenesis Assay

2.6.2.1. Preoaration Cells and Scaffolds

Prior to transplantation, cryopreserved ovine MSC and cultured chondrocytes were thawed

into flasks containing o-MEM-1O. One day prior to surgery, media and scaffolds were

prepared. Double strength chondrogenic media consisted of 2 x DMEM (high glucose)

supplemented with ITS+ Premix, penicillin (100 i.u./ml)/streptomycin sulphate (100

pglml), 4 mM L-glutamine, 200 ¡rM L-ascorbate-2-phosphate, dexamethasone (2 x 10-7

M),27o BSA in DMEM, 1 mM 2-lr4E, and growth factor TGF-PI (20 nglml). The solution

was filter sterilised prior to use and stored at 4"C.

Using sterile technique under laminar flow hood, Gelfoam sponge was cut to

approximately 10 x 8 mm squares. Ethisorb (VicrylÆolyglactin 910 and Poly-P-

Dioxanon, Codman, MA, USA) scaffold was cut into discs of approximately 1 cm in

diameter. The required number of scaffolds were transferred to a 50 ml polypropylene

tube containing cr-MEM (without serum) and gently washed overnight at RT on a nutator.

On the day of surgery the scaffolds and cells were prepared for seeding and subsequent

transplantation. Using a cut off tip, sodium hyaluronate (l.4Vo Healon GV, Pharmacia AB,

Sweden) was mixed 1:1 with chondrogenic media. The mixture was vortexed intensively

to form an emulsion. Cells were detached by trypsin digestion, washed twice in HHF, a

cell count performed, and were resuspended in chondrogenic media at a concentration of 1

x 108 cells/ml.
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2.6.2.2. As of Gelfoam Transnlant Us s Fibrin Glue

To a round bottom cryovial (Greiner Bio-One), 20 ¡l of fibrinogen (gift from Rick

Tocchetti, IMVS, Adelaide, Australia) was added. With forceps, the Gelfoam gelatin

sponge (Pharmacia & Upjohn, Kalamazoo, MI, USA) was carefully removed from the

wash solution, and placed on sterile gauze to draw excess liquid. Chondrogenic media (20

prl) was blotted onto the sponge by gentle rolling of the scaffold whilst adding media, to

ensure liquid was evenly distributed. Thus the same static seeding technique was

employed for chondrocyte media containing MSC (therefore 2 x 106 cells). The scaffold

with or without cells was then placed at the bottom of the cryovial containing fibrinogen,

and20 prl of thrombin (gift from Rick Tocchetti, IMVS, Adelaide, Australia) was dotted on

the scaffold to cross link and retain cells within the sponge. To facilitate mixing of the

fibrin glue, the transplant was delicately moved around with a pipette tip, taking care not to

damage the scaffold. After 5-10 mins the fibrin glue had congealed and the scaffold was

overlaid with 200 ¡rl of chondrogenic media. Samples were kept on ice and transported

immediately to theatre.

2.6.2.3. As of Ethisorb Transplant Usins Fibrin GIue

To a round bottom cryovial (Greiner Bio-One), 20 ¡i of fibrinogen was added. With

forceps, the Ethisorb discs were carefully removed from the wash solution, and placed on

sterile gaùze to draw excess liquid. To the fleecy (cream) side of one disc, 10 ¡rl of

fibrinogen was added. To another disc, 10 pl of thrombin was added to the fleecy cream

face. Next, 10 pl of cells in chondrocyte/hyaluronate media was blotted onto each disc,

and the two discs were folded together in a sandwich like anangement, ensuring the cream

fleecy surfaces were facing one another. These discs were then carefully transferred to the

cryovial containing fibrinogen, and 20 pl of thrombin was dotted on the scaffold to

consolidate. To facilitate mixing of the fibrin glue, the transplant was delicately moved

around with a pipette tip, taking care not to dislodge the scaffold components. The same

static seeding technique was employed for control samples containing chondrocyte media

and hyaluronate only. After 5-10 mins the fibrin glue had congealed and the scaffold was

overlayed with 200 prl of chondrogenic media. Samples were kept on ice and transported

immediately to theatre.
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2.6.2.4. Implantation of Cell Preparations

Six week old SCID mice were anesthetised as described above and shaved on the dorsal

side parallel to the shoulders. The site of incision was swabbed with a sterile isopropanol

wipe. A I cm longitudinal incision was made centrally along the skin using small curved

scissors. The skin lateral to the incision was teased away from the underlying tissue using

blunt scissors to form a pocket behind the shoulder. This procedure was then repeated on

the contralateral side. A second incision was made posteriorly to the initial incision, to

allow the transplantation of two additional transplants, using the same procedure outlined

above. Following this, one scaffold was inserted into each subcutaneous pocket. The

opening in the skin was closed by applying2to 3 sterile wound clips. The wound was

washed liberally with Betadine and the mice were allowed to recover in clean

microisolator cages.

Following transplantation, cell counts using Trypan blue were performed on the media

overlaying the scaffold to determine the loss of cells from the transplant into the

surrounding supernatant.

2.6.2. 5. Tissue P roce s sing

After 6 weeks, mice were euthanized and transplants were recovered. Excess

subcutaneous tissue was trimmed and Ethisorb transplants were cut in half. Samples were

fixed for 48 hours in 47o (v/v) formaldehyde in PBS at 4"C prior to embedding in paraffin.

2.7. Autologous Transplantation of Ovine MSC

Merino cross sheep 8 to 10 weeks of age were used and were selected to be of similar size

and weight. All procedures were sanctioned by the institutional animal ethics committee

and performed under sterile conditions.

2.7.1. Isolation of Autologous Bone Marrow Aspirates

Bone marrow was harvested from five lambs at 8 weeks of age, approximately two weeks

prior to growth plate surgery. Lambs were masked with Isoflurane and 10-20 ml of bone

maffow was collected as described in Section 2.I.3.1. Post-biopsy analgesia, anti-
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inflammatory, and antibiotic were administered consisting of Flunixin meglumine

(Flunixil, Troy Laboratories, Smithfield, NSW, Australia, 2 ^glkÐ and Gentamycin

(DBL, 1.6 mglkg) respectively.

Collection of the MNC population from each maffow was performed following the

technique outlined in Section 2.I.3.I, using density gradient centrifugation. Single cell

suspensions of MNC were plated at approximately 6.4 to I0.2 x 104 MNC/cm2. MSC were

thus isolated according to plastic adhering capability and non adherent cells were removed

after three days. Cells were cultured in o-MEM-2} and incubated at3'7"C in the presence

of 57o COz. By 8 days, most flasks were approaching confluence, so cells were passaged

at lower density in cI-MEM-IO. Once confluent again (P1), cells were cryopreserved to

minimise passaging of MSC prior to transplantation.

2.7.2. Preparation of Scaffolds for Transplantation

Two days prior to transplantation, cryopreserved lamb MSCs were thawed into flasks

containing a-MEM-10. One day prior to surgery, media and scaffold were prepared.

Double strength chondrogenic media consisted of 2 x DMEM (high glucose) supplemented

with ITS+ Premix, penicillin (100 i.u./ml)/streptomycin sulphate (100 pglml), 4 mM L-

glutamine, 200 pM L-ascorbate-2-phosphate, dexamethasone (2 x l0-7 M),27o BSA in

DMEM, 1 mM 2-ME, and growth factor TGF-81 (20 nglml). The solution was filter

sterilised prior to use and stored at 4"C. Using sterile technique under laminar flow hood,

Gelfoam sponge was cut to approximately 10 x 8 mm squares. The required number of

scaffolds were transferred to a 50 ml polypropylene tube containing cl-MEM (without

serum) and gently washed overnight at RT on a nutator.

On the day of surgery the scaffolds and cells were prepared for seeding and subsequent

transplantation. Using a cut off tip, 500 ¡rl sodium hyaluronate (l.4Vo Healon GV) was

added to 4.5 ml of 2 x chondrogenic media. The mixture was vortexed intensively to form

an emulsion. Autologous lamb MSC were detached by trypsin digestion, washed twice in

HHF and a cell count performed. MSC were resuspended in double strength chondrogenic

media at 6.6 x 107 cells/ml, and mixed thoroughly to minimise the potential of cell

aggregates.
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To a round bottom cryovial (Greiner Bio-One), 30 ¡r1 of fibrinogen was added. With

forceps, the gelfoam sponge was carefully removed from the wash solution, and placed on

sterile gaùze to draw excess liquid. Chondrogenic media (60 ¡rl) was blotted onto the

sponge by gentle rolling of the scaffold whilst adding media, to ensure liquid was evenly

distributed. Thus the same static seeding technique was employed for chondrocyte media

containing MSC (therefore 4 x 106 ceils). The scaffold with or without cells was then

placed at the bottom of the cryovial containing fibrinogen, and 30 prl of thrombin was

dotted on the scaffold to cross link and retain cells within the sponge. To facilitate mixing

of the fibrin glue, the transplant was delicately moved around with a pipette tip, taking care

not to damage the scaffold. After 5-10 mins the fibrin glue had congealed and the scaffold

was overlaid with 500 pl of chondrogenic media. Samples were kept on ice and

transported immediately to theatre.

On the completion of surgery, cell counts were performed on the media overlaying the

scaffold to determine the loss of cells from the transplant into the surrounding supernatant.

2.7.3. Creation of Growth Plate Defect

Prior to surgery, animals were measured for post surgery body weight. Lambs were

sedated by intravenous administration of thiopentone sodium BP (Pentothal,25 mglkg, 500

mg, Abbott Australasia, Botany, NSW. Australia) into the external jugular vein. Following

intubation (7.5 mm outside diameter endotracheal tube), general anaesthesia was induced

with halothane (l.SVo in 2:I oxygen:air, 12 Llmin, NOz at 4). The site of surgery was

shaved, scrubbed and sterilised with betadine to minimise infection. A longitudinal

incision was made on the medial side of the leg, exposing the proximal tibia. The bone

periosteum was lifted to expose the growth plate. Using a2 mm dental burr, a defect of 10

mm deep x 10 mm wide x 5 mm high was created. Bone fragments were removed by

constant irrigation with sterile saline, and additionally to minimise heat damage to the

growth plate during drilling. The defect site was then immersed in 100 pl of 1 Unit/ml

Chondroitinase ABC (Sigma-Aldrich), which was removed by aspiration and blotted dry

after 5 mins. Titanium Kirschener wires (K-wires) were inserted perpendicular to the

growth plate, proximally and distally to the defect site using a template of 20 mm

separation. Caution was taken to avoid the joint cavity and superfluous wire was trimmed

flush to the bone surface.
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Four groups were included in the experiment. Each lamb was assigned two treatment

groups, one for each hind leg, to allow for contralateral comparison within animals. Two

weeks prior to surgery, autologous bone marrow was harvested from five lambs, these

subjects received 1) scaffold plus MSC to growth plate injury, 2) scaffold without MSC to

growth plate injury. Four lambs which did not undergo bone marrow harvest were

assigned 3) growth plate defect with no treatment, and 4) growth plate intact (K-wires

only), a control to measure the normal growth rate.

Following transplantation of engineered tissue, the periosteum was sutured over the defect,

retaining the scaffold within the defect site. Subcutaneous tissue was closed and sutured.

At the conclusion of the surgical procedure, the long acting analgesic Bupivacaine

hydrochloride monohydrate was administered intramuscularly to each leg at several points

around the injury site (Marcain0.5Vo, Astra Zeneca, North Ryde, NSW, Australia, 5mg/ml,

5ml per leg,). Each leg also received intramuscular injection of antibiotic Cephalothin

sodium (Keflin, DBL, lglvial, 40 mg/kg) and analgesic/anti-inflammatory Flunixin

meglumine (Flunixil, Troy Laboratories, 2 mg/kg). Once the animal had recovered from

the anaesthesia, on the day of surgery X-rays were taken of each operated leg.

2.7.4. Post Operative Care

Lambs were closely monitored post operatively for any signs of pain or distress, and

recovered resiliently from the anaesthetic. As a precaution, animals were administered

Flunixin meglumine (Flunixil, Troy Laboratories, 2 mg/kg) on day 1 post surgery, and

additionally received Gentamycin (DBL, 1.6 mg/<g) and Benzyl penicillin sodium

(Benpen, CSL, Parkville, Victoria, Australia, 600 mg, 4.48 mglkg) for 3 days following

surgery.

2.7.5. Euthanasia, Perfusion Fixation, and Tissue Collection

2.7.5.1.0.2 M Buffer

To prepare O.2Mphosphate buffer, 7.8 g of sodium dihydrogen phosphate (NaHzPO+.HzO,

Univar, Ajax Finechem) and 21.4 g of disodium hydrogen phosphate (NazHPO+, Univar,

Ajax Finechem) were added to 800 ml of MQ water, and once dissolved the solution was

topped up to I L.
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2.7.5.2. 0. 1 M Phosohate with I%o Sodium Nitrite

To prepare this solution,20 gof sodium nitrite (NaNO2, Sigma-Aldrich) was dissolved in 1

L of 0.2 M phosphate buffer, and mixed with 1 L of MQ water.

On the day prior to euthanasia, a second X-ray was performed for each leg, of the proximal

tibia and joint. All animals used in this study were sacrificed five weeks post operatively.

In order to perfuse, fix, and collect tissue specimens, animals were sedated and general

anaesthesia was induced as described in Section 2.7.3. The femoral artery and vein were

exposed and excess tissue and nerve were carefully separated from vessels. The femoral

artery was catheterised with a 0.8 mm intravenous catheter. The femoral vein was also

catheterised to allow flow through of liquid during perfusion. All tubes were flushed with

100 U/ml heparin in saline (stock 1000 U/ml, DBL, part of Mayne-Pharma, Lake Forest,

IL, USA). Heparin was also flushed into the artery, and a smaller volume into the vein.

The leg was then perfused with 500m1 of l% sodium nitrite in 0.1 M phosphate buffer.

During the sodium nitrite perfusion, the animal was euthanizedby an overdose of sodium

pentobarbitone (10m1, Lethabarb, Virbac, Milperra, NS'W, Australia). Subsequently, each

leg was perfused with 500 ml of lOVo búfered formalin (courtesy of Department of

Histopathology, WCH). The hind leg was removed and the distance between Kirschener

wires measured. Soft tissue was stripped, and the injury site was excised using a saw. The

excised portion containing the defect was then cut in half (cross section) using an Isomet

Low Speed Saw (Buehler Ltd, Lake Bluff, IL, USA) and placed in a solution of ll%o

buffered formalin for 48 hours. The other half was wrapped in saline gauze and stored at -

80"C. Following fixation, the sample was briefly washed in saline before decalcification

in Immunocal (United Biosciences, Carindale, Qld, Australia) for at least'72 hours. These

samples were then washed for t hour in MQ water and transferred to '707o ethanol ready

for paraffin embedding.

2.8. Histochemistry

2.8.1. Parffin Embedding

After decalcification, bone samples to be embedded in paraffin wax were relocated to

plastic embedding cassettes, and routinely processed for paraffin embedding.
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2.8.2. Sectioning of Tissue

Paraffin sections were cut onaLeitz 1512 microtome. Sections were floated on a 50oC

water bath and carefully transferred to SuperFrostrM slides (Menzel-Glaser, Braunschweig,

Germany). Slides and sections were allowed to dry overnight at room temperature.

2.8.3. Histological Støining of Parafft'n Embedded Tissue

2.8.3.1. Haematox.vlin and Eosin

Paraffin sections were heated overnight at 65"C. On the following day, sections were

dewaxed in the xylene substitute solvent Solv2lC (United Biosciences) and rehydrated

through a series of ethanol washes (2 x 1007o and 1 x 70Vo) to water. Sections were then

stained with Haematoxylin (Sigma-Aldrich) for 2-5 mins, rinsed thoroughly in water and

differentiated in lithium carbonate (Sigma-Aldrich). Following another extensive wash in

water, sections were stained in Eosin (Sigma-Aldrich) for I-2 mins, and rinsed in water.

The sections were sequentially dehydratedinTOTo ethanol, l00Vo ethanol to Solv2lC and

mounted using Fast Dry Mounting Media (United Biosciences) mounting solution.

2.8.3.2. Alcian Blue

To prepare solution, I7o AIcian blue (Sigma-Aldrich) was dissolved in 3Vo (v/v) glacial

acetic acid (Ajax Finechem) in water. Solution was agitated for 2 hours with a magnetic

stirrer under gentle heat. Using NaOH, pH was carefully adjusted to pH 2.5, and solution

stored at 4"C.

To stain paraffin embedded sections with Alcian Blue, samples were dewaxed and

rehydrated through a series of washes (2x6 mins Solv21C, 1 x 3 mins I00Vo ethanol,2 x 3

m\ns JOTo ethanol) to water. Sections were immersed in Alcian Blue solution for 40 mins

at RT, and then rinsed well in water. If required, samples were counterstained with

Haematoxylin and Eosin, prior to dehydration and mounting'
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2. 8. 4. Immunohi s t o chemi st ry

Following heating overnight at 60"C, paraffin embedded sections were dewaxed and

rehydrated through a series of decreasing ethanol concentration washes (2 x 1007o, and 1 x

707o) to water. Sections were quenched in IVo (vlv) hydrogen peroxide (HzOz, Univar,

Ajax Finechem) in PBS for 30 mins to inhibit endogenous peroxidase activity, and then

washed twice in water for 5 mins each. Antigen retrieval was undertaken using 1 pglml

Proteinase K (Roche Molecular Biochemicals) in PBS for 15 mins at RT. Two 5 min

washes in water, and one wash in PBS ensued. Slides were then soaked in O.2Vo glycine

(Unilab, Ajax Finechem) in PBS for 30 mins to block the remaining reactive sites of the

fixative, and then washed twice in water. Sections were blocked in l7o casein (Roche

Diagnostics) in PBS containing l}Vo pig/rabbilsheep serum for 90 mins at RT. After

blocking, sections were briefly washed in PBS and primary antibody (diluted in block

solution) was added. In these studies, the primary antibodies used were Col-Z (Santa Cruz)

(diluted 1/600), and deer type 10 Collagen (diluted 1/600, kindly provided by Dr Gary

Gibson at the Henry Ford Clinic, Detroit, USA). Incubation time with primary antibody

was either 2 hours at RT or overnight at 4"C, both in a humidified chamber. The sections

were washed in 0.017o Tween-2O in PBS for 5 mins, followed by two 5 min washes in

PBS. Biotin conjugated multi link swine o goat, mouse, rabbit secondary antibody

(DAKO, Glostrup, Denmark) was diluted in I7o block and incubated on sections for I hour

at RT in a humidified chamber, followed by 3 x 5 min washes in PBS. Streptavidin ABC

HRP complex (DAKO) was prepared 30 mins prior to use, incubated on slides for t hour,

and then removed by 3 x 5 min washes in PBS. Liquid DAB + chromagen (DAKO)

substrate was added to sections and left at RT until colour developed. Sections were rinsed

in water, counterstained in Haematoxylin, differentiated in lithium carbonate, dehydrated

through washes in increasing ethanol to Solv2lC and xylene (BDH AnalaR@, Merck), and

finally coverslipped.

2.9. Growth Plate Iniury Measurements and Statistical Analysis

The measurement of different tissue types with lamb growth plate defects was performed

using the Olysia BioReport software imaging system (Olympus Corporation, Tokyo,

Japan). Measurements were taken within a defined area adjacent to the intact growth plate

and calculated as the percentage of the total area measured. The measurements for each

group were combined and compared for statistical significance using either a paired t-test
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or for non parametric data, the Mann-Whitney test. Statistical significance was confirmed

where p<0.05.
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CHAPTER 3

ISOLATION AND IN VITRO CHARACTERISATION OF THE PROLIFERATIVE

AND MULTIPOTENTIAL DIFFERENTIATION CAPACITY OF OVINE BONE

MARROW.DERIVED MESENCHYMAL STEM CELLS

3.T lntroduction

The constitutively active process of haematopoiesis (blood formation) within the bone

maffow (BM) is dependent upon three cellular constituents, cells of haematopoietic

(including the common pluripotent progenitor cell known as the haematopoietic stem cell

(HSC)), vascular and stromal cell lineages. Stromal cells can be loosely described as non-

haematopoietic connective tissue cells of mesenchymal origin. It is the interaction of HSC,

stromal cells and the extracellular matrix of the bone marrow microenvironment that

regulates formation of the blood cell constituents (Allen et al., 1990; Dexter et a1., l91l;

Lichtman, 1981 ; Weiss, 1976).

The concept that adult haematopoiesis occurs within the stromal microenvironment of

bone marrow was first demonstrated by Dexter and colleagues (1982), following

establishment of the long term bone marrow culture system, containing a diverse

population of adherent stromal like cells which supported maintenance of HSC in vitro

(Dexter et al., 1977). Furthermore, the ability of BM to be regenerated and reconstituted

following ablation by mechanical disruption set the precedent for the theoretical existence

of a bone maffow stromal cell population with the potential to proliferate and differentiate

into the multitude of stromal elements located within the BM microenvironment (Knospe

et al., 1966; Owen, 1988; Patt and Maloney, 19751' Tavassoli and Crosby, 1968). Not only

are these cells responsible for the extensive reconstitution of BM observed following

insult, they are also necessary for the general turnover of the stromal tissue during normal

steady state conditions (Amsel and Dell, 1971; Knospe et a1., 1972; Owen, 1988; Patt and

Maloney, 1975; Simmons et a1., 1987).

Potential stromal progenitor cells were initially identified in several species, characterised

by their ability to form colonies of cells resembling fibroblasts when plated as single cell

suspensions of BM explants at appropriate densities. These clonogenic precursor stromal

cells which give rise to distinct colonies were termed Colony Forming Unit-Fibroblast

(CFU-F) cells, and described as adherent, non-phagocytic clonogenic cells capable of
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extended proliferation (Castro-Malaspina et al., 1980; Friedenstein, 1980; Friedenstein et

al., 1970). A variety of different techniques have collectively indicated that each colony is

derived from an individual cell (Castro-Malaspina et al., 1980; Friedenstein et al., 1970;

Perkins and Fleischman, 1990). A proportion of larger colonies exhibited extensive

replating potential upon passaging (Friedenstein et al., 1987). In addition, a small

proportion of clonally expanded mouse CFU-F could develop into a wide range of stromal

cell types when transplanted in vivo (Friedenstein, 1980). These observations suggest that

within the bone marrow there exists a small population of self-renewing, pluripotent

stromal cells which give rise to a hierarchy of differentiating cells (Owen and Friedenstein,

1988). These progenitor cells are commonly referred to as BM stromal cells, stromal

precursor cells, BM stromal stem cells, or mesenchymal stem cells (MSC). Subsequent

studies examining the developmental capability of MSC in vitro have confirmed the ability

of these cells to differentiate into osteoblasts, adipocytes, chondrocytes, myocytes,

fibroblasts, marrow stroma, and cells of neural phenotype (Bianco et al., 200I; Bruder et

al., 1994; Bruder et a1., 1998a; Gronthos et al., 2003; Johnstone et al., 1998; Pittenger et

aI., L999; Prockop, l99l; woodbury et a1.,2000; Xu et a1,,2004; Yoo et al., 1998; Zhao et

aL,2002).

More recently, several studies have confirmed that the localisation of MSC is not restricted

to the bone marrow. It has been found that MSC-like populations reside in a diverse range

of adult tissues and possess the ability to generate cell types specific for each tissue.

Progenitor cells capable of multi-lineage differentiation have been discovered in adipose

(Gronthos et al.,200Ia;Zannettino et a1., 2008; Zuket al., 2001), synovium (De Bari et al.,

2001b), periosteum (De Bari et aI., 200Ia; Nakahara et al., l99l), muscle (Bosch et al.,

2000), dermis (Young et al., 2001), pericytes (Brighton et al., 1992; Reilly et a1., 1998),

blood (Kuznetsov et a1., 200I;Zvaifler et al., 2000), cord blood (Hou et a1.,2003; Korbling

et al., 2005), dental tissues (Gronthos et al., 2000; Miura et a1., 2OO3 Seo et a1.,2004) and

trabecular bone (Noth et al., 2002; Osyczka et al., 2002; Tuli et a1.,2003). However, in

most studies, it remains to be seen whether the cells isolated from these alternate tissues

represent true stem cells or a diverse mixture of lineage specific progenitors.

The observation of heterogeneity within BM MSC populations derived from various

animal sources has stimulated interest in the application of MSC for therapeutic benefit in

translational animal studies. To date, in addition to humans, MSC have been identified in

large and small animals including goat (Fischer et a1., 2003; Murphy et a1,, 2003), rat
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(Javazon et al., 2001 Lennon and Caplan,2006; Yoshimura et a1., 20Ol), rabbit (Awad et

aI., 1999; Tsutsumi et a1.,2001), mouse (Phinney et al., 1999 Tropel et a1.,2004), horse

(Fortier et a1., 1998), cow (Bosnakovski et al., 2005), dog (Kadiyala et al., 1997), cat

(Martin et a1., 2002), sheep (Jessop et al., 1994; Rhodes et a1., 2004;Zhang et a1.,2004),

pig (Moscoso et al., 2005; Ringe et a1., 2002; Vacanti et al., 2005) and non-human

primates (Devine et a1., 2003). Interestingly, BM derived CFU-F colonies from virtually

all species examined are heterogeneous in size, morphology, proliferation and

differentiation potential (Friedenstein et aI., 1987; Gronthos et a1., 2003 Kuznetsov et al.,

1997; Owen, 1938). Although more sophisticated isolation techniques exist for human

MSC due to the extensive range of human specific markers and antibodies, MSC isolated

from the aforementioned species were directly attained from bone maffow aspirates based

on their ability to adhere to plastic in monolayer culture.

The use of sheep as a large animal model for orthopaedic research continues to increase in

popularity due to similarities with humans in weight, size, joint structure and bone

regenerative processes. Since the discovery of adult progenitor cells with the capacity to

differentiate into cells of musculoskeletal tissues, significant research has focussed on the

application of MSC in bone and cartilage repair (Barry and Murphy, 2OO4; Bianco et al.,

20Ol Cancedda et al., 2003; Cancedda et al., 2007; Otto and Rao, 2004; Xian and Foster,

2006b). Although knowledge regarding human MSC properties and characteristics has

been comprehensively investigated, very little characterisation of sheep MSC has been

undertaken. Thus, any similarities and differences between ovine and human MSC remain

unknown, the outcome of which may lead to discrepancies in preclinical studies. In this

chapter, the in vitro characteristics of sheep bone marrow MSC were examined, in regard

to yield, frequency, proliferative response to growth factors, and their multi-lineage

differentiation potential.
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3.2 Results

3.2.1 Ovine Bone Marrow Collection and Isolation of MNC Population

Although sheep MSC have previously been described in animal studies (Chen et a1.,2005;

Frosch et al., 2006 Li et al., 2005b; Rhodes et a1., 2004), very little information exists

regarding the frequency and yields of ovine MSC from the bone maffow. In the current

study, aspirates (yields ranging from 20 to 45 ml) were collected from 10 adult sheep under

general anaesthesia under sterile conditions using a children's size bone marrow biopsy

needle. Samples were subsequently transferred to a previously heparinised tube to prevent

clotting of the marrow (Figure 3.1). Prior to density gradient centrifugation, the quantity

of mononuclearcellswasassayedandranged from2x 108to9.6x 108total cellswitha

mean of 4.4 + 0.9 x 108 SEM. Fractionation of the mononuclear cell (MNC) population

via density gradient centrifugation is the well established standard procedure for MNC

isolation in human clinical studies. Following centrifugation, a post-processing count of

the BM MNC collected at the Percoll interface was performed to determine a viable

number and percentage yield of MNC. Post-processing counts spanned 1.3 x 107 to 1.8 x

108 total mononuclear cells (mean 1.3 ! 1.6 x 107), and the percentage yield fell between

the extremes of lVo and 437o with a mean of 20.9Vo + 4.27o'

In order to determine the optimal seeding density for CFU-F evaluation, sheep BM MNC

were plated at various cell densities in triplicate, in 6 well plates (9.6cm2). Samples were

cultured in o,MEM-207o for 1l days, at which point CFU-F colony numbers were assessed.

While colonies failed to grow adequately when MNCs were plated below 10,000 cells per

well, the number of CFU-F increased in a linear fashion between 100,000 and 1,000,000

MSC plated per well (Figure 3.2). Based on this observation, it was determined that the

optimal seeding density for efficient CFU-F formation should fall within these figures.

The incidence of progenitor cells in ovine bone marrow was assessed using the well

documented CFU-F assay. Freshly isolated BM MNC suspensions were seeded at 2 x I}s

and 5 x 10s cels per well in 6-well plates, in triplicate. MNC suspensions were cultured

for 10-14 days in the presence of 207o FCS. The number of colonies per 1 x 10s cells

plated was determined and averaged to assess the incidence of CFU-F for each donor

sample (Figure 3.3). The frequency of colony forming units was relatively consistent at

both cell densities examined. Considerable heterogeneity in colony size and density was
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Figure 3.L: Collection of bone marrow aspirates from adult sheep. Using a human child

size bone marïow biopsy needle, bone marrow was collected from the iliac crest of adult

sheep under general anaesthesia. Specimens were extracted under sterile conditions in pre-

heparinised syringes and transferred to heparinised tubes. Prior to bone marrow aspiration,

the site of extraction was shaved and antiseptic applied to minimise the risk of microbial

contamination.
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Table 3.1. Collection of bone maruow aspirates from 10 adult sheep. The ensuing table

provides information regarding the volume, MNC number prior to and following

subjection of bone marrow to density gradient centrifugation, and overall yield from each

sample.

Sheep
Number

Bone Marrow
Volume

(ml)

MNC Number Pre
Processing

(per 107 cells)

MNC Number Post
Processing

(per 107 cells)

Yield
(vo)

40
45
40
20
20
25

35
40
20
40

1

2
J

4
5

6

7
8

9
10

52.9
29.9
38.3
2t.6
22.3
20.t
93.4
96.4
37.0
26.1

10.0
9.9
4.6
3.9
4.3
1.5
18.3

1.3

2.4
tr.3

18.9

33.r
t2.o
t7.9
t9.r
37.3
19.5
t.4
6.4
43.3



Figure 3.2: Determination of optimal seeding density for sheep CFU-F establishment.

Bone maffow derived MNC were plated in 6 well plates at increasing cell densities. The

data indicates the mean number of CFU-F colonies + SEM of triplicate cultures. Cells

were grown in a-MEM media supplemented with 20Vo FCS for a period of 11 days. No

colonies were observed at low cell densities. A correlation between MNC number and

colony number became apparent between 1 x 10s and 1 x 106 MNC plated per well. Thus

efficient colony establishment lies within this series.
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Figure 3.3: CFU-F yield from 10 sheep bone marrow aspirates. Single cell suspensions of

bone marrow MNC were plated at two densities in 6 well plates in trþlicate. Following 10

to 14 days incubation in u-MEM + 207o FCS, cells were stained and colonies scored' Data

is presented as the mean colony number across both cell densities f SEM. The number of

colony forming cells from each bone maffow sample was variable, ranging from 1.0 to 9.2

MSC per I x 105 MNC plated, with a mean of 4.6 + 0.7 SEM.
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observed between and within donors (Figure 3.44 and B). Overall, the mean frequency of

CFU-F across the 10 sheep bone marrow aspirates assessed was 4.6 + 0.7 per I x 10s

MNCs, with individual variation ranging from 1.0 to 9.2 colonies per 1 x 10s MNCs

seeded (Figure 3.3). Thus the incidence of CFU-F forming MSC within the BM MNC

population is approximately 0.001Vo to O.0I07o.

Morphologically, sheep MSC are large adherent cells resembling fibroblasts (Figurc 3.4).

There appeared to be a wide variation and heterogeneity within MSC derived from a single

animal. These cells were polygonal, stellate, and spindle shaped with long processes. At

low density sheep MSC appeared more polygonal (Figure 3.4C) and upon reaching

confluence become more spindle shaped (Figure 3.4B-). Compared to human MSC, sheep

MSC appear to proliferute at a more rapid rate. When plated at a similar density of 6000

cells/cm2, sheep MSC achieve confluence within 2 days, whereas human cells reach

confluence by 3 days (data not shown).

3.2.2. Proliftrative Response of Ovine MSC to Growth Factors

Whilst there exists an extensive arr:ay of human, mouse and rat recombinant growth factors

for cell culture studies for MSC expansion ex vivo, there are very few growth factors

available developed specifically for sheep cells. Nonetheless, growth factors across

mammalian species generally exhibit a high level of structural and functional conservation.

On this premise, sheep MSC were exposed to a vanety of human recombinant growth

factors that have previously shown to stimulate human MSC proliferation or to be

important in the regulation of chondrocytes and chondrogenesis. The proliferative

response of sheep MSC with growth factor incubation was monitored using the

colorimetric WST-1 assay, which is a non radioactive alternative to thymidine

incorporation assays and quantifies both cell proliferation and cell viability.

Under serum free conditions, ovine BM derived MSC were exposed to 7 different growth

factors individually at 5 concentrations ranging from 0.1 to 100 nglml. PDGF and EGF,

which have demonstrated mitogenic properties on human MSC, were assessed at 10 nglml,

which is the concentration previously defined to be optimal for proliferation of human

MSC (Gronthos , 1995). In addition to a serum free control, 2 positive control groups were

supplemented with l\Vo and 2O7o FCS respectively, as a comparison to the amount of

growth in response to standard proliferative culture media. Compared to the serum free
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Figure 3.42 Morphological phenotype of ovine bone marrow derived MSC. A

representative example of a CFU-F colony stained with Toluidine blue at day 14 (10x) (A).

Example of a low density CFU-F colony under higher magnification (20x) (B). On closer

examination (20x), the morphology of ovine MSC following ex vivo expansion is typical

of fibroblastic like cells (C). At low density, MSC appear polygonal and stellate (black

arrow), and at higher density resemble more spindle shaped cells (open arrow).
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conditions, the addition of FCS stimulated growth significantly (p<0.05, Paired r-test) and

was proportional to the amount of serum added, with growth being highest in the presence

of Z07o serum. PDGF and EGF exhibited significant mitogenic effects (p<0.05, Paired r-

test) compared to the serum free sample, and also exceeded growth levels observed with

107o FCS (Figure 3.54).

Sheep MSC cultured in the presence of BMP-2 exhibited little stimulatory activity at the

majority of concentrations assessed, with the exemption of a significant spike in

proliferation at 100 ng/ml (p<0.05, Paired /-test) (Figure 3.5B). Similarly, in response to

BMP-7, an increase in proliferation was only notable and significant (p<0.05, Paired Êtest)

at the highest concentration assessed of 100 nglml (Figure 3.5C). Interestingly, the

presence of BMP-7 at 30 ng/ml induced a significant reduction in cell number. Overall, in

both the BMP-2 and BMP-7 samples assayed, MSC were unresponsive to concentrations

of BMP growth factor below 100 nglml, with cell numbers equivalent to the serum

deprived conditions. Thus, it appears that stimulation of cell growth by BMP-2 or BMP-7

is dependent on a high concentration of growth factor.

Some disagreement currently exists in the literature as to whether FGF-2 has a mitogenic

effect on MSC (Baddoo et a1., 2003 Bianchi et al., 2003; Gronthos and Simmons, 1995;

Locklin et a1., 1995; Solchaga et al., 2005; Sotiropoulou et a1., 2006). In this study,

incubation with FGF-2 within the range of I to 30 ngiml induced a significant (p<0.05,

Paired /-test) mitogenic response in MSC (Figure 3.5D), comparable to the addition of

107o FCS. However, the presence of FGF-2 at 100 nglml sharply decreased proliferation

equivalent to the serum free control, suggesting that excessive amounts of FGF-2 have

cytostatic or inhibitory effects.

A dose dependent increase in cell number was observed in response to increasing

concentrations of IGF-I (Figure 3.5E). The entire spectrum of IGF-I concentrations

assayed induced a significant (p<0.05, Paired /-test) upregulation of cell proliferation

analogous to that observed between I07o and207o FCS supplementation.

A significant (p<0.05, Paired /-test) and potent mitogenic effect was observed in response

to the addition of TGFcr at all concentrations assayed (Figure 3.5F). The TGFo protein

exhibits 33Vo homology to the EGF molecule and binds to the membrane bound EGF

receptor, initiating tyrosine phosphorylation of the EGF receptor indistinguishable from
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Figure 3.5: Proliferative response of sheep BM derived MSC to various growth factors.

MSC derived from bone marrow were seeded in triplicate in 96 well plates at a cell density

of 2,000 cells per well. The cells were pennitted to attach overnight, following which,

cells were cultured in the presence of growth factor at concentrations ranging from 0.1 to

100 ng/ml. Cell number was assayed and quantitated at day 5 using WST-I, as described

in methods (refer to section 2.I.7.2). The results displayed represent the mean growth

observed from triplicate cultures as a percentage of growth achieved under serum deprived

conditions + SEM for each concentration. Significant proliferation was apparent in

response to incubation with PDGF and EGF at 10 nglml (A). Supplementation with BMP-

2 exhibited a proliferative effect on cell number at the highest concentration of 100 nglml

(B). Similarly, MSC were only stimulated to proliferate in response to BMP-7 at 100

nglml (C). In contrast, FGF-2 increased cell number most effectively between the

concentration range of 1 to 30 nglml, but was not mitogenic at 100 nglml (D). Cellular

proliferation correlated with IGF-I supplementation dose dependently (E). Incubation

with TGF-o considerably and most effectively enhanced cell number across the spectrum

of factor concentrations (F). The addition of TGF-PI to MSC appeared to have a

significantly inhibitory effect on cell proliferation (G). TGF-P3 stimulated cell growth at

all the concentrations assessed. The presence of an * indicates statistical significance

according to Paired /-test where p<0.05.
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EGF (Lee, 1985). Although optimal growth was observed at 10 ng/ml; in comparison,

even the lowest concentration (lng/ml) assessed surpassed proliferation of MSC by 20Vo

FCS. At 10 ng/ml, cell numbers were 3 fold greater than the serum deprived control, twice

that observed with 107o FCS, and approximately 3OVo greater than 20Vo FCS stimulation.

The findings here indicate TGFo to be an effective stimulator of cell proliferation in sheep

MSC.

Significant inhibition (p<0.05, Paired Êtest) of MSC viability and cell activity was evident

in a dose dependent response to cultivation with TGF-PI (Figure 3.5G). Theoretically, if

sheep MSC were unresponsive to this factor, the addition of human recombinant TGFB1

would present readings comparable to the absence of serum. Lowest readings were

inversely associated with higher amounts of TGF-BI present in the media, and in one

instance was 407o less than the level observed with the serum free media control (SFM).

Thus, TGFP1 is clearly not a stimulatory mitogen and may instead have a role of TGFpI in

differentiation or lineage fate determination of sheep MSC.

In contrast to the findings reported for TGF-pl, the presence of TGF-B3 induced a

significant (p<0.05, Paired /-test) upregulation of cell number at all concentrations assessed

(Figure 3.5H). Proliferation with TGF-P3 was optimal at the low and high concentration

extremities in a double peak distribution, approximately to the levels achieved with lUVo

FCS supplementation.

3.2.3. Multilineage Dffirentiation Potential of Ovine BM MSC

It has been well reported that MSC derived from human and animal sources possess the

potential to differentiate down multiple lineages. In this study, we assessed whether sheep

bone marrow MSC are also multipotential in vitro, and performed experiments to

determine if sheep MSC could be induced to differentiate into cells of osteogenic,

adipogenic and chondrogenic lineage.

3.2. 3. I Osteogenic Differentiation

The technique for in vitro osteogenesis has been widely applied and further optimised for

human bone marrow cells by Gronthos et al (1994) (Gronthos et a1., 1994). Sheep MSC

were isolated by plastic adhering capacity and cultured in the presence of osteoinductive
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medium containing 107o FCS, ascorbate-2-phosphate (Asc-2P), dexamethasone (Dex) and

inorganic phosphate (PO+i). After 2 weeks in osteogenic growth conditions, rapid

mineralisation of the extracellular matrix had occurred as indicated by calcium deposits

stained with Alizarin Red (Figure 3.64). By 4 weeks, the adherent cell layer had

mineralised further and the staining of calcium was intense and extensive. Total RNA was

collected at days I7,26 and 35, and expression of bone related genes was assessed by semi

quantitative RT-PCR (Figure 3.68), with the data expressed as the ratio of GAPDH

expression (Figure 3.6C). Core binding factor alpha 1 (Cbfa-1) is an essential

transcriptional activator of osteoblast differentiation. Expression of Cbfa-1 was

upregulated by day l7 and continued to increase along the course of the experiment

(Figure 3.6C). Collagen type-l (Col-l) is the most abundant bone extracellular matrix

protein expressed by osteoblasts. Under osteoinductive conditions, Col-l expression

increased at day 17, declined slightly at day 26 and increased again at day 35 (Figure

3.6C). Interestingly, expression of Cbfa-l and Col-l were detected in samples cultured

under normal conditions, but to a lesser extent than following induction, consistent with

human studies (Gronthos 2OO3). ByDl7, the expression levels of Cbfa-l and Col-l had

increased by over 50Vo of that observed in uninduced conditions. Cbfa-1 expression levels

increased by almost three quarters and was doubled by D26 and D35 respectively.

Compared to basal expression level at D0, following induction, expression of the Col-l

gene increased by over one quarter, and three quarters by D26 and D35 respectively.

3.2. 3.2 Adipo g enic Differentiation

Adipogenesis in human and rat BM MSC cultures can be induced in the presence of

methylisobutylmexanthine, hydrocortisone, and indomethacin as described previously

(Gimble, 1998). Following this established protocol for differentiation of MSC into fat

forming cells, sheep MSC were cultured for up to four weeks in media containing the

aforementioned combination. Photomicrographs of cultures stained with the fat soluble

marker Oil Red O at 4 weeks revealed substantial clusters of positively staining lipid-laden

adipocytes (Figure 3.1A). Total RNA harvested at days 12,18, and 30 were used for semi

quantitative RT-PCR analysis of gene expression for markers of adipogenesis, including

leptin (which is produced by adipose tissue and regulates appetite and metabolism)

lipoprotein lipase (LPL) (an enzyme responsible for lipid hydrolysis of lipoproteins), and

peroxisome proliferator activated receptor-gamma (PPARy) (an early adipogenic

transcription factor) (Gimble, 1998) (Figure 3.78). Alteration in levels of gene expression
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Figure 3.6: Bone marrow derived sheep MSC are capable of osteogenic differentiation in

vitro. Sheep MSC were seeded inT25 flasks at a cell density of 200,000 cells per flask,

and allowed to attach overnight. On the following day, cells were cultured in

osteoinductive media as described in the methods. Fresh media was replaced twice per

week, for a period of up to 5 weeks. Representative micrographs of histochemical analysis

of in vitro mineralisation stained with Alizarin Red (A). By two weeks, extensive calcium

rich deposits were evident, as indicated by the presence of Alizarin Red stain. At

approximately four weeks, further deposition of mineralised matrix was observed as

denoted by intensified Alizarin red stain (l0x). Total RNA was isolated from samples at

approximately 2, 4 and 5 weeks, and gene expression was examined by semi-quantitative

RT-PCR. Transcripts analysed in this study were Cbfa-l (an essential transcription factor

for osteoblast differentiation), and Col-l (major bone extracellular matrix molecule) (B).

Product bands from RT-PCR were semi-quantitated and plotted as a histogram

representing the ratio of gene expression relative to the expression of the house keeping

gene GAPDH (C). Relative gene expression of Cbfa-l increased linearly over the course

of the experiment. Even though MSC express Col-l under normal culture conditions,

expression was increased in response to osteoinductive medium, when compared to non

induced controls.
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Figure 3.7: Bone maffow derived sheep MSC exhibit adipogenic potential in vitro- Sheep

MSC were seeded inT25 flasks at a cell density of 200,000 cells per flask, and allowed to

attach overnight. On the following day, cells were cultured in adipogenic media as

described in the methods. Fresh media was replaced twice per week, for a period of up to

4 weeks. Representative micrographs of histochemical analysis of in vitro adipogenesis

stained with the fat soluble dye Oil Red O (A). Cultures were counter stained with

Haematoxylin. At 4 weeks, the formation of large clusters of Oil Red O positive

adipocytes was observed (10x) (B). The left hand panel represents a magnified view of fat

laden adipocyte droplets. Total RNA was isolated from samples at approximately 2,3 and

4 weeks, and gene expression was examined by semi-quantitative RT-PCR. Transcripts

analysed in this study were leptin, lipoprotein lipase (LPL) and transcription factor

peroxisome proliferator activated receptor (PPARy) (B). Product bands from RT-PCR

were semi-quantitated and plotted as a histogram representing the ratio of gene expression

relative to the expression of the house keeping gene GAPDH (C). Leptin expression

continuously increased in a linear fashion from 2 weeks until 4 weeks, in comparison to

control. LPL was markedly upregulated at two weeks, following which expression was

gradually down regulated over time. Comparable to LPL, expression of the early

adipogenic transcription factor PPARy was significantly upregulated at two weeks, and

decreased progressively at 3 and 4 weeks'
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was assessed by presenting data as a ratio of GAPDH expression (Figure 3.7C).

Expression of leptin was induced by day 12, and increased in a time-dependent fashion

over the course of the experiment. Compared to the uninduced control, leptin levels

increased by over half at Dl2, and were 3 fold and 5 fold greater at D18 and D30

respectively. In contrast, LPL expression was drastically upregulated by 3 fold at the first

time point assessed, followed by a linear decline to day 30 (two fold increase) with the

levels only one quarter greater at D30, similar to the undifferentiated sample. As an early

essential transcription factor for adipogenesis, PPAR.¡ accordingly was stimulated most

markedly in expression in the initial stages of the assay, at day 12 (86Vo increase compared

to D0), which diminished by D18 and D30 to 35Vo and l}Vo upregulation compared to the

control sample. Although all three genes were constitutively expressed by control samples,

the levels at D0 were markedly lower than those observed following adipogenic induction.

3.2. 3. 3 Chondro genic Di-fferentiation

For the aim of this study, it was important to determine whether sheep MSC could be

induced to differentiate down a chondrogenic lineage. It is well known that chondrocytes

require a three dimensional anangement in order to maintain their chondrocytic phenotype

(Benya, 1988; Benya and Shaffer, 1982). Likewise, the transition of MSC to chondrocyte-

like cells also necessitates a concentrated cell and matrix environment. The use of

aggregate culture for chondrocyte differentiation of human MSC was developed by

Johnstone et al (1998), and is now widely used as an indicator of chondrogenic potential in

vitro(Johnstone et a1., 1998). Employing this technique, sheep MSCs were aggregated into

a three dimensional pellet by low centrifugation. The cell pellet was subsequently cultured

for 2I days in the presence of various growth factors. The growth factors assessed were

those previously demonstrated to induce chondrogenesis of human MSC in vitro, or have

been identified as important regulators of growth plate chondrocytes (Freed et al., 1999;

van der Eerden et al., 2003; Xian and Foster, 2006a; Xian and Foster, 2006b)including

BMp-2 (50ng/m1), BMP-7 (100ng/ml), FGF-2 (10 ng/ml), TGF-81 (10 ng/ml), TGF-p3 (10

ng/ml), and combinatorial factors BMP-2/TGF-p3 (50 and 10 nglml respectively) and

BMP-7/TGF-p1 (100 and 10 ng/ml respectively).

Following three weeks of culture, MSC pellets exhibited widely differing morphologies

(Figure 3.SA-D). For example, cells incubated in TGF-p3 appeared small, round, and

densely arranged (Figure 3.84). Interestingly, cultures supplemented with BMP-7/ TGF-

).-
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Figure 3.8: Histological evaluation of in vitro chondrogenic differentiation of bone

m¿urow derived MSC. Using the previously described pellet culture technique for

chondrogenesis, 250,000 sheep MSC were transferred to a 13 ml pointy nose

polypropylene tube and spun at 1400 rpm for 10 mins to aggregate cells into a three

dimensional pellet. Cells were then cultured in single or combinatorial growth factors. In

this assay, the various growth factors assessed were: BMP-2 (50 nglml), BMP-7 (100

nglml), FGF-2 (10 nglml), TGF-p1 (10 ng/ml), TGF-p3 (10 nglml) and the BMPÆGF-p

combinations of BMP-2/TGF-p3 (50 nglml and 10 nglml respectively) and BMP-7/TGF-

Bl (100 ng/ml and 10 ng/ml respectively). Media was replaced 3 times per week for 2I

days. Pellets were subsequently paraffin embedded and transverse sections cut.

Representative photomicrographs of histological staining of pellets following in vitro

chondrogenesis. Panels A-D were stained with Haematoxylin and Eosin. Panels E-F were

assayed using the glycosaminoglycan indicator Alcian Blue. The size of chondrocyte

pellet was significantly larger when cultured in the presence of BMP-7/TGF-BI compared

to control and single factor pellets. Additionally the BMP-7/TGF-p1 pellet was

characterised with three distinct zones with differential morphology. Alcian blue staining

was most intense in the periphery of BMP-2/TGF-p3 and BMP-7/TGF-PI samples.

A. TGF-93 (10x)

B. BMP-7ÆGF-p1 (10x)

C. BMP-2ÆGF-83 (20x)

D. BMP-7ÆGF-ÞI (20x)

E. TGF-83 (10x)

F. BMP-7/TGF-BI (10x)
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pl exhibir three distinct morphological zones within the pellet (Figure 3.88 and D)' The

inner zone appeared to contain a high population of small densely associated round cells'

Cells of the intermediate zone exhibited condensed nuclei and were more sparsely

positioned within a more extensive and well developed extracellular matrix. In contrast,

the outer zone encapsulating the pellet appeared to be a more fibrous tissue, composed of

elongated cells with large nuclei. A similar, yet different phenotype was observed in

response to supplementation with BMP-2/ TGF-þ3 (Figure 3.8C). Two zones were

apparent, namely an outer fibrous sheath and a proliferative core, which had a comparable

morphology to the BMP-7/ TGF-p1 pellet. However, this sample did not include the

intermediate zone as observed in the BMP-7/ TGF-81 sample.

Alcian blue is a histological cationic dye used to distinguish the presence of cartilage

glycosaminoglycans. Alcian blue positive staining was moderately detected in all samples

examined, including the one cultured with TGF-B3 alone (Figure 3.8E) and was strongly

detected in the outer regions of the BMP-7/ TGF-pl-cultured pellet (Figure 3.8F).

Immunohistochemical analysis of MSC chondrogenesis assay samples revealed an absence

of collagen type 2 (Co1-2) protein expression in all MSC aggregates assayed (Figure 3.94),

except for the B.MrP-7lTGF-81-culured sample, where CoI-2 was detected within the more

fibrous periphery of cell pellet (Figure 3.98). Expression of collagen type 10 (Co1-10),

which is collagen protein expressed by hypertrophic matured chondrocytes, was only

observed in the BMP-7/ TGF-Bl-cultured sample (but not others), localising to the

intermediate zone of the tri-zonaI pellet (Figure 3.9C).

Examination of gene expression of pellet cultures was undertaken by RT-PCR from

isolated cellular RNA, for genes essential for chondrocyte differentiation (Sox-9), or

extracellular matrix molecules identified in cartilage tissue (aggrecan, Col-Z, and Col-10).

The house keeping gene GAPDH was included as an internal loading control for each

sample (Figure 3.104), with levels of expression of each gene semi quantitated and

presented as a ratio of GAPDH (Figure 3.108). Aggrecan levels were unaltered following

incubation in SFM, BMP-2, BMP-7 and FGF-2. However, expression was markedly

increased in response to TGF p3 and TGF-PI. Low levels of aggrecan expression were

detected in the BMP-2/TGF B3 sample. Expression of Co1-2 is the primary marker of

chondrogenesis, as Col-2 is specific to cartilage secreted into the extracellular matrix by

chondrocytes, contributing to 90Vo of the collagen component. Gene expression of Col-Z
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Figure 3.9: Immunohistochemical evaluation of in vitro chondrogenic differentiation of

bone marrow derived MSC. Paraffin sections were incubated overnight with monoclonal

anti Collagen-2 (Co1-2) antibody or polyclonal anti Collagen-10 (Col-10) antibody. The

antigen was detected using the DAB substrate. At day 21, minimal CoI-2 protein

expression was observed following culture of MSC with TGF-Þ3 (10x) (A). [n contrast,

Col-2 expression was detected in the extracellular matrix of cells located within the

periphery of the pellet exposed to BMP-7/TGF-p1 (10x) (B). Col-Z protein expression was

the greatest in this sample. The presence of Col-10 staining was only identified in one

instance (C). Pelleted cells subjected to BMP-7ÆGF-p1 (10x) produced collagen, which

localised to the outer region of the pellet core, but within the CoI-2 synthesising periphery.
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Figure 3.L0: Gene expression analysis following in vitro chondrogenic differentiation of

bone marrow derived MSC. Total RNA was isolated from samples at 2I days, and gene

expression was examined by semi-quantitative RT-PCR. Transcripts analysed in this study

were cartilage extracellular matrix molecules aggrecan, collagen-2, and collagen-lO, and

the crucial early transcription factor for chondrocyte differentiation Sox-9 (A). Product

bands from RT-PCR were semi-quantitated and plotted as a histogram representing the

ratio of gene expression relative to the expression of the house keeping gene GAPDH (B).

Aggrecan expression was markedly upregulated following exposure to TGF-p1 and TGF-

p3. Levels of the matrix molecule unique to cartilage, Col-2, was most significantly

increased in TGF-pl and BMP-7/TGF-p1 pellets. Samples supplemented with no growth

factor, TGF-81, TGF-P3, and most considerably BMP-7ÆGF-81 displayed upregulation of

Col-10. At day 21, induction of Sox-9 gene expression was most apparent in pellets

cultured with TGF-BI and TGF-83.
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was negligible in control cultures, but was markedly upregulated in the presence of TGF-

pl alone, or in combination with BMP-7. Levels were increased by individual exposure to

TGF-83, or combined with BMP-2, but not to the same magnitude as induced by TGF-pl.

In addition, Col-10 is widely associated as a marker of maturing and mineralising cartilage,

at the growth plate, and at the calcified cartilage interface of articular cartilage and the

subchondral bone. Expression of Col-10 was moderately upregulated as a consequence of

exposure to SFM, TGF-81, and TGF-B3, although the most sizeable increase observed was

in reaction to BMP-7ÆGF-Pl. Lastly, Sox-9 is a transcription factor that plays a key role

in chondrogenic cell fate determination, by interaction with the CoI-2 gene enhancer.

Samples exposed to TGF-B3 or TGF-81 alone demonstrated considerable upregulation of

Sox-9 expression.

3.2.4. Redffi rentiation of Culture d Chondro cy te s

Changes to gene expression and loss of chondrocyte specific morphology occurs as a

consequence of culturing chondrocytes in monolayer (Benya et a1., l9l8; Grundmann et

al., 1980; Haudenschild et aI.,2001 Schnabel et al., 2002). Expression of Col-2 is down

regulated and cells exhibit a fibrous morphology, due to the transition from a three

dimensional to two dimensional spatial arrangement. In this study, using the in vitro

aggregate technique as described above, we wished to analyse the potential of

dedifferentiated chondrocytes to be redifferentiated into chondrocytes using an array of

culture conditions. Some insight into the optimal growth factors for chondrogenic

stimulation may be gained using these dedifferentiated 'prechondrocytic' cells. Moreover,

even though cultured chondrocytes may have regressed to a more primitive state, these

cells still retain some level of commitment, thus redirection of these cells to a

chondrogenic phenotype should be somewhat easier, and may aid as a positive control for

the chondrogenesis of MSC. The ability to expand chondrocytes in culture with ease and

potential to redifferentiate creates an additional alternative for cartilage regeneration.

Chondrocytes were liberated from healthy sheep cartilage by enzymatic digestion and

cultured in monolayer in the presence of l0% FCS. Morphologically, chondrocytes are

smaller and rounder than sheep MSCs, and rapidly adhere to plastic in vitro. Upon

reaching confluence in monolayer, cells were reseeded at a lower density and subsequently

used for the experiment. Aggregated dedifferentiated chondrocytes were cultured for 21
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days in the presence of various growth factors with media changes three times per week,

and subsequently assessed for chondrogenesis as described in section 2.I.rc'

Histological analysis of dedifferentiated chondrocyte aggregates revealed considerable

disparity in cell morphology. In the absence of any growth factor or serum supplement,

the pellets remained small, with a necrotic appearance, containing cells of inconsistent

nuclear size (Figure 3.114). In contrast, supplementation with BMP-7/TGF-p1 in

combination resulted in a large pellet, homogeneously comprising of cells with enlarged

nuclei and large lacunae, closely resembling hyaline cartilage (Figure 3.11B).

Furthermore, no surrounding fibrous sheath was observed. In parallel studies, cell

aggregates were suffounded by a thin fibrous layer and contained cells with enlarged

nuclei and ample cytoplasm throughout the pellet after exposure to TGF-pl alone (Figure

3.11C). Although bearing similarity to fibrocartilage, cell organisation appeared less

uniform, more dense, and with less interstitial matrix than conventional fibrocartilage

(Figure 3.11C). Cell pellets cultured with BMP-}|TGF-þ3 exhibited densely arranged cells

with inconsistent and condensed nuclei, encapsulated by a thin ring of fibrous tissue

(Figure 3.11D).

Alcian blue staining of matrix proteoglycan was uniformly distributed throughout the

TGF-pl-cultured pellet (Figure 3.11E). Although positive staining was wide spread in the

BMP-7/TGF-B1-cultured sample, levels were more intense in the more fibrous periphery,

suggesting a denser sulfated proteoglycan matrix (Figure 3.11F).

Examination of Col-2 and Col-10 protein distribution within the dedifferentiated cell

pellets was undertaken using immunohistochemical analysis. Small pockets of Col-2

staining were apparent in dedifferentiated chondrocyte aggregate cultures without exposure

to growth factors (Figure 3.I2A). Extensive immuno-localisation of Col-2 was noted in

samples supplemented with BMP-7/TGF-p1 (Figure 3.128), with Co1-2 staining being

uniform and intense, with the exception of the cell lacuna and a pocket of densely

populated cells. Similar patterns of staining were observed in TGF-Bl-cultured (Figure

3.12C) and BMP-}/ TcF-þ3-cultured (Figure 3.12D) aggregates, although the Col-2

staining was less intense compared to BMP-7/TGF-p1-treated samples (Figure 3.12B). As

a marker for hypertrophic and mineralising cartilage, Col-10 was only detected in cell

pellets treated with BMP-7/TGF-81, with staining localised to nuclei and weakly in the

surrounding interstitial cellular matrix (Figure 3 .IzE)'
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Figure 3.L1: Histological evaluation of in vitro chondrogenic redifferentiation of cultured

chondrocytes. Sheep chondrocytes were liberated by enzymatic digestion from cartilage

samples. These chondrocytes were then cultured in monolayer resulting in

dedifferentiation of chondrocyte phenotype to a more fibroblast like cell type. Using the

previously described pellet culture technique for chondrogenesis, 250,000 dedifferentiated

chondrocytes spun to aggregate cells into a three dimensional pellet. Cells were then

cultured in single or combinatorial growth factors. In accordance with the previous

chondrogenic assay of sheep MSC, the various growth factors assessed \Mere: BMP-2 (50

ng/ml), BMP-7 (100 nglml), FGF-2 (10 ng/ml), TGF-p1 (10 ng/ml), TGF-p3 (10 ng/ml)

and the BMPÆGF-B combinations of BMP-2ÆGF-P3 (50 nglml and 10 nglml

respectively) and BMP-7ÆGF-BI (100 nglml and 10 ng/ml respectively). Media was

replaced 3 times per week for 21 days. Pellets were subsequently paraffin embedded and

transverse sections cut. Representative photomicrographs of histological staining of pellets

following in vitro chondrogenesis. Panels A-D were stained with Haematoxylin and Eosin.

Panels E-F were assayed using the glycosaminoglycan indicator Alcian Blue. Pellets

cultured in BMP-7/TGF-PI appeared much larger in size than the majority of samples

assayed. Morphologically, cells within the BMP-7/TGF-p1 pellet resembled native

chondrocytes, rounded cells with large cytoplasm. Cells exposed to TGF-81 alone

appeared to be healthier and larger but more fibrous in morphology. Staining with alcian

blue was consistent throughout the entire TGF-p1 pellet, and most intense in the periphery

of cells supplemented with BMP-7/TGF-81.

A. SFM (10x)

B. BMP-7/TGF-p1 (10x)

C. TGF-p1 (10x)

D. BMP-2/TGF-Þ3 (20x)

E. TGF-p1 (10x)

F. BMP-7/TGF-p1 (10x)
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Figure 3.L2: Immunohistochemical evaluation of in vitro chondrogenic redifferentiation of

culture chondrocytes. Paraffin sections were incubated overnight with monoclonal anti

Collagen-2 antibody or polyclonal anti Collagen-lO antibody. The antigen was detected

using the DAB substrate. At three weeks, small isolated pockets of Col-2 expression were

observed in cells cultured without the presence of serum or growth factor (A). h contrast

dedifferentiated chondrocytes cultured in BMP-7/TGF-PI displayed extensive and intense

Col-2 staining throughout most of the cell pellet (B). Incubation in TGF-p1 alone also was

sufficient to induce Col-2 protein secretion within the extracellular matrix (C). In a similar

distriburion pattern to TGF-p1, pellets exposed to BMP-2ÆGF-p3 exhibited Col-2

expression in the pellet periphery (D). Localisation of Col-10 was restricted to cells

cultured in the presence of BMP-7ÆGF-BI (E).
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Similarly, RT-PCR analysis was conducted to examine changes in expression levels of

genes (aggrecan, Col-2, Col-10, and Sox-9) in dedifferentiated chondrocyte cell pellets

(Figure 3.13). Upregulation of a19recan occurred in all samples except for SFM, BMP-2,

and FGF-2-treated samples. lncreased levels were greatest in the TGF-p3 pellet, followed

by TGF-p1. Collagen-2 was most notably induced by supplementation with (in decreasing

order) TGF-PI, TGF-p3, BMP-7/TGF-P1, BMP-7, and BMP-2/TGF-P3. Interestingly,

although detected in most samples, Col-10 was most notably increased following exposure

to BMP-7/TGF-p1. Expression of transcription factor Sox-9 was identified in all aggregate

samples including the SFM control, with levels being highest after TGF-p3 exposure,

followed by TGF-BI and FGF-2 supplementation.
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Figure 3.L3: Gene expression analysis following in vitro chondrogenic redifferentiation of

cultured chondrocytes. Total RNA was isolated from samples at 2l days, and gene

expression was examined by semi-quantitative RT-PCR. Transcripts analysed in this study

were cartilage extracellular matrix molecules aggrecan, collagen-2 (Col-2), and collagen-

10, and the crucial early transcription factor for chondrocyte differentiation Sox-9 (A).

product bands from RT-PCR were semi-quantitated and plotted as a histogram

representing the ratio of gene expression relative to the expression of the house keeping

gene GAPDH (B). Aggrecan expression was upregulated most significantly in pellets

exposed to BMP-7, TGF-PI and TGF-B3. The level of Col-2 expression compared to

control was greatest in TGF-81 and TGF-83 pellet samples, and was similarly upregulated

by growth factors BMP-7 alone, BMP-2ÆGF-B3, and BMP-7/TGF-p1. Interestingly, Col-

10 gene expression was only considerably increased following incubation in BMP-7ÆGF-

pl combined. Finally, expression of the essential chondrocyte transcription factor Sox-9

was greatest in TGF-p3 cultured pellets, followed by TGF-p1 and FGF-2.
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3.3. Discussion

Since the discovery of adult stromal progenitor cells with high proliferative and

multipotential capacity, considerable interest has been generated for the application of

bone marrow MSCs for musculoskeletal tissue repair and regeneration. Currently, it is

considered that bone maffow is the most accessible and enriched source of MSC'

Clinically, the harvest of bone marrow is a relatively straightforward well established

technique, which is readily accessible, requires only a local anaesthetic, and yields a large

number of mononuclear cells. In addition, the bone m¿Iffow stroma contains a common

pool of multipotential progenitor cells that access various tissues through the circulation.

These cells may then adopt characteristics unique for the maintenance and repair of

specific tissue types. Previous studies have confirmed that clonally expanded human BM

MSC can give rise to a variety of connective tissues in vitro and multiple cell types upon

transplantation in vivo (Bianco et a1., 20Ol; Friedenstein, 1980; Gronthos et a1., 2003;

Haynesworth et al., 1992b; Pittenger et al., 1999). To date, MSC have been discovered

from many animal species including mouse, rat, rabbit, dog, cat, goat sheep, cow, and

horse. Onhopaedic research frequently necessitates the utilisation of large animal models

(such as sheep, goat, pig, dog and horse), due to similarities to humans in size, architecture,

and healing mechanisms. Examples of orthopaedic research using large animal models

include spinal fusion (Drespe et al., 2005 Gupta et al., 2001),large non-union segmental

bone defects (Cancedda et a1., 2007; Kon et a1.,2000; Quarto et a1.,2001), craniofacial

repair (De Kok et a1., 2OO3; Krebsbach et al., 1998), and cartilage regeneration (Foster et

a1.,1990; Johnstone et al., 2002 Murphy et al., 2003; Thomas et al., 2005). As MSC can

be harvested from adult tissues, and rapidly expanded in culture, potential therapies for

human musculoskeletal diseases are commonly attempted using animal models. In spite of

this, the similarities and disparities in MSCs between human and large animals have

generally been inadequately investigated. Through isolation and phenotypical analysis in

vitro, the present study demonstrated the existence of MSC-like cells in sheep bone

mafïow

In order to determine the optimal plating density for efficient CFU-F formation, BM MNC

were plated at increasing density to define the point at which MNC number plated

correlated with the number of colonies established. Results from the current study suggest

that colony formation rate of BM ovine MSCs in vitro appears to be dependent on plating

at an optimal cell density, as growth is not linear at high or low seeding densities as
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previously described for human BM MSC (Gronthos and Simmons, 1995). This may be

due in part to the low frequency of MSC in the bone marrow population, and limitation of

serum based culture systems. It has been previous suggested that unfractionated bone

maffow cultured at high density introduces accessory cells including macrophages, T-cells,

and megakaryocytes, which are capable of producing cytokines that can affect growth or

inhibit CFU-F, and additionally may modify exogenously added factors (Gronthos and

Simmons, 1995). Immunoselection with STRO-1 was found to exclude these

contaminating cell populations. Furthermore, culturing of cells at low density minimises

the effects of autocrine inhibitory and stimulatory signals, and subsequent passaging

reduces the prevalence of contaminating cell types. Using plastic adherence to isolate

MSC, after the first cell passage primary cultures are typically depleted of the nonadherent

haematopoietic cell fraction, but contain a proportion of adherent macrophage, which can

be minimised by subsequent passaging. In the current study, a linear CFU-F incidence

occurred within the seeding densities between 100,000 and 1,000,000 sheep bone marrow

MNC per well. It has been observed that the optimal seeding density for CFU-F formation

is 1 x 106 cells/60 cm'dish (equates to 1.6 x 10s cells per 9.6 cm2 6 well plate) for cells

derived from rat bone marrow (Yoshimura et a1.,2007), and between 103 and 104 cells per

c-' lapprox 1 x 10a to 1 x 10s cells per 9.6 cm2 well) (Sakaguchi et al., 2005) or 104 and

10s cells pe, cm' (Friedenstein et al., I97O) for cells from human bone marrow. Our

observation therefore is consistent with the plating densities described for rat BM CFU-F

assays and the standard technique employed for human CFU-F assays within this

laboratory.

Recent evidence suggests that the expansion capacity and overall yield of multipotential

progenitors is inversely proportional to plating density and length of passage time.

previous studies described that human cells proliferate most rapidly and retain

multipotentiality longer when plated at low density (Colter et al., 2000; Colter et al',2001).

Although cell doubling per day is initially greatest at low density (10-50 cells/cm2), the

final yield of cells was ultimately lower. Somewhat contradictory, Sakaguchi and

colleagues (2005) found MSC replated at a low density 50 cells/ c-t uersu, 5000 cells/

cm2 resulted in a greater cumulative number of cells(Sakaguchi et a1., 2005). Supporting

evidence confirms the observation that initial culture at low density improves proliferative

potential at later passage, and enhances differentiation in vitro (Sekiya et a1., 2002). Rat

BM derived MSC have been reported to expand more rapidly and extensively than human

MSC in response to seeding at low density (Javazon et al., 2001). On the other hand,
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feline MSC fail to proliferate adequately when plated at low cell densities (below 100

MSC per cm2¡ lMartin et al., 2002).

Our observations across 10 adult Merino sheep found that the frequency of CFU-F capable

cells was highly variable, but fell within the range of 1.0 and9.2 CFU-F per 1 x 10s cells

with a mean of 4.6 + 0.7 SEM. A cluster of four donors showed a relatively high CFU-F

potential exceeding 7 MSC per 1 x 105 MNC plated. Another five samples displayed less

CFU-F ability, below 4 CFU-F per 100,000 MNC. Although comparisons are hardly

unequivocal due to the small sample size, the two observed extremes of CFU-F potential

are curious. The incidence of sheep CFU-F reported in this study surpass that of most

other animal BM CFU-F assays, but lie within the normal frequency range reported for

human bone marrow CFU-F. Interestingly, Rhodes et al (2004) have previously

characterised the incidence and expansion of sheep BM derived MSC(Rhodes et a1.,2004)'

Unlike the present study study, MNCs were not collected by density gradient separation.

Instead whole marïow was cultured in vitro, producing an incidence of MSC at 1 to 1000

cells per 1 x 10s MNC, almost one hundred times more prevalent than detected in this

current study (Rhodes et al., 2004). However, these calculations were estimated by

extrapolation of the growth curve back to 0 days, and as such were not true measurements

at the time of harvest. In combination with the similar figures observed in humans and

other animals, it seems more plausible that the incidence of sheep CFU-F is as observed in

the current study.

The incidence of CFU-F in bone marrow suspension between and within species is

inconsistent. In human bone marrow aspirates, the yield of CFU-F colonies per I x 10s

plated mononuclear cells ranges from 1 to 20 (Castro-Malaspina et al., 1980; Simmons and

Torok-Storb, 1991b). The variability observed between species may arise from different in

vitro culture conditions and the differential requirements between species for expansion.

For instance,rat bone marrow CFU-F requires the presence of irradiated feeder cells for

optimal colony establishment (Kuznetsov and Gehron Robey, 1996), whereas human CFU-

F are feeder-cell independent. Furthermore, variation within species has been

demonstrated by Phinney et al (1999), who observed considerable discrepancies in CFU-F

yield, growth kinetics and differentiation between three inbred mouse strains (Phinney et

a1.,1999). CFU-F assays with bone maffow from rats, dogs, cats, mice, rabbits and guinea

pigs generally yield 0.1 to 5 MSC per 1 x 10s mononuclear cells (Friedenstein, 1980;
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Kadiyala et al., 1991; Martin et al., 2002; Owen, 1988; Simmons et al., l99l; Yoshimura et

aL,2O07).

In vivo, BM MSC are predominantly quiescent, with approximately 90Vo of cells in a non-

cycling state (Castro-Malaspina et al., 1981; Gronthos et al., 2003; Kaneko et al., 1982;

Van Vlasselaer et a1., 1994). Once cultured in vitro, these cells quickly enter a

proliferative phase in the presence of serum. Thus, formation of clonogenic CFU-F

clusters from bone marrow is dependent on the presence of l0-20Vo foetal calf serum

(FCS) in the media (Castro-Malaspina et al., 1980; Friedenstein et al., 1970). Until the last

10 years the majority of reported studies used FCS and as such, the physiological signals

required for efficient attachment and expansion of CFU-F have been limited. It has been

observed that the growth of MSC from different BM samples is often variable when grown

in the presence of FCS. Both colony number and proliferation (colony size) of the same

BM sample can be variably affected by different serum batches. It is widely accepted that

serum and plasma contain undefined and varying amounts of growth factors, cytokines,

inhibitors, and hormones. Moreover, the presence of FCS within media can inhibit or

enhance the effect of exogenously added growth factors, which has lead to conflicting

evidence in respect to defining the role of any one mitogen in CFU-F establishment. In a

clinical setting, the culture of cells in the presence of FCS should be minimised. Potential

hazards of FCS contact that should not be neglected include biosafety issues such as the

transmission of viral and prion diseases, and the potential initiation of a xenogenic immune

response within the host. Therefore, the lack of understanding of FCS constitution,

inherent disadvantages of FCS supplementation, and resultant interactions limiting the

study of individual mitogens prompted the investigation of defined molecules necessary

for efficient colony formation under serum deprived conditions, and development of a

stringent and consistent serum free culture system was essential for the further study

investigating growth factors that regulate MSC proliferation and differentiation.

Serum free conditions for the propagation of BM MSC cultures were conclusively

established by Gronthos & Simmons (1995). Under serum deprived media, the growth of

MSC was entirely dependent on the presence of exogenously added factors and a source of

extracellular matrix such as fibronectin (Gronthos and Simmons, 1995). Using STRO-I

immuno-selected cells devoid of haematopoietic cell contaminants, it was demonstrated

that basal serum free medium required supplementation with L-ascorbate and the

glucocorticoid dexamethasone to facilitate CFU-F colony formation, as the absence of
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either factor resulted in a lack of colony development. In addition, clonogenic growth of

human BM CFU-F exclusively required the addition of either lOng/ml EGF and PDGF.

Individually, each mitogen stimulated an equal number of colonies however, when added

in combination; the average colony diameter was significantly increased when compared to

each mitogen alone. These findings correlate with previous observations that

megakaryocytes, which secrete high levels of PDGF and EGF via platelet u-granules, can

stimulate MSC in vitro (Ben-Ezra et al., 1990; Castro-Malaspina et al., 1981; Kimura et al.,

1988), and that the mitogenic activity of serum is contributed by EGF and PDGF (V/althall

and Ham, 1931). The clonogenic growth of human bone marrow CFU-F in serum-free

media was found to be comparable to, or exceeding that of 20VoFCS supplementation. On

the other hand, proliferation and colony size were not stimulated by any of the interleukin

molecules assayed, by colony stimulating factor LIF, inflammatory mediator TNF-ü,

growrh factor BMP-2, TGF-p, IGF-1 or FGF-2 (Gronthos and Simmons, 1995). Inhibition

of CFU-F establishment was observed dose dependently in response to IFNa and IL-4.

Characterisation of the conditions required for the culturing of progenitor cells from mouse

and rat bone marrow found that murine cells required leukaemia inhibitory factor (LIF) for

expansion, whereas rat cells were dependent on supplementation with EGF and PDGF, in

addition to LIF (Jiang et a1., 2002). However, this study did not exclude FCS from the

expansion media, although FCS was present at a lower concentration of 27o.

Using the colourimetric WST-I proliferation assay, sheep MSC were analysed for their

response to a range of growth factors. The rationale behind this assay was to determine if

sheep cells responded to human growth factors (due to the paucity of sheep growth factors

available commercially). The number of sheep MSC increased proportionally to the

concentration of FCS, tested here at IOTo and 207o compared to the serum free control.

Supplementation with EGF and PDGF individually exhibited mitogenic activity above that

of l07o FCS supplementation, analogous to studies of MSC in humans and rats, where both

EGF and PDGF are highly mitogenic (Gronthos and Simmons, 1995; Jiang et a1.,2002).

Human MSC have been demonstrated to express the PDGF receptor (Gronthos and

Simmons, 1995). Inhibition of the PDGF receptor in long term bone maffow cultures

resulted in a dose dependent interference in the proliferation and function of stromal

fibroblasts and endothelial cells (Duhrsen et al., 2001). Genetic manipulation of the PDGF

genes and receptors has shown the dependence of mesenchymal progenitors on PDGF

signalling for growth and tissue development during embryogenesis (BetshoItz, 2003).
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Overexpression of PDGF has been implicated in many types of malignant transformation,

and may function in autocrine stimulation of tumour cells and angiogenesis (Alvarez et a1.,

2006). More recently, the angiogenic factor VEGF was found to be able to stimulate and

signal via the PDGF receptor of human MSCs to regulate proliferation and migration (Ball

et al., 2007). Overall, PDGF appears to be important in the regulation of proliferation of

MSC.

In addition to aforementioned mitogenic effects of EGF on MSC, supplementation with

heparin binding EGF has been demonstrated to reversibly preclude the differentiation of

MSC along the osteogenic, adipogenic and chondrogenic lineage under culture conditions

which facilitate these changes in vitro (Krampera et a1., 2005). Furthermore, culture of

MSC in EGF does not alter the differential potential of these cells, or spontaneously induce

differentiation of MSC toward a particular lineage (Krampera et a1., 2005; Tamama et al.,

2006), making EGF an appealing candidate for ex vivo expansion of MSC under serum

free conditions. EGF has also been reported to negatively regulate chondrogenesis of the

chick limb bud by inhibition of the mesenchymal progenitors from forming precartilage

condensations (Yoon et al., 2000). Similarly, EGF has been shown to stimulate

proliferation of osteoblasts (Fang et a1., 1992; Ng et al., 1983) but inhibit osteoblastic

differentiation (Hata et a1., 1984; Kumegawa et a1., 1983). Taken together, data suggests

that EGF may function in MSC to maintain self renewal and proliferation, and prevent

differentiation of these cells toward a committed lineage.

The most significant (p<0.05, Paired /-test) induction of proliferation of sheep MSCs was

observed in response to TGFo, a peptide structurally related to EGF and member of the

EGF family of growth factors (Xian, 2007). The TGFu,ligand binds to the EGF receptor,

mediating tyrosine phosphorylation of the EGF receptor in a manner identical to that

observed with EGF (Lee et al., 1985). Human STRO-1* immunoselected bone maffow

CFU-F have been shown to constitutively express the EGF receptor (Gronthos and

Simmons, 1995). Even at the lowest dose of I ng/ml, cell numbers were elevated three

times that of the serum free control, and nearly twice that observed with 107o FCS' Not

unlike EGF in functionality, treatment with TGFa has been found to inhibit cartilage

nodule formation by mesenchymal progenitors derived from rat mandibles and embryonic

limb bud, to prevent chondrogenesis (Huang et al., 1996). In vitro, the EGF receptor on

osteogenic cell lines is necessary for osteoblast proliferation and inhibition of osteogenic

maturation (Chien, 2000), an observation confirmed by in vivo genetic studies (Sibilia et
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al., 2003). Therefore, comparable to EGF, it appears that TGFa, may also function to

maintain MSC in an undifferentiated proliferative state and negatively regulate

commitment of progenitor cells. As to why TGFcr supplementation resulted in a larger

response than EGF in this study remains to be investigated in further studies, but may be

due to differential ligand receptor affinity.

In this current study, FGF-2 supplementation overall, stimulated the proliferation of sheep

MSC. Proliferation was comparable to l\Vo FCS, and virtually equivalent within the

concentration range of 1 ng/ml to 30 ng/ml. Interestingly, at the highest concentration (100

nglml), cell numbers reverted to levels equivalent to the serum free control, indicative of

an inhibitory effect of FGF-2 at extreme dosages. This finding correlates with

observations in chondrocytes where in low doses FGF-2 is mitogenic, but continual

activation of the FGF receptor inhibits proliferation and drives terminal chondrocyte

differentiation (Coffin et al., 1995; Makower et a1., 1989; Mancilla et a1., 1998; Nagai et

al., 1995). In vitro analysis of chondrocytes suggests a mitogenic role of FGF-2 (Trippel et

al., 1993), in contrast to in vivo studies where FGF-2 is involved in the regulation of

terminal differentiation (Kronenberg, 2003). Contradictory evidence regarding the

mitogenic influence of FGF-2 on MSC proliferation has been reported in multiple species

including human, mouse and rat (Baddoo et a1., 2003; Bianchi et al., 2003; Locklin et al.,

ßg5). FGF-2 supplementation was found to prolong population doubling (life span) of

BM MSC whilst maintaining differentiation potential, and thus may function as a mitogen

and self maintenance factor (Bianchi et al., 2003). Solchaga (2005) demonstrated FGF-2

not only increases MSC proliferation but enhances chondrogenic differentiation(Solchaga

et al., 2005), whereas Gronthos (2005) did not observe Czu-F proliferation in response to

FGF-2 supplementation(Gronthos and Simmons, 1995). Analysis of optimal culture

conditions for large clinical scale production of MSC for therapeutic application found that

FGF-2 increased MSC proliferation and immunosuppressive potential (Sotiropoulou et al',

2006). The majority of evidence from in vitro studies suggests the role for FGF-2 in MSC

proliferation. However, the complex and contradictory evidence provided by in vivo

examinations (namely of the growth plate) suggests numerous and complicated biological

functions for FGF-2.

Since their discovery (Urist,1965), it has been established that BMPs are also essential for

the proliferation and differentiation of MSC and chondrocytes during endochondral

ossification, and regulation of osteoblast differentiation (Balemans and Van Hul, 2002).
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The BMPs exhibit a broad range of biological activities including roles in proliferation,

differentiation, and migration during fracture repair, endochondral ossification, and

embryogenesis. At the growth plate BMP-2 is expressed by prehypertrophic and

hypertrophic chondrocytes, and BMP-7 in proliferative chondrocytes (Haaijman et al.,

2000) suggesting a role in differentiation and proliferation respectively. In vitro studies of

the effect of BMPs (2,4 and 6) on growth plate chondrocytes found these morphogens to

be negative regulators of chondrocyte proliferation (Olney et al., 2004). However, the

culture of foetal metatarsal explants in BMP-2 resulted in stimulation of chondrocyte

proliferation and maturation (De Luca et a1., 2001). Analysis of human BM MSC found

BMP-2 supplementation was unable to stimulate growth (Gronthos, 1995), and

furthermore, at high concentrations was inhibitory (Fromigue et a1., 1998).

In the current study, the effect of BMP-2 and BMP-7 on the proliferation of sheep BM

derived MSC somewhat contradicts the response observed in human MSC. Ovine MSC

\Mere unresponsive to supplementation with BMP-2 with the exception of the highest

concentration tested (100 ng/ml), which stimulated a significant proliferative response

(p<0.05, Paired r-test). This observation lies in direct opposition to the study by Fromigue

(1993) where 100ng/ml BMP-2 inhibited cell number(Fromigue et a1., 1998), but is in

accordance with the in vivo explant study where BMP-2 was mitogenic (De Luca et al.,

20OI). However the Fromigue study did not exclude the presence of serum in the culture

medium (present at a low concentration). Analysis of the outcome of BMP-7 addition

similarly did not follow the trends of previous observations. At the concentration range of

1 nglml to 10 ng/ml, sheep MSC were unresponsive to BMP-7, and cell numbers were

equivalent to the serum free control. At 30 nglml, BMP-7 resulted in a significant

reduction of cell number, beneath that of the serum lacking control. Nonetheless, and

analogous to the dose response of BMP-2 reported in this study, significant (p<0.05, Paired

/-test) proliferation was only achieved at the largest BMP-7 concentration of 100 nglml,

but did not exceed that of 10% FCS stimulation. Previously, proliferation of the stromal

cell line BMS2 was found induced by the addition of BMP-7 (Chen et al., 2001).

Discrepancies in the literature may arise from differences in culture conditions, medium

composition, cell origin, and cellular arrangement.

Previously, IGF-1 has not been found to exert a mitogenic effect on human MSC

(Gronthos and Simmons, 1995), a finding confirmed by the inability of IGF-I in vitro to

induce proliferation or early osteogenic differentiation of MSC (Walsh et al., 2003). Our
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observations contradict these observations for ovine MSC. The proliferation of ovine

MSC increased dose dependently in parallel with increasing concentration of IGF-I,

corresponding to the observations reported with chondrocytes (Olney et a1., 2004; Trippel

et al., lgg}). Although perplexing, overall, it is possible that the MSC analysed in this

study and others may represent a heterogeneous population of cells, perhaps exhibiting

differential populations of progenitor, pre-committed, and committed cell types, which

might explain the discrepancies observed here, between and within the literature. Null

mutations of IGF-I and the type 1 receptor have demonstrated their critical function during

bone growth and chondrogenesis, as indicated by the severe growth failure observed in

these animals (Baker et al., 1993). Upregulation of IGF-1 gene expression was reported in

osteoarthritic lesions of human arthritis patients, suggesting a role in the recruitment of

MSC and chondrocytes to the injured site for wound repair (Middleton and Tyler, 1992;

Olney et a1., 1996). Furthermore, in vitro soluble IGF-I is a potent inducer of MSC

migration, suggesting IGF-I may function to mobilise and home MSC to sites of injured

tissues (Ponte et al., 2007). Moreover, cell migration was further enhanced by pre-

incubation in the inflammatory cytokine TNFct.

Members of the TGF-P superfamily have essential functions in skeletal development,

growth, maintenance and fracture repair. TGF-P can either stimulate or inhibit cell

proliferation depending on the stage of cell maturation (Carrington and Reddi, 1990;

Ingram et a1., 1994; Lomri and Marie, 1990; Olney et a1., 2004; Robey et al., 1987; Rosier

et a1., 1989; Schwartz et a1., 1993). For example, TGF-p family members promote early

chondrogenesis and osteogenesis of MSCs, but inhibit myogenesis, adipogenesis and late

stage osteogenic differentiation (Roelen and Dijke, 2003). In the current study, it was

observed that TGF-pl had a significant (p<0.05, Paired /-test) inhibitory effect on cell

proliferation. Similarly, under the serum free growth factor assay established by Gronthos

(1995), human BM MSCs were not induced to proliferate by the addition of TGF-p

(Gronthos and Simmons, 1995). In vitro, TGF-pl is one of the predominant factors

identified for chondrogenesis of MSC (Johnstone et al., 1998; Mastrogiacomo et a1., 2001).

Overall, the role of TGF-81 in MSC regulation suggests an association with directing cell

fate decisions and less with proliferation. In contrast, supplementation with TGF-p3

consistently and significantly (p<0.05, Paired /-test) stimulated proliferation to levels

observed by the addition of l07o serum, notably in a double peak distribution at high and

low doses. Thus there appears to be some conflicting data on the proliferative effects of
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TGF-B on different cell types in vitro, which may be dependent on environment, cell type

and maturity.

Taken together, previous studies have demonstrated that the serum free media conditions

for MSC expansion in vitro (for the clinical need of generating large numbers of MSCs in

minimal time without the use of FCS supplementation), is dependent on the exogenous

source of appropriate growth factors. In this study, due to the shortage of commercially

available sheep growth factors it was necessary to determine whether sheep MSCs

responded to human growth factors, and if so how and to what extent. Furthermore, in a

clinical setting, the identification of a suitable mitogen for rapid cell expansion, so as to

circumvent the requirement of FCS supplementation is important. Selection of a potential

mitogen for translational studies should fulfil certain criteria, namely consistency between

species, and reliability between subjects within a species. Under these principles this study

demonstrated that PDGF, EGF and TGFo show the most promise as appropriate expansion

modulators for sheep MSCs. It is well accepted that PDGF and EGF are the key mitogens

present in FCS. Although IGF-I strongly stimulated MSC proliferation at the entire

concentration range assessed, variability within the literature suggests more comprehensive

studies are required. Supplementation with FGF-2 was mitogenic at lower concentrations,

and evidence suggests this mitogen to be cytostatic at higher concentrations. However,

reports on the effect of FGF-2 on MSC are similarly contradictory. Both BMP-2 and

BMP-7 were exclusively mitogenic at higher doses, and the addition of TGF-p1 to cell

cultures appeared to have an inhibitory influence on cell proliferation. Finally, it should

not be assumed that no change in cell number indicates unresponsiveness to a particular

growth factor, as factors unable to stimulate proliferation of MSC may be acting to

promote differentiation towards specific cell lineages.

Numerous studies of human and animal MSC have ascerlained that these progenitor cells

are capable of differentiation down several mesodermal lineages. Although in this thesis

our interest is mainly the investigation of the potential of MSC to regenerate growth plate

cartilage, we had determined whether sheep MSC resemble their species counterparts and

are multipotential by performing previously established assays for the differentiation of

MSC towards the osteogenic, adipogenic and chondrogenic lineages. Following two

weeks culture in osteoinductive media, confluent MSC had begun to deposit calcium

crystals within the extracellular matrix, which by four weeks were extensive and intense

throughout the entire culture. Consistently, there was a time-dependent upregulation of the

106



essential early transcription factor for osteogenesis, Cbfa-l, and Col-l, which is the

predominant collagen extracellular matrix molecule of bone, was concomitantly elevated

following osteoinduction. Low levels of expression of both Cbfa-l and Col-1 were

detected in uninduced samples, correlating with the gene expression profiles of human

immunoselected MSCs described by Gronthos et al (1995).

Adipogenesis of sheep MSC occurred within four weeks of culture as indicated by the

presence of multiple clusters of lipid-laden fat cells. Examination of genes with expression

restricted to adipocytes revealed that LPL and the early adipocytic transcription factor

PPAR1 were initially markedly upregulated after which slowly declined over the course of

the experiment. Conversely, the expression of Leptin mRNA increased in a time-dependent

fashion. Unexpectedly, transcripts for all three adipocyte related genes were detected in

control samples. In contrast, cultured human MSCs have been reported to constitutively

express LPL only (Gronthos et a1., 2003). This observed divergence from the human data

raises the possibility that sheep MSC may exist in a pre-committed state, or that upon

reaching confluence in monolayer culture, intimate cell to cell contact in combination with

the presence of serum may be sufficient to drive early adipogenesis.

Analysis of chondrogenic potential was assessed using the established pellet micromass

culture technique as differentiation of MSC and maintenance of chondrogenic phenotype is

dependent on a close cell and matrix interrelationship. Initial attempts of MSC

chondrogenesis assays used the spot micromass technique, where a small volume of cells

suspended at high density were positioned in the centre of a 12 well polypropylene plate,

and were permitted to attach prior to the overlay of chondrogenic media. Frustratingly, the

cluster of cells would either detach from the well within 24 hours, or upon well confluence,

the highly populous central aggregate would lift leaving a monolayer of cells. Effort to

vary cell density, total cell number, micromass volume and attachment conditions were

futile. It is possible that this technique was unsuccessful due to the rapid tate at which

sheep MSCs proliferate. Thus, the pellet micromass culture technique established by

Johnstone (1993) was employed (Johnstone et a1., 1998). As the most effective growth

factors for sheep MSC chondrogenesis have not been defined, several different factors

were assessed in this current study.

Following 21 days in culture with chondroinductive media, the largest MSC pellet

observed was that incubated with BMP-I and TGF-pl in combination. The pellet cultured
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with BMP-2nGF-þ3 combination was also considerably larger in size than all other pellets

analysed. This observation is analogous to a study by Shirasawa et al (2006) who reported

that the combination of BMP-2 and TGF-83 dramatically increased pellet size and matrix

synthesis, in comparison to TGF-P3 alone (Shirasawa et al., 2006). Other studies have also

reported augmentation of chondrogenesis with combined use of BMP and TGF-P (Sekiya

et al., 2001 Sekiya et al., 2005). Evidence suggests the enlargement in pellet size is due to

an increase in extracellular matrix production but not the cell number. Histologically, of

interest is the tn-zonal morphology of the BMP-7/TGF-8l aggregate. Interestingly, the

central zone of highly populated cells with little extracellular matrix resembles the

morphology of dedifferentiated chondrocytes undergoing redifferentiation in monolayer

(Imabayashi et al., 2003). The intermediate zone consists of round sparsely populated cells

surrounded by a matrix which is positive for Col-10 protein expression, suggesting

presence of hypertrophic chondrocytes. Finally, the outer zone is constituted by cells with

enlarged nuclei in a fibrous matrix which displays Col-2 immunoreactivity. Taken

together, the differences in cell morphology and protein expression within each zone

appears to somewhat recapitulate some characteristics of the growth plate or the articular

cartilage, with an inner proliferative zone and zones of progressive maturation.

Consistent with the chondrogenic differentiation of the cultured sheep MSCs, analysis of

mRNA transcripts within the cell pellets revealed an upregulation of several cartilage

genes proceeding culture of MSC in chondrogenic media. Extracellular matrix molecule

aggrecan was most notably upregulated in samples cultured with TGF-p. Col-2, which is

unique to cartilage tissue, was most significantly elevated in TGF-BI and BMP-7/ TGF-81

aggregates. At the protein level Col-2 was only detected in the BMP-7/ TGF-81 sample.

Splice variants of Col-2 were noted for samples cultured in FGF-2 and TGF-p3 and have

previously been described (Sandell et al., l99l Sandell et al., 1994). Sox-9, the essential

early transcription factor for condensation and initiation of chondrogenesis, was most

markedly elevated in samples receiving TGF-p. Interestingly, although Sox-9 is known to

directly regulate Col-2 expression, Col-2 protein was not detected in the TGF-P3 pellet.

However, as expression of Sox-9 was most notable in TGF-B samples at 2l days, perhaps

these cells are at an earlier stage of chondrogenic differentiation, where gene expression of

Sox-9 and thus CoI-2 have been induced but is not yet discernible as detectable Col-Z

matrix protein expression. Transcripts for Col-10, a marker of maturing cartilage, were

identified in several samples, particularly the BMP-7/ TGF-83 aggregate, analogous to

immunohistochemical observations. Interestingly, both Col-10 and Sox-9 mRNA were
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detected in aggregates cultured in serum free media, verified by the observation that both

uncultured and cultured human STRO-l-selected MSCs constitutively express Col-10

(Gronthos et al., 2003). Thus Sox-9 expression may be induced purely by the three

dimensional arrangement of cells at high density. In contrast to the results reported here

and human studies, Mwale et al (2006), reported aggrecan, but not Col-10, to be

constitutively expressed by human MSC (Mwale et a1., 2006). These discrepancies may

reflect differences in isolation strategies and culture conditions between different research

laboratories.

To date, the potential use of autologous chondrocyte transplantation for cartilage

regeneration has been limited by the obstacle of expanding large yields of chondrocytes

whilst maintaining phenotype. It is well accepted that once chondrocytes are removed

from their native spatial affangement within the cartilage tissue matrix and cultured in

monolayer, they dedifferentiate, lose their round phenotype, become fibroblastic, regain

the ability to proliferate, and switch expression of collagen matrix proteins (Benya et a1.,

I978;Grundmann et a1., 1980; Haudenschild et a1., 2O0L; Schnabel et al., 2002). However,

these cells do retain some chondrocyte characteristics and as such can be redifferentiated in

vitro (Benya and Shaffer, 1982; Schulze-Tanzll et a1.,2002; Solursh, l99l; Thorogood and

Hinchliffe, 1975). In fact, a comparison of human BM MSC and cultured chondrocytes

has demonstrated that both cell types exhibit similar morphology, cell surface expression

profile, and furthermore that cultured chondrocytes are multipotential (Barbero et al., 2003;

de la Fuente et a1., 2004; Tallheden et al., 2003). Therefore, as the optimal growth factors

and culture conditions for chondrogenesis of sheep MSC have not been described or

defined, the use of cells with a predetermined potential or inclination to form chondrocytes

will be most beneficial. Furthermore, the ability to generate large numbers of

precommitted cells which can be readily redifferentiated into chondrocytes presents an

additional alternative for cartilage regeneration. Under conditions and using growth

factors equivalent to those ascertained for MSC, cultured sheep chondrocytes were

redifferentiated using pellet culture micromass. Several different morphologies were

observed from samples with different treatments, including those resembling hyaline and

fibrous cartilage, often exhibiting a core of small densely populated cells. The

morphological arrangement of TGF-83 pellet shares some similarity with the outer zone of

the BMP-7/TGF-PI MSC pellet. Interestingly, the pattern of gene expression show a

greater similarity to that observed for MSC, with aggrecan expression being greatest in the

TGF-p3-treated sample, Col-2 most elevated in TGF-pl-treated pellet, and Col-10
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markedly upregulated following culture with BMP-7/ TGF-p1. As for sheep MSC cultured

in SFM, dedifferentiated chondrocytes constitutively express Col-10 and Sox-9, and to a

lesser extent express aggrecan. Immunohistochemical analysis of Col-2 and Col-10

expression correlated with the upregulation of mRNA transcripts. This may be in part due

to rearrangement of cells in close cell-matrix proximity. In addition, pockets of Col-2

protein staining can be observed in the SFM-cultured pellet, which may attributed to

reestablishment of a three dimensional arrangement and not due to exogenously added

factors. Overall, in comparison to the chondrogenesis of sheep MSC, redifferentiated

cultured chondrocytes more closely resembled native cartilage in histological structure and

in cartilage protein expression. Taken together, our observations suggests the optimal

growth factor for sheep MSC chondrogenesis is either TGF-p1 alone or BMP-7 in

combination with TGF-PI. However, although in this analysis the combinatorial use of

TGF-B and BMP upregulated Col-10, a marker of maturing and hypertrophic cartilage,

some evidence suggests Col-10 is often expressed as an early event in chondro-induction,

often prior to Col-2, and thus is not necessarily a good indicator of cartilage hypertrophy

(Mwale et al., 2006).

In summary, cells exhibiting the characteristics of human MSC can be isolated from the

bone marrow of adult sheep. The frequency of MSC was variable between subjects and

ranged from 1 to 9.2 CFU-F per 1 x 105 mononuclear cells. Under serum deprived

conditions, sheep MSC were induced to proliferate by the addition of PDGF, EGF' FGF-2

IGF-I and most notably TGFo, achieving levels equal to or surpassing that observed by

l0-207o FCS supplementation. The effect of mitogenic stimulation (under serum depleted

conditions) on the multipotential differentiation capacity of MSC remains to be

determined, and may influence the commitment of MSC along a particular lineage.

Nonetheless, in vitro, ovine MSC cells are capable of induction along the osteogenic,

adipogenic and chondrogenic lineage as determined morphologically and molecularly.

The optimal growth factor(s) for chondrogenesis of MSC and cultured chondrocytes was

found to be either TGF-BI alone or TGF-81 in combination with BMP-7. Furthermore,

sheep chondrocytes expanded in monolayer are capable of redifferentiation to a

chondrocytic phenotype in vitro using the similar growth factors. In conclusion, it appears

sheep bone marrow possesses MSC with similarities and few differences to those reported

in humans and other mammals'

110



CHAPTER 4

CHARACTERISATION OF THE CELL SURFACE PROTEIN EXPRESSION

PATTERN OF SHEEP MSC

4.1. Introductíon

In contrast to the haematopoietic stem cell, the immunophenotype of CFU-F forming MSC

and their progeny has not been well described. The identification of a heterogeneous

population of MSC has been limited by the low incidence of MSC in BM aspirates, and

compounded by the paucity of specific antibodies which are used to identify, isolate,

enrich and functionally characterise MSC. To date the majority of phenotypic

characterisation has been performed on cultured cells, and for the reasons provided above,

relatively little is known of the primary clonogenic precursors responsible for producing

MSC. However, considerable effort has been expended to characterise the cell surface

expression profile of MSC, and to generate antibodies for the selection and enrichment of

these progenitor cells.

Early efforts to identify MSC progenitors based upon cell surface expression

characteristics suggested a common precursor between the haematopoietic and

mesenchymal lineages. Based upon flow cytometric sorting of foetal BM, the common

precursor cells were characterised by aCD34*, CD38-, HLA DR- phenotype (Huang and

Terstappen, lg92). However, this finding was later modified upon the discovery that the

haematopoietic and mesenchymal progenitors could be fractionated within the CD34*

population based upon differential expression of the CD50 surface marker (Waller et a1.,

1995). Cells of haematopoietic lineage positively expressed CD50, whereas mesenchymal

lineage cells were CD50 negative. Antibodies to CD34 have been found to bind to CFU-F

in adult BM, although at considerably lower levels than reported in foetal tissue (Simmons

and Torok-Storb, l99la). Furthermore, immunoselection with CD34 is insufficient and

does not recover all CFU-F (Simmons and Torok-Storb, I99la). Interestingly, expression

of the CD34 antigen is absent from in vitro culture expanded MSC (Pittenger et al., 1999),

suggesting that CD34 is expressed by primary MSC isolated directly from bone marrow,

but is lost upon expansion.

One of the first antibodies shown to enrich CFU-F in fresh bone marrow aspirates was

STRO-1 (Simmons and Torok-Storb, 1991b). STRO-1 has been identified as an antibody
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that is cross-reactive with human bone marrow MSC but not haematopoietic precursor

cells. Identifying a minor subpopulation of adult human bone m¿urow, positive STRO-I

expression correlated with all detectable clonogenic CFU-Fs in human bone marrow, and

immunoselection of bone maffow aspirates with STRO-I enriched for MSC relative to the

unseparated BM fraction (Simmons and Torok-Storb, 1991b). However, enrichment of

CFU-F progenitors with STRO-I selection alone is insufficient to obtain a pure population

of MSC progenitors. This is due to the presence of contaminating populations of

glycophorin-A* nucleated red blood cells and a small subset of CD19* B lymphocytes,

with CFU-F activity restricted to the glycophorin negative cells (Simmons and Torok-

Storb, 1991b). The isolation of a discrete highly enriched subpopulation of BM MSC

devoid of contaminating cells types can be resolved by selection with STRO-I in

combination with vascular cell adhesion molecule (VCAM, CD106) (Gronthos et al.,

2003). Positive expression of STRO-I by active CFU-F corresponded with undetectable

levels of haematopoietic markers CD3, CD33, CD34, CD38 and CD45 (Simmons and

Torok-Storb,l99Ib; Simmons et al., 1994).

Several other antibodies have been associated with MSC progenitor cells. The SB-10

antibody has been shown to be reactive with an antigen present on undifferentiated MSC,

which is down-regulated upon differentiation along the osteogenic lineage (Bruder et al.,

1997). Shortly thereafter, the SB-10 antigen was identified as activated leucocyte cell

adhesion molecule (ALCAM, CD166) (Bruder et a1., 1998b). Generated specifically

against human MSC, the SH2 antibody has been demonstrated to react with an epitope

present on the TGFP receptor endoglin (CD105) (Haynesworth et aI.,l992a). Endoglin is

predominantly associated with endothelial cells, but also expressed on erythroblasts,

monocytes and connective tissue stromal cells (Cheifetz et al., 1992). Two antibodies,

SH3 and SH4 have been reported to recognise separate epitopes found on the membrane-

bound ecto-5' nucleotidase molecule CD'13, which plays a role in B cell activation (Bany

et a1., 2001a; Haynesworth et al.,I992a). The SH2, SH3 and SH4 antibodies are reported

to be non reactive with haematopoietic cells or osteocytes (Haynesworth et al., L992a).

However, expression of these antibodies is not restricted to or specific for MSC, since a

variety of other cell types also share expression of these antigens (Cheifetz et al., 1992).

Thus, these antibodies are not sufficient alone to isolate or enrich MSC.

MUC-18 or CD146 is a member of the immunoglobulin superfamily and has been

identified to be expressed by human bone marrow MSC (Filshie et a1., 1998). MUC-18
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has previously been located on metastatic melanoma cells, endothelial cells, and smooth

muscle cells (Sers et a1., 1994; Shih et al.,1994), and subsequent generation of monoclonal

antibodies against human MSC has confirmed the expression of this marker on human BM

MSC (Filshie et al., 1993). Furthermore, highly enriched populations of MSC can be

obtained from human bone marrow aspirates by immunoselection based on CDl46 and

STRO-I expression (Shi and Gronthos, 2003). Other Ig superfamily molecules known to

be expressed by endothelial cells are ICAM-I (CD54), PECAM-I (CD3l)' VCAM-I

(cD106), Thy-1 (CD90), and ATCAM (CD166) (Carlos and Harlan,1994; Gougos and

Letarte,1990; Ishizu etal., 1995; Mason et al., 1996; Ohneda et a1.,2001; Osborn et al.,

1989; Simmons et a1., 1990; Wetzel et al., 2004 Zannettino et al., 2OO7), which are

similarly found to be expressed by MSC.

The HOP-26 antibody has been demonstrated to be strongly reactive with early stage BM

MSC cultures. This antibody is non reactive with blood cells and can be used to select for

CFU-F progenitors in bone marrow aspirates. Immunostaining of foetal tissue has shown

cells immunoreactive with this antibody lie in close proximity to the developing bone

(Joyner et a1., 1997). More recently, HOP-26 has been identified as recognising an antigen

of tetraspanin family cluster differentiation marker CD63 (Zannettino et al., 2003), which

is known to be potentially involved in cell adhesion mechanisms.

Flow cytometric analysis of surface proteins has indicated MSC express a large spectrum

of cell adhesion molecules known as integrins (Gronthos et a1., 2001b; Majumdar et al.,

2OO3). It is believed that these membrane molecules are important in the interactions

necessary for homing to sites of injury, binding to extracellular matrix molecules, and cell-

cell interactions. The integrin receptors identified on MSC correspond to ligands present

on mature haematopoietic cells, correlating with the interactions between MSC and

haematopoietic cells and their subsequent roles during haematopoiesis (Majumdar et al.,

2003). The B1 integrin family has been established as an essential adhesion receptor

subfamily for the mediation of MSC adherence and proliferation, via matrix molecules

found within the BM microenvironment and bone surfaces (Gronthos, 2001). Functional

blocking of the B1 integrin (CD29) subunit on MSC significantly diminished the ability of

these progenitor cells to undergo osteogenesis, by impairing the initiation of matrix

mineralisation (Gronthos et al., 2001b). Moreover, immunoselection of bone marrow cells

with an anti-CD49a (olB1 subunit) antibody resolved a population of MSC with unaltered

differentiation potential (Deschaseaux et al., 2003).
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CD44 is the receptor for hyaluronic acid and is uniformly expressed by MSC (Gronthos et

a1., 2001b; Pittenger et al., 1999). The importance of CD44 in MSC/HSC interactions

during haematopoiesis has been confirmed by blocking studies conducted by Miyake et al

(1990). In addition to the aforementioned cell surface markers, MSC have also been

described as positively expressing endopeptidases CD10 and CD13, CDJI, adhesion

molecules CD90 (Thy-l) and CD49a, receptors for PDGF, EGF, IGF-1 and NGF, among

many other surface proteins (Deans and Moseley, 2000; Gronthos and Simmons, 1995;

Pittenger et a1., 1999; Simmons et a1., 1994).

The cocktail of cell surface markers identified on MSC provides some insight in the

mechanism and roles of these progenitor cells in fundamental processes such as the

regulation of haematopoiesis, homing mechanisms and injury repair, lineage specific

differentiation, proliferation, and interactions with the extracellular matrix. In addition,

characterisation of the MSC immunophenotype will augment the selection, enrichment,

and characterisation of 'true' self renewing multiprogenitor cells. To date, the majority of

studies have examined the expression profile of human MSC, with some research in

rodents. However, there is very little information available on the cell surface

characteristics of ovine MSC, and antibodies that can be used to immunoselect for these

cells. This is compounded by the scarcity of antibodies specific for sheep, and relevance

for use in ovine orthopaedic studies. This chapter will assess the cell expression profile of

ovine MSC and chondrocytes using antibodies specifically generated for reactivity with

human ce|ls. Furthermore, a series of novel antibodies generated against sheep MSC by

Dr. A. Zannettino (Myeloma & Mesenchymal Research Laboratory, Institute of Medical &

Veterinary Science, Adelaide, Australia) will be examined. Antibodies potentially

applicable for immunoselection of CFU-F progenitors will be investigated for the ability to

select for and enrich ovine MSC.
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4.2. Results

4.2.1 Characterisation of the CeU surface Expression Profile of Sheep Bone Marrow

Derived MSC.

Single cell suspensions of sheep bone marrow MNC were cultured in vitro in monolayer to

generate a heterogeneous population of MSC according to plastic adherence.

Contaminating non adherent cell types were removed by media replacement following two

days in culture. Upon confluence, the adherent cells were recultured at a lower density and

on reaching confluence once again were harvested for analysis. The cell surface

expression profile of MSCs derived from three different sheep donors were investigated

using single colour immunofluorescence analysis as described in the methods (Chapter

2.3.1). The antibodies selected for examination were those previously demonstrated to

show immunoreactivity with human MSC, commercially available antibodies specifically

raised against sheep cell types, and a series of uncharacterised monoclonal antibodies

specifically targeted against sheep adherent MSC which were generated by Dr. A.

Zannettino (Myeloma & Mesenchymal Research Laboratory, Institute of Medical &

Veterinary Science, Adelaide, Australia). Positive fluorescence was defined as the level of

fluorescence greater than 997o of the isotype matched control.

'When separated according to size and granularity (forward and side scatter respectively) by

flow cytometry, cultured MSC represented a heterogeneous population of cells (Figure

4.14). This observation was consistent between all donors examined. Ovine MSC (n=3)

uniformly displayed a high level of expression of the hyaluronate receptor CD44 (H9H11'

mean 99.37o + 0.3 SEM), and of the uncharacterised hybridomas B (mean 99.57o + 0'4

SEM), H (mean 99.37o + 0.3 SEM) and I (mean 9l.7Vo + 1.1 SEM). Representative

histograms of the immunofluorescence intensity of each antibody assessed can be observed

in Figure 4.18. Cultured MSC were similarly strongly immunoreactive with an antibody

recognising CD166, also known as activated leucocyte cell adhesion molecule (mean

g9.0To + 1.5 SEM). Cells exhibited intermediate fluorescencs to the

macrophage/monocyte marker CD14 (mean 2857o + 13.8 SEM), and to a more variable

extent than the aforementioned antibodies. Expression of Hybridoma E was restricted to a

minor subset population of MSC (mean 16.0% + 1.4 SEM), which was surprisingly

consistent between subjects. However, the majority of antibodies assessed did not exhibit

any reactivity with sheep derived MSC. Included within this category were STRO-I,
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Figure 4.1: Cell surface expression profile of adult sheep bone marrow derived MSC.

Primary MSC cultures were generated from BM MNC preparations according to plastic

adherence and expanded in vitro. Upon confluence, cells were harvested by trypsin

digestion and assessed for cell surface antigen expression by immunofluorescence flow

cytometric analysis. (A) Representative dot plot of the BM MSC population based upon

forward scatter (cell size) and side scatter (granularity). (B) All subsequent studies using

flow cytometric analysis were conducted on 1 x 104 cells residing within the Rl quadrant

and collected as listmode data. Representative frequency histograms of the

immunoreactivity of sheep BM MSC to a variety of monoclonal antibodies coupled to

FITC. The data is presented as the relative cell count (y-axis) versus the fluorescence

intensity (1og scale). Positive fluorescence was classed as levels of fluorescence greater

thanggVo of the appropriate isotype matched control.
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MUC-18, CD31, CD90, and CD105, all previously developed as markers of human MSC.

Ovine MSC did not express the haematopoietic cell surface marker CD45. Combined data

of the mean incidence of fluorescence from 3 donors is presented in Table 4.1.

4.2.2. Characterisation of the Immunophenotype of Freshly Isolated Ovine Chondrocytes.

In order to determine differences in the expression of cell surface markers between sheep

MSC and sheep chondrocytes, articular cartilage scrapings were collected from three adult

sheep. The chondrocytes were liberated from the cartilage extracellular matrix by

overnight enzymatic digestion in a collagenase/dispase solution. These cells were

immediately assessed by immunofluorescence flow cytometry using the panel of

antibodies examined for sheep MSC, in order to define the cell surface expression of

chondrocytes directly from their native extracellular and spacial environment,

circumventing changes that may occur following in vitro culture. According to the scatter

profile dot plot, uncultured articular chondrocytes exhibit a more homogenous cell

population than sheep MSC (Figure 4.2A). Representative histograms of fluorescence

intensity can be observed in Figure 4.28. Interestingly, the immunophenotype of articular

chondrocytes is considerably different to the profile observed in sheep MSC (Table 4'2).

Consistent with MSC, the majority of sheep chondrocytes expressed hybridoma B (mean

89.8Vo + 3.4 SEM), and hybridoma I (mean 84.IVo + 8.1 SEM), although intensity was

slightly lower and less uniform in distribution. In contrast to sheep MSC where positive

fluorescence exceeded 907o, chondrocytes lacked expression of adhesion molecules

CD166 andCD44, and Hybridoma E. Additionally, Hybridoma H, which exhibited almost

lO¡Vo expression by BM MSC cultures, displayed only 2.6Vo + 0.4 reactivity in

chondrocytes. Expression of the CD14 marker, which is specifically expressed by

monocytes/macrophages, was also observed to be diminished in chondrocyte preparations,

in comparison to cultured sheep MSC. Interestingly, a minor population of sheep

chondrocytes displayed positive fluorescence for CD31 and CD45.

4.2.3. Characterisation of the Immunophenotype of Cultured Ovine Chondrocytes.

It is widely accepted that significant changes in morphology and gene expression occur

once chondrocytes are permitted to adhere in vitro and cultured in monolayer.

Chondrocytes dedifferentiate to a fibroblast-like morphology which is concomitantly

associated with an alteration in extracellular matrix synthesis and cell surface marker
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Tabte 4.1. Immunophenotype of ovine bone marrow derived MSC. Primary MSC

cultures were generated according to plastic adherence and expanded in vitro (P3-P4).

Cells were harvested by trypsin digestion and assessed for cell surface antigen expression

by immunofluorescence flow cytometric analysis. Positive fluorescence was classed as

levels of fluorescence greater than 99Vo of the appropriate isotype matched control.

Analysis was conducted on 1 x 104 cells and all results are expressed as mean percentage

positive fluorescence + SEM (n=3 different BM aspirates).
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Cell Surface Molecule Antibody Name Mean 7o Fluorescence (t SEM)

IgGl negative control

IgG2 negative control

IgM negative control

Alkaline Phosphatase

CD14 (Sheep)

CD31 (Sheep)

CD44

CD45 (Sheep)

CD45 (Sheep)

CD9O

CD105

CDlO5

CD106/VCAM-1 (SheeP)

CDT46

CDT46

CD166

STRO-I

185

1D4.5

IA6.L2

8478

H9H11

SBU-LCA

AB11

XB1

QE4G9

CC9

EB4

Hyb A (Sheep)

Hyb B (Sheep)

Hyb C (Sheep)

Hyb E (Sheep)

Hyb F (Sheep)

Hyb G (Sheep)

Hyb H (Sheep)

Hyb I (Sheep)

0.6 + 0.1

0.6 x.0.2

0.7 + 0.1

0.6 + 0.1

28.5 + 13.8

O.9 + 0.2

99.3 x.0.3

0.6 + 0.1

0.5 t 0.0

0.4 + 0.2

0.7 + 0.2

1.0 + 0.3

0.6 + 0.1

0.8 + 0.3

0.5 + 0.1

89.0 + 7.5

0.5 + 0.0

3.3 + 1.2

99.5 + 0.4

1.6 + 0.2

16.0 + 1.4

0.8 + 0.2

1.3 + 0.1

99.3 + 0.3

91.1 + l.I



Figure 4.2: Cell surface expression profile of adult sheep articular chondrocytes.

Chondrocytes were liberated from scrapings of articular cartilage by overnight enzymatic

digestion in a collagenase/dispase solution. Single cell suspensions were then assessed for

cell surface antigen expression by immunofluorescence flow cytometric analysis. (A)

Representative dot plot of the chondrocyte population based upon forward scatter (cell

size) and side scatter (granularity). (B) All subsequent studies using flow cytometric

analysis were conducted on 1 x 104 cells residing within the Rl quadrant and collected as

listmode data. Representative frequency histograms of the immunoreactivity of sheep

chondrocytes to a variety of monoclonal antibodies coupled to FITC. The data is presented

as the relative cell count (y-axis) versus the fluorescence intensity (log scale). Positive

fluorescence was classed as levels of fluorescence greater than 997o of the appropriate

isotype matched control.
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Table 4.2. Immunophenotype of uncultured ovine articular chondrocytes. Following

enzymatic release from the cartilage extracellular matrix, chondrocyte cell surface antigen

expression was assessed using immunofluorescence flow cytometric analysis' Positive

fluorescence was classed as levels of fluorescence greater than 997o of the appropriate

isotype matched control. Analysis was conducted on 1 x 104 cells and all results are

expressed as mean percentage positive fluorescence a SEM (n=3 different cartilage

donors).

Cell Surface Molecule Antibody Name Mean 7o Fluorescence (t SEM)

IgGl negative control

IgG2negative control

IgM negative control

Alkaline Phosphatase

CDl4 (Sheep)

CD31 (Sheep)

CD44

CD45 (Sheep)

CD45 (Sheep)

CD9O

CD105

CD1O5

CD106/VCAM-1 (Sheep)

CD146

CD146

CD166

1B5

1D4.5

rA6.t2

B,478

H9H11

SBU-LCA

ABl 1

XB1

QE4G9

CC9

EB,4

Hyb A (Sheep)

Hyb B (Sheep)

Hyb E (Sheep)

Hyb H (Sheep)

Hyb I (Sheep)

O.l + 0.2

0.4 + 0.1

O.5 + 0.2

0.5 r 0.1

3.8 + 0.8

2.5 + t.5

L4 + 0.3

2.4 + 0.6

0.6 + 0.3

0.5 + 0.3

0.4 t 0.0

0.6 + 0.2

0.3 + 0.1

0.7 + 0.1

0.3 + 0.1

1.6 + L3

0.7 x.0.2

89.8 t 3.4

1.1 + 0.3

2.6 + 0.4

84.1 + 8.1



expression (Benya and Shaffer, 1982). So as to assess the changes that occur in the cell

surface marker profile of chondrocytes following culture and dedifferentiation, articular

chondrocytes corresponding to the donors used above (n=3) were expanded in monolayer.

At passage 1, the dedifferentiated chondrocytes were harvested by trypsin detachment and

subjected to single colour immunofluorescence flow cytometric analysis as described in

the methods (Chapter 2.3.I). The panel of antibodies assessed were identical to those used

for freshly isolated articular chondrocytes. Representative histograms displaying the

observed fluorescence intensity and distribution of selected antibodies of interest

highlighted multiple changes in cell surface expression profile (Figure 4.38). Positive

fluorescence from the three donors analysed was combined to provide the mean

fluorescence of each antibody (Table 4.3). Several markers were moderately upregulated

following culture in monolayer, including CD14 (mean 12.37o + 8.4), CD166 (mean 5.7Vo

t 0.4) and Hybridoma E (mean I3.97o f 63) antibodies, whose expression in uncultured

chondrocytes ranged between I and3Vo. Although expressed by a majority of uncultured

chondrocytes (around 857o), the incidence of positive fluorescence with Hybridoma B

(mean 99.5Vo x 0.2) and Hybridoma I (mean 98.6Vo t 0.7) was similarly increased to

greater than 98Vo of cells analysed. Of particular interest, the culture of chondrocytes in

monolayer instigated a significant upregulation in the surface expression of CD44 (mean

9B.5Vo a 0.9) and Hybridoma H (mean 99.67o + 0.3), from negligible levels in uncultured

chondrocytes to positive expression by almost the entirety of cells assessed. Conversely,

the incidence of CD31 and CD45 expression was down regulated to vinually undetectable

levels. Overall, cultured chondrocytes exhibit a similar immunophenotype to that observed

for sheep BM MSC.

4.2.4. Characterisation of the Immunophenotype of Human BM Derived MSC and

Osteoblasts with Hybridoma Supernatants Reactive Against Cultured Sheep MSC.

Although the cell surface expression profile of human MSC has been extensively

characterised, the cross reactivity of human MSC with the series of monoclonal antibodies

generated against sheep MSC was undetermined. Thus, single cell suspensions of human

BM derived MSC from three individuals were analysed by single colour flow cytometric

analysis. Established markers of human MSC were included as positive controls.

Representative histograms demonstrating the fluorescence intensity and distribution

pattems of cells analysed are presented in Figure 4.4. The data from three donors was

combined to provide mean fluorescence for each antibody examined (Table 4.4). As
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Figure 4.3: Cell surface expression profile of adult sheep dedifferentiated chondrocytes.

Chondrocytes isolated from articular cartilage were cultured in vitro in monolayer to

facilitate dedifferentiation of chondrocyte phenotype. Once confluent, cells were detached

by trypsin digestion and recultured. Upon reaching confluence again, adherent cells were

detached and assessed for cell surface antigen expression by immunofluorescence flow

cytometric analysis. (A) Representative dot plot of the cultured chondrocyte population

based upon forward scatter (cell size) and side scatter (granularity). (B) All subsequent

studies using flow cytometric analysis were conducted on 1 x 104 cells residing within the

Rl quadrant and collected as listmode data. Representative frequency histograms of the

immunoreactivity of sheep cultured chondrocytes to a variety of monoclonal antibodies

coupled to FITC (B). The data is presented as the relative cell count (y-axis) versus the

fluorescence intensity (1og scale). Positive fluorescence was classed as levels of

fluorescence greater than 99Vo of the appropriate isotype matched control.
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Table ¿1.3. Immunophenotype of dedifferentiated ovine articular chondrocytes. Cells

isolated from cartilage tissue rwere cultured in vitro in monolayer to initiate

dedifferentiation phenotype. Upon confluence (P1-P2), primary cultures were harvested

by trypsin digestion and assessed for cell surface antigen expression by

immunofluorescence flow cytometric analysis. Positive fluorescence was classed as levels

of fluorescence greater than 997o of the appropriate isotype matched control. Analysis was

conducted on 1 x 104 cells and all results are expressed as mean percentage positive

fluorescence + SEM (n=3 different cartilage donors, with chondrocyte samples matching

those of the same donors used in-lable 4.2).

Cell Surface Molecule Name Mean 7o Fluorescence

IgGl negative control

IgG2negative control

IgM negative control

Alkaline Phosphatase

CD14 (Sheep)

CD31 (Sheep)

CD44

CD45 (Sheep)

CD45 (Sheep)

CD9O

CD1O5

CD1O5

CD106/VCAM-1 (Sheep)

CDI46

CDI46

CD166

185

1D4.5

r^6.12

B,4t8

H9H11

SBU-LCA

AB11

XB1

QE4G9

CCg

EB4

3G5

Hyb A (Sheep)

Hyb B (Sheep)

Hyb E (Sheep)

Hyb H (Sheep)

Hyb I (Sheep)

0.5 + 0.2

O.l + 0.4

0.4 r 0.1

0.3 t 0.1

12.3 + 8.4

0.8 + 0.0

98.5 + 0.9

0.7 + 0.0

0.5 + 0.2

0.3 + 0.2

0.4 + 0.1

0.4 + 0.1

0.5 + 0.3

0.5 + 0.2

0.2 + 0.1

5.1 + 0.4

2.9 x.L.4

1.1 + 0.8

99.5 + 0.2

13.9 + 6.1

99.6 + 0.3

98.6 t 0.7



Figure 4.4.. Cell surface expression profile of adult human bone marrow derived MSC.

Primary MSC cultures were generated from BM MNC preparations according to plastic

adherence and expanded in vitro. Upon confluence, cells were harvested by trypsin

digestion and assessed for cell surface antigen expression by immunofluorescence flow

cytometric analysis. Specifically, human MSC were assessed for immunoreactivity to

monoclonal antibodies recognising sheep MSC. (A) Representative dot plot of the BM

MSC population based upon forward scatter (cell size) and side scatter (granularity). (B)

All subsequent studies using flow cytometric analysis were conducted on 1 x lOa cells

residing within the R1 quadrant and collected as listmode data. Representative frequency

histograms of the immunoreactivity of human BM MSC to a variety of monoclonal

antibodies coupled to FITC. The data is presented as the relative cell count (y-axis) versus

the fluorescence intensity (1og scale). Positive fluorescence was classed as levels of

fluorescence greater than 997o of the appropriate isotype matched control.



A
RI

FSUN

H
C
J
oo
oo
o
H

-goL

-ve

, 0.970

Hyb A

Hyb H

Hyb B

Hyb I

fluorescence intensitY

cD44 cDl05

Hyb E

cDl06

1

B



Table 4.4. Cell surface markers expressed by human bone marrow derived MSC. Primary

MSC cultures were generated according to plastic adherence and expanded in vitro (P3-

P4). Cells were harvested by trypsin digestion and assessed for cell surface antigen

expression by immunofluorescence flow cytometric analysis. Positive fluorescence was

classed as levels of fluorescence greater than 997o of the appropriate isotype matched

control. Analysis was conducted on 1 x 104 cells and all results are expressed as mean

percentage positive fluorescence + SEM (n=3 different BM aspirates).

Cell Surface Molecule Name Mean 7o Fluorescence

IgGl negative control

IgG2 negative control

IgM negative control

Alkaline Phosphatase

CD44

CD105

CDl05

CDI06iVCAM-1 (Sheep)

CD146

CD146

185

1D4.5

IA6.T2

B,4t8

H9H11

AB11

XB1

QE4G9

CC9

EB.4

Hyb A (Sheep)

Hyb B (Sheep)

Hyb E (Sheep)

Hyb H (Sheep)

Hyb I (Sheep)

0.9 + 0.2

0.9 + 0.3

0.6 + 0.4

23.4 + 12.9

95.8 + 2.1

96.0 + 1.8

95.6 + 2.I

2.4 ¡2.2

28.3 + 8.3

15.0 + 7.1

0.8 + 0.4

0.9 + 0.2

I.4 + 0.6

97.6 + 0.8

1.0 + 0.3



expected, human MSC exhibited uniformly positive expression of CD44 and CD105, and

intermediate expression of alkaline phosphatase and CDl46 (MUC-18). Of the

uncharacterised hybridomas generated against sheep MSC, levels of immunoreactivity

were virtually undetectable for all antibodies assessed, except for Hybridoma H (mean

9j.6Vo + 0.8 SEM), which exhibited a strong immunofluorescence in the majority of

human BM MSC examined.

Human osteoblasts were correspondingly investigated for cross reactivity with the sheep

specific hybridoma panel. Cultured osteoblasts from 3 healthy adult human osteoblast

donors (OD) were analysed by flow cytometric analysis and representative histograms of

relative fluorescence intensity and distribution are presented in Figure 4.5. Positive

fluorescence from the three donors analysed was combined to provide the mean

fluorescence of each antibody (Table 4.5). Consistent with human MSC, human

osteoblasts were immunoreactive with CD44, CD105 and CD146, and displayed cross

reactivity only with monoclonal anti-sheep MSC Hybridoma H (99.3Vo ! 0.2)' The

remaining hybridomas failed to recognise osteoblast cells of human origin.

4.2.5. Spatial Localisation and Resolution of Sheep CFU-F Progenitor Cells within MNC

Preparations by Flow Cytometric Analysis.

Across all species, the relative incidence of CFU-F within bone marrow aspirates is

consistently low. This study aimed to more accurately discriminate the region in which

MSC reside according to cell size and granularity, so as to more precisely target cells for

FACS immunoselection. Furthermore, specifying the region known to harbour CFU-F

progenitors diminishes the likelihood of contaminating non specific Fc binding. Two

separate sheep bone marrow aspirates were subjected to FACS which characterised each

cell by size (forward light scatter) and granularity (side light scatter). Examination of the

resulting dot plot histograms revealed three distinct cell sub populations (Figure 4.64).

These MNC sub populations are loosely categorised as the lymphocyte (R1), monocyte

(R2), and granulocyte (R3) fractions. Lymphocytes comprise the majority of MNC,

followed by monocytes and granulocytes (Figure 4-68).

In order to determine which fraction the CFU-F progenitors reside in, each subpopulation

was gated horizontally, and cells within each region were collected. The cells from each

gated region were subsequently cultured under standard CFU-F assay conditions. After

r18



Figure 4.5: Cell surface expression profile of adult human osteoblasts. Primary osteoblast

cultures were generated from normal osteoblast donors and cultured in vitro. Upon

confluence, cells were detached by collagenase/dispase digestion and assessed for cell

surface antigen expression by immunofluorescence flow cytometric analysis. Specifically,

human osteoblasts were assessed for immunoreactivity to monoclonal antibodies

recognising sheep MSC. (A) Representative dot plot of the human osteoblast population

based upon forward scatter (cell size) and side scatter (granularity). (B) All subsequent

studies using flow cytometric analysis were conducted on 1 x 104 cells residing within the

Rl quadrant and collected as listmode data. Representative frequency histograms of the

immunoreactivity of human osteoblasts to a variety of monoclonal antibodies coupled to

FITC. The data is presented as the relative cell count (y-axis) versus the fluorescence

intensity (1og scale). Positive fluorescence was classed as levels of fluorescence greater

than 99Vo of the appropriate isotype matched control'
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Table 4.5. Cell surface markers expressed by human normal osteoblasts. Primary cultures

were collected by collagenase/dispase digestion of bone trephine chips and assessed for

cell surface antigen expression by immunofluorescence flow cytometric analysis. Positive

fluorescence was classed as levels of fluorescence greater than 99Vo of the appropriate

isotype matched control. Analysis was conducted on 1 x lOa cells and all results are

expressed as mean percentage positive fluorescence + SEM (n=3 different OB donors).

Cell Surface Molecule Antibodv Name Mean 7o Fluorescence (t SEM)

IgGl negative control

IgG2 negative control

IgM negative control

Alkaline Phosphatase

CD44

CDl05

CD1O5

CD106/VCAM-1 (Sheep)

CDI46

CDI46

185

LA6.l2

tD4.5

B,418

H9H11

AB1 1

XB1

QE4G9

CC9

EB4

Hyb A (Sheep)

Hyb B (Sheep)

Hyb E (Sheep)

Hyb H (Sheep)

Hyb I (Sheep)

0.8 + 0.4

0.9 + 0.1

0.5 + 0.2

2.4 + 1.2

99.1+ 0.4

91.9 + l.l
89.4 + 1.9

0.4 + O.2

41.9 +1.8

1.0 + 0.6

2.4 + L0

0.8 + 0.2

0.9 + 0.3

99.3 + 0.2

1.7 + 0.9



Figure 4.6: Spatial localisation of CFU-F progenitor cells within ovine BM MNC

preparations. Using a flow cytometer, BM MNCs from two sheep donors were distributed

according to physical characteristics by forward scatter (size) and side scatter (granularity)

following density gradient centrifugation. In each instance, three discrete subpopulations

of the bone marrow fraction were collected using horizontal gates representing the

lymphocyte (R1), monocyte (R2) and granulocyte (R3) fractions. (A) Representative dot

plot of the bone maffow MNC scatter profile observed with corresponding gates. (B) The

average percentage of each sub-fraction + SEM within the total cell pool was assessed,

with lymphocytes contributing to the majority of cells collected. (C) Each sub-fraction

was cultured in triplicate according to CFU-F assay technique. The number of colony

forming units derived from each population was ascertained following 10-14 days in

culture. The 'pre' sample represents a complete, ungated MNC fraction. The greatest

proportion of CFU-F capable progenitors was derived from the granulocyte (R3) fraction,

exceeding the pre sort control, monocyte (R2) population, and the lymphocyte (R1)

fraction.
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10-14 days, the number of colonies formed from the three fractions was assessed and is

presented as the incidence of CFU-F per I x 10s MNC plated for each subject (Figure

4.6C). Results for the two donors were combined to provide the mean CFU-F for each

fraction, and fold enrichment compared to the unfractionated MNC population (Table 4.6).

CFU-F progenitors were clearly absent from the lymphocyte fraction (R1, mean 1'5 t 1'0

CFU-F per 1 x 10s MNC). The incidence of CFU-F within the monocyte population (R2,

mean II.Z + 7.0 CFU-F per 1 x 10s MNC) was comparable to the unfractionated MNC

control (mean I3.g + 6.3 CFU-F per I x 10s MNC). Cells within the granulocyte region

(R3, mean 33.2 x 1.1 CFU-F per 1 x 10s MNC) contained the highest frequency of CFU-F,

with enrichment almost three times that of unfractionated cells. Whilst the majority of

CFU-F exist within the granulocyte fraction, progenitor cells can also be recovered from

the monocyte fraction. Therefore the assignment of gates requires re-evaluation so as to

include all CFU-F progenitors.

As separation of MNC subpopulations based upon horizontal gates failed to resolve a

fraction of cells containing the entire subset of CFU-F, two vertical gates were assigned to

the MNC preparation (excluding the lymphocyte population) (Figure 4.7A). BM aspirates

from two subjects were analysed, and cells within each region were collected and cultured

under standard CFU-F assay procedure as described in the methods. Cells of the Rl and

R2 regions comprised approximately 3.57o and l7o of the total MNC population

respecrively (Figure 4.18). The yield of CFU-F per 1 x 10s MNC within each region for

each subject is presented in Figure 4.7C. Although consistent between gated groups, the

two subjects display a large variation in CFU-F potential. Data from each subject were

combined and are presented as mean number of CFU-F per 1 x 10s MNC plated, and fold

enrichment in comparison to the unfractionated control was tabulated (Table 4.7).

Collection of cells within the Rl region significantly decreased enrichment of CFU-F, and

contained virtually no CFU-F (mean 1.0 + 0.5 CFU-F per I x 10s MNC). Conversely, the

R2 region appeared to contain the entire CFU-F population (mean 31.2 + 20.6 CFU-F per I

x 10s MNC), resulting in a two fold enrichment of progenitor cells compared to the

unfractionated MNC sample (18.6 t 13.2 CFU-F per I x 10s MNC). Collectively, results

suggest that the entire ovine MSC population resides within the horizontal region R2. The

subsequent immunoselection of cells within the designated region by FACS may augment

the characterisation of cells with CFU-F potential from BM aspirates.
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Table 4.6. Spatial localisation/identity of CFU-F progenitor cells within ovine BM MNC

preparations. MNC were separated by a flow cytometer based upon forward scatter (size)

and side scatter (granularity). Cells were horizontally gated into subpopulations according

to scatter profile, and cultured for 10-14 days according to CFU-F technique. The data

presented below represent mean CFU-F + SEM per 1 x 10s MNC, and mean fold + SEM

enrichment compared to unseparated control (n=2 different BM donors)'

¡

I
"t
',i

I

I
I'

I

I

Gated CFU-F + SEM per 1x 10s MNC Fold Enrichment (+ SEM)

Unfractionated

BM MNC

R1

R2

R3

13.9 + 6.3

1.5 + 1.0

tL2 +7.0

33.2 = l.l

1.0 + 0.0

0.1 + 0.0

0.7 + 0.2

3.0 t 1.3
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Figure 4.72 Fractionation of CFU-F progenitor cells within ovine BM MNC preparations

according spatial distribution. Using a flow cytometer, BM MNCs from two sheep donors

were fractionated according to physical characteristics by forward scatter (size) and side

scatter (granularity) following density gradient centrifugation. In each instance, two

discrete subpopulations of the bone marrow fraction were collected using vertical gating to

avoid cells of the lymphocyte fraction. (A) Representative dot plot of the bone marrow

MNC scatter profile with corresponding gates. (B) The average percentage (t SEM) of

each sub-fraction within the total cell pool, with the Rl fraction contributing to

approximately 87o of cells collected, and R2 population consisting of less than l7o of the

total MNC population. (C) Each sub-fraction was cultured in triplicate for 10-14 days

according to CFU-F assay technique and the number of colony forming units derived from

each population was ascertained. The 'pre' sample represents a complete, ungated MNC

fraction. The complete CFU-F fraction was contained within cells of the R2 region, with

CFU-F virtually undetectable in the R1 subpopulation.
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Table 4.7. Spattal localisation/identity of CFU-F progenitor cells within ovine BM MNC

preparations. MNC were separated by a flow cytometer based upon forward scatter (size)

and side scatter (granularity). Cells were vertically gated into subpopulations according to

scatter profile, and cultured for 10-14 days according to CFU-F technique. The data

presented below represent mean CFU-F + SEM per 1 x 10s MNC plated, and mean fold +

SEM enrichment compared to unseparated control (n=2 different BM donors).

Gated CFU.F t SEM per 1X 105 MNC Fold Enrichment (t SEM)

18.6 + 13.2 1.0 + 0.0Unfractionated

BM MNC

R1

R2

1.0 + 0.5

31.2 + 20.6

0.2 + 0.1

1.8 + 0.2



4.2.6. Immunoselection and Enrichment of CFU-F Progenitors from Ovine BM MNC

Preparations by Fluorescence Activated CelI Sorting (FACS).

Following analysis of the cell surface expression profile of ovine MSC, an assortment of

uncharacterised hybridomas reactive with cultured sheep MSC were chosen for

examination of their potential to directly select for and enrich the yield of MSC.

preparations of BM MNC were immunostained with each hybridoma of interest and

fluorescence intensity was measured by FACS. As the spatial location of CFU-F within

the MNC population has been defined, cells were selected within the region previously

confirmed to contain these progenitor cells. Cells positive and negative for the expression

of each antibody, compared to the isotype matched control, were collected and subjected to

a standard CFU-F assay procedure. To determine enrichment due to selection with the

particular monoclonal antibody the relative yield of CFU-F per I x 10s MNC was

calculated and compared to CFU-F yield from an unfractionated control'

When BM MNC were immunoselected within the gated region R1, by monoclonal

antibody Hybridoma A coupled to FITC, the dot plot histogram of the MNC distribution

pattern depicted a heterogeneous population of cells (Figure 4.84). A frequency histogram

representing the immunoreactivity of Rl gated BM MNC with Hybridoma A is presented

in Figure 4.88. Cells expressing Hybridoma A to a level greater than 99Vo of the isotype

matched control were classed as positively expressing cells and were collected (M1). The

horizontal bar denotin gMr2 region represents the Rl gated cells negative for expression of

the Hybridoma A antibody, which were also collected for analysis. MNC within the Rl

region represented 0.6Vo of the total cell population. Immunoreactivity with Hybridoma A

was detectedin 16.47o of cells within the R1 region, representingO.l%o of the total number

of cells analysed. In vitro culture of Hybridoma A* cells under CFU-F assay conditions

resulted in the f'ormation of 94.4 + 18.9 CFU-F per 1 x 105 MNC. In contrast, Hybridoma

A- cells failed to form any detectable CFU-F colonies. Compared to the unfractionated

control this selection process with the Hybridoma A antibody yielded a 33'7 fold

enrichment of CFU-F content (Table 4.8).

Immunoreactivity with the monoclonal Hybridoma B antibody was almost ubiquitous

within the MNC population. Similarly, within the Rl region (comprising 0.557o of the

total MNC population), 97 .4Vo cells displayed positive immunoreactivity with Hybridoma

B (Figure 4.gB). The region Ml represents positive fluorescence greater than 997o of the

t20



Figure 4.8: Immunoselection of adult sheep BM MNC with the monoclonal antibody

Hybridoma A. (A) Representative dot plot demonstrating the heterogenous nature of the

BM MNC population based upon forward scatter (cell size) and side scatter (glanularity).

(B) Frequency histogram representing the immunoreactivity of R1 gated BM MNC with

the FITC coupled Hybridoma A, with data presented as the relative cell count (y-axis)

versus the fluorescence intensity (log scale). The horizontal bar (region Ml) represents the

level of fluorescence greater than 99Vo of the FITC coupled isotype matched control

(146.12), and horizontal bar (M2 region) represents the Rl gated cells negative for

Hybridoma A.
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Figure 4.9: Immunoselection of adult sheep BM MNC with the monoclonal antibody

Hybridoma B. (A) Representative dot plot demonstrating the heterogenous nature of the

BM MNC population based upon forward scatter (cell size) and side scatter (granularity).

(B) Frequency histogram representing the immunoreactivity of R1 gated BM MNC with

the FITC coupled Hybridoma B, with data presented as the relative cell count (y-axis)

versus the fluorescence intensity (log scale). The horizontal bar (region M1) represents the

level of fluorescence greater than 997o of the FITC coupled isotype matched control (1B5).

The horizontal bar denoting M2 region represents the Rl gated cells negative for

Hybridoma B. The horizontal bar (region M3) indicates a subpopulation of cells which

express the Hybridoma B antigen more intensely than the rest of the positive BM MNC

population.
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isotype matched control. As virtually the entire population displays reactivity with

Hybridoma B, cells demonstrating elevated levels of the antigen were collected as

Hybridoma B* fraction, as indicated by the horizontal bar M3. This Hybridoma B bright

subfraction constituted 27.27o of cells within the Rl region, and 0.27o of the total' Cells

classed as negative for expression of Hybridoma B are indicated by the M2 horizontal bar,

representin g37 .|Vo of Rl gated cells, and 0.2Vo of the entire population. In vitro culture of

immunoselected MNC revealed that whilst Hybridoma B- cells were unable to produce any

CFU-F, Hybridoma B* cells produced 62.1 t 20J CFU-F per 1 x 105 MNC (Table 4'8).

This immunoselection process with Hybridoma B produced a 22.2 fold enrichment of

CFU-F content compared to the unselected preparations.

Hybridoma E immunoreactivity within the overall mononuclear cell population was

nominal. Cells within the Rl region constitute 3.07o of the total cell number (Figure

4.104), and within this subset, 13.67o of cells exhibit positive immunoreactivity with

Hybridoma E (Figure 4.108). Hybridoma E* (region Ml) and Hybridoma E- (region M2)

cells were collected and cultured. Hybridoma E* MNC gave rise to 103.9 + 26.0 CFU-F

per 1 x lgs MNC (Table 4.8), whereas in contrast, Hybridoma E- cells failed to produce

any detectable CFU-F. Evaluation of the enrichment as a result of positive

immunoselection with Hybridoma E compared to the unfractionated control revealed an

11.9 fold increase in CFU-F content.

Of the heterogeneous MNC population assessed for immunoreactivity against Hybridoma

H, cells of the Rl region comprised only 2.77o of the total cell number (Figure 4.114).

Within this fractiot, l2Vo of cells were positive for Hybridoma H (Figure 4.118), as

defined by the horizontal region Ml. Cells considered to be Hybridoma H- are indicated

by the marker Mt2, and were collected in conjunction Hybridoma H* cells' Similar to the

other hybridoma supernatants assessed Hybridoma H- cells did not give rise to any CFU-F

(Table 4.g). on the contrary, 153.9 + 31.9 CFU-F per 1 x 105 MNC resulted from

immunoselection with Hybridoma H*, equivalent to a 44.1 fold enrichment of CFU-F

content from the unselected MNC preparations.

Following immunostaining with Hybridoma I, within the Rl gated region (3.77o of the

total cell pool) (Figure 4.12A), 54.67o of the gated cells exhibited positive fluorescence,

designated by the horizontal bar M1 (Figure 4.128). Interestingly, the fluorescence

distribution pattern of Hybridoma I was similar to that observed for Hybridoma B, despite

121



Figure 4.10: Immunoselection of adult sheep BM MNC with the monoclonal antibody

Hybridoma E. (A) Representative dot plot demonstrating the heterogenous nature of the

BM MNC population based upon forward scatter (cell size) and side scatter (granularity).

(B) Frequency histogram representing the immunoreactivity of Rl gated BM MNC with

the FITC coupled Hybridoma E, with data presented as the relative cell count (y-axis)

versus the fluorescence intensity (log scale). The horizontal bar (region M1) represents the

level of fluorescence greater than 997o of the FITC coupled isotype matched control

(IA6.12). The horizontal bar denoting M2 region represents the Rl gated cells negative

for Hybridoma E.
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Figure 4.11: Immunoselection of adult sheep BM MNC with the monoclonal antibody

Hybridoma H. (A) Representative dot plot demonstrating the heterogenous nature of the

BM MNC population based upon forward scatter (cell size) and side scatter (granularity).

(B) Frequency histogram representing the immunoreactivity of Rl gated BM MNC with

the FITC coupled Hybridoma H, with data presented as the relative cell count (y-axis)

versus the fluorescence intensity (1og scale). The horizontal bar (region Ml) represents the

level of fluorescence greater than997o of the FITC coupled isotype matched control (1B5).

The horizontal bar denoting M2 region represents the Rl gated cells negative for

Hybridoma H.
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Figure 4.12: tmmunoselection of adult sheep BM MNC with the monoclonal antibody

Hybridoma I. (A) Representative dot plot demonstrating the heterogenous nature of the

BM MNC population based upon forward scatter (cell size) and side scatter (granularity).

(B) Frequency histogram representing the immunoreactivity of Rl gated BM MNC with

the FITC coupled Hybridoma I, with data presented as the relative cell count (y-axis)

versus the fluorescence intensity (log scale). The horizontal bar (region M1) represents the

level of fluorescence greater than 99Vo of the FITC coupled isotype matched control

(l\6.12). The horizontal bar denoting M2 region represents the Rl gated cells negative

for Hybridoma I. The horizontal bar (region M3) indicates a subpopulation of cells which

express the Hybridoma I antigen more intensely than the rest of the positive BM MNC

population.
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a decreased intensity in fluorescence. Due to the widespread expression of this antigen'

cells brightly positive for Hybridoma I were collected as the Hybridoma f population,

indicated by the horizontal bar M3, and constituting 5.I7o of cells within the R1 region

(Figure 4.128). Cells collected within the M2 bar were considered to be negative for

Hybridoma I and made up 6.IVo of the cells residing in the R1 region. Under standard

CFU-F culture condirions, the Hybridoma f fraction exhibited 294.7 + 22.1 CFU-F per I x

10s MNC, yielding a 33J fold enrichment of, compared to the unfractionated control

sample (Table 4.8). No visible CFU-F were detected by cells derived from the Hybridoma

I- fraction.

Examination of the QE4G9 antibody specifically raised against the sheep VCAM-1 antigen

(Dr R. Krishnan, Queen Elizabeth Hospital, Adelaide, Australia) revealed l0'07o positive

immunoreactivity in cells found within the Rl region (3.27o of the total cell population)

(Figure 4.134). Cells positive (Ml bar) and negative (M2 bar) for QE4G9 expression

were collected and cultured (Figure 4.138). Whereas QE4G9 cells did not yield any

demonsrrable GFU-F, the QE4G9* subset formed 294.7 + 22.7 CFU-F per 1 x 10s MNC,

corresponding to a28.0 fold enrichment compared to the pre sort population (Table 4.8)'

4.2.7. Characterisation of the Hybridoma B and Hybridoma H Antigens.

Since sheep MSC exhibited strong immunoreactivity with some of the uncharacterised

hybridomas raised against sheep MSC, it was of particular interest to further studies to

elucidate the antigen specifically targeted by these antibodies. The molecular weight of the

putative polypeptide recognised by the Hybridoma B monoclonal antibody was determined

using protein extracts of cell membranes isolated from single cell suspensions of ovine

MSC. Initially, biotinylated preparations of cell membrane proteins were

immunoprecipitated using Hybridoma B antibody. Immunoprecipitated samples were

subsequently processed by SDS-PAGE gel electrophoresis, transferred onto nitrocellulose,

and immunoselected biotin-labelled proteins were detected by western blot using

streptavidin-alkaline phosphatase. The Hybridoma B antibody rwas consistently

immunoreactive with a protein exhibiting a molecular weight of approximately 100 kDa

(Figure 4.14A). Although occasionally this protein was visualised as two bands, and more

commonly one band, the molecular weight of the protein recognised by Hybridoma B was

consistent under reduced and non reduced conditions. Moreover, the molecular weight of

the immunoreactive protein identified by Hybridoma B was identical between different
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Figure 4.L3: Immunoselection of adult sheep BM MNC with the monoclonal antibody

QE4G9. (A) Representative dot plot demonstrating the heterogenous nature of the BM

MNC population based upon forward scatter (cell size) and side scatter (granularity). (B)

Frequency histogram representing the immunoreactivity of R1 gated BM MNC with the

FITC coupled monoclonal antibody QE4G9, with data presented as the relative cell count

(y-axis) versus the fluorescence intensity (1og scale). The horizontal bar (region Ml)

represents the level of fluorescence greater than 99Vo of the FITC coupled isotype matched

control (185). The horizontal bar denoting M2 region represents the Rl gated cells

negative for QE4G9.
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Table 4.8. Enrichment of sheep CFU-F by immunoselection with antibodies specifically

raised against sheep BM MSC. BM MNC preparations were selected by FACS' Cells

positive and negative for each antibody (compared to isotype matched control) were

collected and subjected to CFU-F technique for 10-14 days. The data represents the mean

number of CFU-F colonies per 10s MNC plated + SEM (n=triplicate cultures), and mean

fold enrichment compared to unfractionated control.
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Antibodv CFU-F È SEM per L x 10s MNC Fold Enrichment

Unfractionated

BM MNC#

Hybridoma A*

Hybridoma A-

Hybridoma B*

Hybridoma B-

Hybridoma E*

Hybridoma E-

Hybridoma H+

Hybridoma H-

Hybridoma f
Hybridoma f

QE4G9 (ShVCAM-1)+

QE4G9 (ShVCAM-1)-

3.5 + 1.1

94.4 + 18.9

0

62.1x.20.7

0

103.9 + 26.O

0

153.9 + 31.8

0

294.1 + 22.1

0

58.9 + 11.4

0

1.0

33.7

0

22.2

0

IT.9

0

44.1

0

33.1

0

28.0

0
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Figure 4.14: knmunoprecipitation of cell surface antigens identified by the monoclonal

antibodies Hybridoma B and Hybridoma H. (A) Biotinylated cell surface membrane

preparations of ovine MSC were immunoprecipitated with magnetic beads using either

monoclonal antibody Hybridoma B or Hybridoma H, or an isotype matched control (185).

Preparations were then separated on duplicate gels by 10% SDS polyacrylamide gel

electrophoresis under reduced conditions. One gel was transferred onto a nitrocellulose

membrane and detected by incubation with streptavidin-alkaline phosphatase conjugate

and ECF substrate solution, followed by visualisation using a Fluorimager. (B)

Biotinylated proteins reactive with each monoclonal antibody were alternatively detected

using silver stain. (C) Unbiotinylated membrane preparations of ovine MSC were

similarly immunoprecipitated, separated by SDS-PAGE electrophoresis and detected by

silver staining. The Hybridoma B antibody identified an antigen with a molecular mass of

approximately 100 kDa (lane 2 in each gel). The Hybridoma H antibody demonstrated

immunoreactivity with an antigen of approximately 90 kDa (lane 3 in each gel). The only

bands observed within the isotype matched control correlated with light and heavy chain

immunoglobulin.
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ovine tissues, for example, MSC, cultured chondrocytes, dental pulp stem cells, and cells

isolated from the periodontal ligament (in collaboration with Mr K. Mrozik, IMVS,

Adelaide, Australia). In order to confirm the identity of the immunoreactive protein'

unbiotinylated lysates were prepared and separated by SDS-PAGE gel electrophoresis. A

small aliquot of the sample was stained with silver stain to confirm the presence of the

desired protein (Figure 4.148). The majority of the sample was stained with coomassie

stain, carefully excised and submitted for analysis by Data Direct Analysis technique mass

spectrometry microsequencing (Hanson Institute Protein Core Facility, Adelaide,

Australia). The data was analysed with Proteinlynx and the resulting sequence tags were

used to probe the SwissProt database. The database search displayed a strong match to

integrin beta I fibronectin receptor (accession number 1703573) among a number of

species, most strongly that of bovine. The bovine protein sequence was used to undertake

a BLAST search for ovine homologues and displayed high homology to a fragment of

ovine integrin beta 1 (A4K52482). Awhole length ovine sequence was not represented in

the database. Thus it appears that the Hybridoma B monoclonal antibody recognises an

epitope of ovine integrin beta 1, also known as CD29.

Similarly, the relative molecular weight of the putative polypeptide recognised by the

Hybridoma H monoclonal antibody was determined. The protein consistently precipitated

by the Hybridoma H antibody possessed a molecular weight of approximately 95 kDa

(Figure 4.14A). The molecular weight of the putative protein was also consistent under

reduced and non reduced conditions, and appeared identical in samples derived from

different ovine tissues. Similar procedures were undertaken to confirm the identity of the

immunoreactive protein (Figure 4.148), however repeated attempts to identify the protein

recognised by Hybridoma H by microsequencing were unsuccessful.

Unlike most of the hybridomas assessed, Hybridoma H displayed cross reactivity with both

human MSC and human osteoblasts. The inability to characterise the epitope recognised

by Hybridoma H may in part be due to the scarcity of ovine sequences within most

common protein databases. Analysis of the immunoreactive protein derived from human

cells may facilitate identification of the protein of interest. Two human cells lines were

screened for cross reactivity with the hybridoma panel (Figure 4.15). The osteosarcoma

cell lines MG63 and SAOS -2 werc assessed by single colour immunofluorescence flow

cytometry, and exhibited positive fluorescence to Hybridoma H. Unbiotinylated lysates

prepared from MG63 cells were immunoprecipitated with Hybridoma H and similarly
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Figure 4.L5: Immunoreactivity of sheep specific monoclonal antibodies on MG63 and

SAOS-2 stromal cell lines, as assessed by immunofluorescence flow cytometric analysis.

(A) Representative dot plot of the cell population distribution based upon forward scatter

(cell size) and side scatter (granularity). All subsequent studies using flow cytometric

analysis were conducted on 1 x 104 cells residing within the Rl quadrant and collected as

listmode data. (B) Representative frequency histograms of the immunoreactivity of MG63

and SAOS-2 cells to monoclonal antibodies Hybridoma A, B, E. H and I, all coupled to

FITC. The data is presented as the relative cell count (y-axis) versus the fluorescence

intensity (1og scale).
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analysed by MALDI-TOF mass spectrometry (Australian Proteome Analysis Facility Ltd,

Sydney, Australia). The resulting sequence was exported to the database search program

Mascot (Matrix Science, London UK) and exhibited a high homology with the human heat

shock protein 90 beta (HSP-90P). To confirm the epitope identified by Hybridoma H as

belonging to HSP-9OB, unbiotinylated membrane preparations and whole lysates of MG63

cells were immunoprecipitated with Hybridoma H, separated by SDS-PAGE gel

electrophoresis, transferred on to nitrocellulose, and western blotted with an antibody

recognising HSP-90 (Figure 4.16). The HSP-90 antibody positively reacted with a single

band corresponding to the size of the protein immunoprecipitated by Hybridoma H, with

an approximate molecular mass of 95 kDa. Taken together, evidence generated by mass

spectrometry and western analysis strongly suggests the Hybridoma H monoclonal

antibody recognises an epitope of the HSP-908 cell surface protein.
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Figure 4.16: Determination of the cell surface antigen identified by monoclonal antibody

Hybridoma H using western blot analysis. Unbiotinylated cell surface membrane

preparations of the human MG63 cell line were subjected to immunoprecipitation with

Hybridoma H magnetic bead complex. Samples were then separated by 10% SDS

polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. 'Whole

MG63 lysate (WL) was included as a positive control. Membranes were subsequently

probed with a Heat Shock Protein-9O monoclonal antibody, a secondary IgG antibody

conjugated to alkaline phosphatase, visualised by exposure to Vistra ECF substrate and

analysed by fluorescence using a Fluorimager. The result demonstrated that the

Hybridoma H monoclonal antibody recognises an antigen corresponding to the HSP-90

cell surface protein.
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4.3. Discussion

This chapter aimed to identify and characterise the cell surface marker expression of sheep

MSC for two major reasons. Firstly, the immunophenotype of ovine bone marrow derived

MSC has not been ascertained, and thus similarities and differences between ovine and

human MSC has not been defined. Secondly, the identification of cell surface marker

characteristic of ovine MSC may augment the immunoselection and enrichment of these

progenitor cells from MNC preparations, and present a standardised method of MSC

isolation.

The antigenic phenotype of ovine chondrocytes and dedifferentiated chondrocytes has not

been reported. Characterisation ofthe cell surface expression profile of chondrocytes prior

to, and following expansion in monolayer, flây provide valuable information on

modifications that occur during the dedifferentiation process. Furthermore, the similarities

and differences between these cells and MSCs, may indicate potential markers of

chondrocyte commitment, differentiation, and maturation'

cultured plastic adherent bone malTow stromal cells constituted a heterogeneous

population of fibroblast like cells that were termed MSC. Immunofluorescence analysis

using antibodies previously described to identify MSC, and uncharacterised hybridomas

raised against sheep MSC, revealed that ovine MSC moderately expressed the

monocyte/macrophage associated LPS receptor CD14, and the Hybridoma E antigen. A

small subset of cells displayed positive fluorescence to Hybridoma A' The sheep MSC

used in this study were generated by plastic adherence and assessed at an early passage,

hence the existence of a minor population of CD14* cells may be attributed to a residual

population of contaminating/accessory adherent monocytes/macrophages.

In contrast, sheep MSC exhibited strong positive fluorescence for the adhesion molecules

CD44 and CD166, and Hybridoma B, H, and I. Immunoanalysis of human MSC have

correspondingly reported positive expression of CD44 and CD166, but interestingly not

CD14 (Azizi et a1., 1998; Bruder et a1., 1998b; Gronthos et a1.,2001b; Pittenger et al',

lggg). However, the absence of a CD14* population in these studies may be dependent on

the cell passage used for MSC generated by plastic adherent technique, or be attributed to

immunoselection upfront to eliminate CD14 positive cells. Although characteristically

expressed by human MSC, antibodies against the CD105, CDl46, CD90 and STRO-I
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(Filshie et al., 1998; Gronthos et a1., 2002; Simmons and Torok-Storb, 199lb) molecules

did not positively react with sheep MSC. This is most likely to be due to limitations in the

cross reactivity of these antibodies between species, and does not exclude the possibility of

expression of these molecules by sheep MSC. Moreover, recognition of the epitope by

these antibodies may be altered by the glycosylation pattern of the peptide, which may

differ between species.

Expression of alkaline phosphatase is inconsistent within human MSC donors and was not

detected in sheep MSC. Consistent between human and ovine MSC was the absence of

expression of the endothelial associated adhesion marker CD31, and haematopoietic LCA

marker CD45 (Gronthos et al., 1994) as confirmed by antibodies that are specific for the

equivalent ovine antigens.

The immunophenotype of sheep articular chondrocytes was assessed to define the

similarities and differences between the expression of molecules found on chondrocytes

and MSC, and to determine any changes to cell surface markers as a result of chondrocyte

expansion in vitro. To date, there have been very few studies characterising the expression

profile of freshly isolated chondrocytes. Flow cytometric analysis of human articular

chondrocytes has reported positive expression CDl4, CD68, CD90, CD1la and CD18

antigens (Summers et al., 1995). Immunohistological analysis of integrin expression by

human chondrocytes in vivo detected strong levels of the integrin subunits CD39 and

CD49e, together forming the fibronectin receptor VLA-5, and low levels of CD49a and

CD49c (Salter et al., 1992). Integrin subunits CD18 and CD6l in addition to others

analysed were absent.

The current study demonstrated many divergences between the immuno profile of ovine

chondrocytes and MSC. Consistent with MSC, articular chondrocytes exhibited

ubiquitously positive expression of Hybridoma B and I antigens, but did not react to any

extent with antibodies targeting CD105, alkaline phosphatase, CDI46, and CD90' As

stated earlier this may be attributed to a lack of antigen cross reactivity between species'

Sheep chondrocytes were negative for CD45 and Hybridoma A molecules. Interestingly,

several antibodies stained a minor subset of cells (l-47o) within the population, including

antibodies recognising CDI4, CD31, CD166, CD44, Hybridoma E, and Hybridoma H

antigens. This is in stark contrast to ovine MSC, which exhibited intermediate expression
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of CD14 and Hybridoma E antigen, and extremely high levels of CD166, CD44,

Hybridoma H antigen.

'Whereas the immunophenotype of articular chondrocytes has been practically

uncharacterised, a handful of studies have assayed the cell surface profile of cultured

articular chondrocytes. The monolayer culture of chondrocytes is a basic approach for cell

expansion, but has been associated with a loss of chondrocyte phenotype and changes in

gene expression (Benya and Shaffer, 1982). In this study, the expansion of chondrocytes

in monolayer coffesponded with moderate increase in the expression of CD14, CD166 and

Hybridoma E molecules, and a significant upregulation of CD44, and Hybridoma H,

compared to uncultured chondrocytes. Expression of Hybridoma B and I antigens was

positive in both cultured and uncultured chondrocytes, however in vitro culture increased

the proportion of positively expressing cells by approximately lÙ7o, equivalent to levels

observed in MSC cultures. Cultured ovine chondrocytes did not appear to cross react with

antibodies identifying human CD105, CDl46, alkaline phosphatase antigens, and were

negative for expression of CD31, CD45 and Hybridoma A, closely resembling the

observations reported for ovine uncultured chondrocytes and ovine MSC.

Comprehensive analysis of the human articular chondrocyte immunoprofile following

monolayer culture has demonstrated that these cells positively express integrins CD44,

CD106, CD166, and receptor molecules CD105, CDI4, and CD90, but lack expression of

CD31 and CD45 (de la Fuente et al., 2004; Diaz-Romero et al., 2005), largely consistent

with the findings reported here. Elevated expression levels of CD44, CD49 and CD151 are

indicative of cells possessing greater chondrogenic capacity, and immunoselection of

cultured chondrocytes according to bright levels of CD44 and CD151 markers appears to

identify more chondrogenic clones (Grogan et al., 2007). Overall, the cell surface

molecule expression profile of cultured ovine chondrocytes bears a particularly close

resemblance to cultured ovine MSC, analogous to observations previously reported (de la

Fuente et aI., 2004). Interestingly, human dedifferentiated chondrocytes were found to

exhibit phenotypical similarities to MSC and endothelial cells, and possessed the potential

for multilineage differentiation.

Due to the paucity of antibodies specifically reactive with ovine MSC, and the low content

of multipotential cells within the bone mafÏow mononuclear cell population, attempts were

made to define the spatial locality of MSC according to their light scatter distribution
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pattern. Delineation of MSC within the BM fraction will augment the enrichment and

isolation of MSC by immunoselection, and minimise non specific Fc antibody binding.

BM MNC preparations were subjected to flow cytometric cell sorting and separated

according to size and granularity. The BM MNCs displayed a light scatter distribution

pattern that can be loosely classed into three cell subpopulations, the lymphocyte,

monocyte and granulocyte fractions. Initially, cells were gated according to each

subcategory and collected for analysis. Although the granulocyte fraction constituted the

smallest proportion of total cell number, the majority of colony forming cells were found

within this group, and enriched for CFU-F three fold compared to the control. Conversely,

cells classed as lymphocytes comprised most of the cells within the MNC population but

were a poor source of CFU-F. The monocyte population produced a similar number of

CFU-F per 1 X 10s MNC as the unfractionated control. Therefore, separation of cells

according to cell subcategory was not sufficient to exclusively demarcate the CFU-F

progenitor cells, as CFU-F were observed in both the granulocyte and monocyte fractions.

This may reflect the heterogeneous nature of the total MSC population in vivo, which is

thought to represent a continuum of immature through to more committed stromal

progenitor cells with slightly different properties and characteristics (Owen, 1988).

In an effort to circumvent this problem, two vertical gates were established to include

granulocytes and monocytes of similar size but differing granularity, to the exclusion of

lymphocytes. The cells within the R1 and R2 regions constituted a small proportion of the

total MNC fraction. Analysis of cells contained within the Rl fraction revealed the

presence of CFU-F to be virtually non existent. On the contrary, cells isolated according to

the R2 gate consistently produced almost twice the number of colonies than the control.

Taken together, these experiments indicate that nearly the entire population of MSC can be

exclusively located within the vertical region termed R2, according to phenotypic

characteristics. This work is supported by murine (Van Vlasselaer et aI', 1994) and human

(Shi et al., 2002) studies that demonstrate that MSC have high side and forward light

scatter properties relative to haematopoietic stem cells that reside in the lymphocyte/blast

window.

To date, there are only a small number of antibodies to specifically target human MSC, and

the availability of antibodies for sheep MSC isolation is non existent. A panel of

antibodies specifically targeting antigens present on sheep MSC was generated by Dr. A.

T,annettino, and screened for immunoreactivity with cultured sheep MSC.
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As the spatial locality of CFU-F progenitors within the MNC scatter profile has been

established, this knowledge was implemented for the immunoselection of MSC from BM

preparations using fluorescence activated cell sorting with members of the anti-sheep MSC

hybridoma panel. Analysis with the Hybridoma A antibody revealed this uncharacterised

IgM staine d 16.47o of MNC within the gated region, corresponding to approximately 0.I7o

of the total MNC population, and immunoselection of MNC by Hybridoma A resulted in a

33 fold enrichment of CFU-F. No CFU-F colonies were observed by Hybridoma A- MNC,

suggesting MSC indeed express the Hybridoma A antigen. However, culture expanded

MSC exhibited around 37o positive fluorescence. Thus it may be possible that the

Hybridoma A antigen is expressed by CFU-F producing MNC in vivo, but its expression is

diminished upon culture in vitro. Reactivity with Hybridoma A was negligible in

chondrocytes and remained unchanged in cultured chondrocytes. Human MSC and

osteoblasts were found to be non reactive with Hybridoma A.

The Hybridoma B antibody was almost ubiquitously expressed by 91.4Vo of MNC within

the Rl gated region. As the distribution of Hybridoma B was relatively uniform, cells

were discriminated by bright expression of the Hybridoma B antigen, which constituted

slightly more than 25Vo of cells within Rl. Immunoselection of Hybridoma B bright MSC

led to a 22 fold, enrichment of CFU-F progenitors. Hybridoma B dull cells were also

collected and failed to form any GFU-F colonies. Analogous to MNC, Hybridoma B

antigen was expressed by greater than 90Vo of expanded MSC, chondrocytes and

dedifferentiated chondrocytes, but was not cross reactive with human MSC and

osteoblasts. The universal expression of Hybridoma B restricts the application of this

antibody for immunoselection of MSC progenitors, but may be a useful antibody in

combination with other more exclusively expressed markers.

Immunoselection of MNC preparations with the Hybridoma E antibody revealed

expression of the antigen by approximately I3Vo of the Rl gated population, comprising

0.47o of the total cell pool, with immunoselection resulting in an enrichment of CFU-F

colonies by 12 fold. The intermediate level of immunoreactivity in the MNC was

recapitulated in culture expanded MSC. Whilst Hybridoma E did not stain freshly isolated

chondrocytes, positive antigen expression was observed in culture expanded chondrocytes,

to levels comparable to MSC. Cross reactivity was not observed with human derived

adherent cell types. Thus the expression pattern of Hybridoma E suggests this antibody
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may potentially be of use as a marker to differentiate between MSC and primary or culture

induced chondrocytes.

Characterisation of the expression patterns of the IgG Hybridoma H proved this to be both

highly useful and interesting. Sheep BM MNC preparations exhibited approximately l27o

reactivity by cells located within the Rl gated region, representing 0'37o of the total cell

pool. Selection by this marker alone resulted in an enrichment of CFU-F by 44 fold in

comparison to the unfractionated MNC population. Interestingly, the antigen on sheep

MSC recognised by Hybridoma H was significantly and consistently upregulated upon

culture in monolayer to approximately 99Vo positive fluorescence. Similarly, the

immunoreactivity of Hybridoma H on freshly isolated chondrocytes was low, but was

rapidly upregulated upon monolayer culture in vitro, to levels comparable to cultured

MSC. Moreover, unlike the remainder of hybridomas assessed in this chapter, the

Hybridoma H antibody was cross reactive across species, demonstrating high

immunoreactivity to the antigen expressed by human MSC and osteoblasts, which

corresponds to observations in sheep MSC and cultured chondrocytes. Therefore, it

appears that the antigen recognised by Hybridoma H is expressed at low level by cells in

vivo, and induced upon monolayer expansion. Furthermore this antibody may be

potentially useful for immunoselection of progenitor cells for therapeutic application not

only because it can identify a narïow subpopulation of cells within the BM, but possesses

cross reactivity between species, which may be a useful tool in translational large animal

pre-clinical studies that utilise sheep for different orthopaedic applications.

Selection of ovine BM MNC with the IgM Hybridoma I revealed positive fluorescence by

approximat ely 557o of cells within the Rl gated region. Due to the widespread presence of

this antigen, cells immunoselected for analysis were the brightest 57o and constituted only

g.IVo ofthe total cell pool, with immunoselection resulting in an enrichment of CFU-F by

33 fold. Expression of Hybridoma I by cultured MSC exceeded 97Vo. Over 807o of

primary chondrocytes exhibited positive presence of the Hybridoma I antigen, which was

upregulated in dedifferentiated chondrocytes to levels observed in expanded MSC. No

species cross reactivity was observed between Hybridoma I and human adherent cell types.

The uncharacterised antibodies described here may be potentially useful reagents for the

immunoselection of ovine MSC, and may also be beneficial as negative markers of

chondrogenic differentiation. The antigenic identity of two of these monoclonal
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antibodies, the IgG isotype hybridoma B and H were investigated. Preliminary cell

staining data suggested these antibodies identify distinct proteins, based upon differential

expression by ovine BM MNC, MSC, and chondrocytes. Immunoprecipitation

experiments ascertained that the Hybridoma B antibody identified a protein of

approximately 100 kDa under reduced and non reduced conditions, which was consistent

between ovine MSC, cultured chondrocytes and dental pulp stem cells' Occasionally, this

protein was observed as two bands of similar molecular size, which may be attributed to

differences in glycosylation. Mass spectrometry and microsequencing of the band of

interest revealed this protein exhibited a high homology to bovine integrin beta 1

fibronectin subunit, also termed CD29. A sheep CD29 homologue was not represented on

the protein sequence database. Thus it appears that Hybridoma B recognises an epitope of

the ovine cell adhesion molecule CD29. CD29 is a beta subunit member of the integrin

family of molecules, which function in various heterodimer pairs as receptors to mediate

extracellular matrix and cell-cell adhesion interactions. Integrins and their ligands

contribute to cellular processes including proliferation, differentiation, cell survival,

motility, and apoptosis (Boudreau and Jones, L999; Hynes, 1992). The identification of the

Hybridoma B antigen as CD29 is consistent with our observations where this antibody

detects nearly the entire population of ovine BM MNC, MSC, chondrocytes and cultured

chondrocytes. Moreover, human studies have correspondingly detected high levels of

CDZ¡ expression by primary and cultured BM MSC (Gronthos et al., 2001b; Majumdar et

al., 2003) articular chondrocytes (Loeser et al., 2000; Salter et ãl', 1992), and

dedifferentiated chondrocytes (Goessler et al., 2006).

Immunoprecipitation with the Hybridoma H revealed a protein with a relative molecular

weight of approximately 95 kDa. Repeated attempts to microsequence the protein using

sheep lysates were unsuccessful, possibly due to the paucity of sheep protein sequences in

the majority of protein databases. Interestingly, this antibody was also found to be cross

reactive with human MSC and osteoblasts, as well as human osteosarcoma cell lines MG63

and SAOS-2. Furthermore, immunoprecipitation studies followed by mass spectrometry

and microsequencing analysis with MG63 cell surface lysates revealed a reactive protein

with a high similarity to the human HSP-9Op molecule. The identification of Hybridoma

H to recognise an epitope of HSP-9Op was confirmed by western blot analysis of

immunoprecipitated lysates with a commercially available HSP-90 antibody'
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HSp-908 is a ubiquitously expressed molecular chaperone isotype of the HSP-90 family,

essential for cell viability under all growth conditions not only during times of stress' The

most common, versatile and abundant of the heat related proteins, HSP-90 is highly

conserved and is involved in the chaperoning of numerous client proteins. Not only

important in protein folding, transport and activation, HSP-90 also plays a role in

signalling and tumour repression (Schmitt et al., 2007). Furthermore, HSP-90 is important

in the stabilisation of integrin linked kinase to facilitate cell adhesion (Aoyagi et a1., 2005).

HSp-99P is involved in the maturation of protein associated in the growth response to

extracellular factors and cancer transformation (Schilb et al., 2004). More recently,

evidence has indicated HSP-90 to be important not only intracellularly, but to possess

important extracellular functions. Whilst intracellular HSP-90 is indispensable in a

cryoprotective function, the extracellular location of transmembrane HSP-90 appears to

mediate immunological responses (Eustace and Jay,2004). The inducible alpha isotype of

HSp-90 has been identified on the surface of fibrosarcoma cells and shown to assist the

activation of metalloprotease MMP-2, to mediate vascular invasion (Eustace et a1., 2004).

However in that study, HSP-9OP was not detected intracellularly. The presence of

extracellular HSp-9Op has not been reported in the literature, and detection on the surface

of ovine MSC, human MSC and ovine dedifferentiated chondrocytes in the current study

represents a unique and interesting discovery. While the function and role of extracellular

Hsp-ggp remains to be established, potential functions may include the mediation of

vascularisation during osteogenesis, or cell adhesion.

In summary, the present study has partially characterised the cell surface antigen

expression of ovine BM derived MSC. Although the availability of antibodies reactive

with sheep MSC is poor, these cells share a similar immunophenotype to human MSC.

The comparison between ovine MSC and articular chondrocytes has elucidated some

significant and expected differences between the surface marker expression of these cell

types. Very little data exists on the antigenic profile of human uncultured articular

chondrocytes, probably due to the impediments in isolating large quantities of cells. The

current study has not only characterised the profile of freshly isolated chondrocytes from

sheep but concurrently assessed changes to cell surface expression following

dedifferentiation of chondrocytes following ex vivo expansion. Furthermore, the

immunophenotype of cultured chondrocytes mirrors that observed in MSC, an observation

previously reported by others. In addition, a panel of uncharacterised monoclonal

antibodies were investigated for the potential to enrich CFU-F progenitors by
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immunoselection directly from MNC preparations. All five hybridomas analysed

exhibited differential immunoreactivity patterns across several cell types, and enriched

progenitor cells to varying extents. Moreover, it may be interesting to determine if

immunoselection with a particular antibody or antibody combination specifically selects

for cells of a predetermined lineage. Lastly, Hybridoma B and H were characterised by

immunoprecipitation and peptide microsequencing analysis which were identified as

epitopes associated with CD29 and HSP-908 molecules respectively. Of particular interest

is the HSP-908 antibody, due to the novel identification of this molecule on the plasma

membrane surface, and for its cross reactivity with both human and sheep cells. Overall'

the description of cell surface molecules expressed by ovine MSC, chondrocytes, and

expanded chondrocytes described here may augment the enrichment and selection of cells

specifically required for therapeutic applications.
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CHAPTER 5

DEVELOPMENTAL POTENTIAL OF OVINE BONE MARROW MSC IN MICE AND

TREATMENT EFFEC S IN THE AUTOLOGOUS REPAIR OF GROWTH PLATE

CARTIIAGE.

5.7. Introduction

The identification of multipotential progenitor cells with self renewable capacity has

stimulated significant interest and promise for the utilisation of these cells in regenerative

medicine and tissue engineering. Since the discovery of putative MSC with the ability to

form adherent clonogenic clusters (CFU-F) from bone marrow suspensions (Friedenstein et

al., 1970), MSC have now been isolated from numerous connective tissues (Xian and

Foster, 2006b). In vitro studies have confirmed that MSC from all reported tissues can be

directed to differentiate along several defined pathways, including the osteogenic,

adipogenic and chondrogenic lineages upon exposure to appropriate stimuli. MSC isolated

from some tissues, for example bone marrow, can differentiate into cells beyond those of

bone, fat, and cartilage, thus developmental potential may reflect the local environment of

the harvest tissue. Furthermore, MSC appear to share similar characteristics across

species, which has facilitated the application of MSC in translational studies using animal

models. To date, the therapeutic application of bone marrow derived MSC in animal

models have included cardiovascular repair (Orlic et al., 2O0Ia Stamm et al., 2003), spinal

fusion (Muschler et a1., 2005), segmental bone defects (Petite et al., 2000; Quarto et al',

2001), craniotomy defects (De Kok et al., 2003; Krebsbach et a1., 1998), articular cartilage

defects (Murphy et aI.,2003; Ponticiello et al., 2000; Solchaga et al., 2002; Wakitani et al.,

lgg4),and growth plate injury repair (Chen et a1., 2003a; Hui et al., 2005; Li et al', 2004).

The success of regeneration in tissue engineering is often dependent on the selection of an

appropriate supporting scaffold or matrix. Delivery of a cellular population requires some

sort of vehicle to which the cells and factors can attach, and to provide a structural

template to fill the damaged tissue. Ideally the scaffold should be non immunogenic, non

toxic, biocompatible and biodegradable, and may be synthetic or naturally derived

(Cancedda et al., 2003). Some of the scaffolds currently utilized for bone and cartilage

studies are hydroxyapatite, tricalcium phosphate, collagen, hyaluronic acid matrices,

polylactic/polyglycolic acid derivatives, and hydrogels (Luyten et al', 200t; Xian and

Foster, 2006b).
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The fundamental principle of stem cell therapy proposes that undifferentiated stem cells

can be delivered to a site of injury, and under the influence of local signals be directed to

cells of the appropriate lineage. These cells will subsequently contribute to repair of the

damaged tissue. However, in the circumstance of growth plate injury, evidence

demonstrates that it is an inappropriate repair response at the site of injury that leads to the

undesirable formation of a bone bridge instead of repaired cartilage, which can impair

structure and function and lead to growth abnormalities'

Several growth factors have been identified which mediate chondrogenesis of MSC in vitro

and facilitate cartilage formation and regeneration in vivo. Although many growth factors

and hormones have been implicated in the regulation of chondrogenesis, growth factors

that have been assessed for chondro-inductive ability in chondrogenesis assays and

cartilage repair models include TGF-P, BMPs, FGF-2, and IGF-I (Cook et a1., 2003;

Fortier et al., 2002a; Fortier et a1., 2002b; Fujimoto et al., 1999; Indrawattana et al',2004;

Johnstone et a1., 1998;Majumdar et al., 2O0l; Pittenger et al., 1999; Solchaga et al., 2005).

The inclusion of these growth factors for cartilage tissue engineering may augment the

cartilage formation process and direct undifferentiated cells to commit to the desired

lineage.

Investigation of growth plate injury has employed numerous animal models including rats

(Phieffer et al., 2000; Xian et al., 2004), mice (Cundy et a1., I99l), rabbits (Chen et al',

2003a:Hui et a1.,2005;Li et al., 2OO4; Osterman, 1912) and sheep (de Pablos et al', 1986;

Foster, 1989b; Foster et al., 1990; Johnstone et a1.,2002; Peltonen et al., I984a; Thomas et

a1.,2005; Wirth et al., lgg4). Whilst the use of small animal models for characterisation of

the mechanisms of growth plate injury repair has many merits, there are several advantages

in the use of sheep (or other large animal models) to investigate potential therapies for the

repair of growth plate cartilage. Sheep have a longer period of immaturity (before growth

plate closure), a large skeleton that grows sufficiently post injury (to permit observation of

deformity), and comparable morphology and histology to humans (de Pablos et al., 1986;

peltonen et al., 1984b). Surgical procedures are more easily and accurately performed in

large animal models. Previous studies using small animal models have occasionally failed

due to secondary bone fracture following surgery (Sledge and Noble, 1978). Moreover, in

the instance of tissue engineering, the size of transplants required is not only more

convenient to prepare and transplant, but may resemble the dimensions necessary for

human studies.
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Our laboratory has undertaken numerous studies employing a sheep model to investigate

mechanisms of growth plate injury repair, techniques for the prevention of bone bridge

formation, and reversal of skeletal deformity (Foster, 1989a; Foster, 1989b; Foster et al.,

1990; Hansen et a1., 1990; Johnstone et aI.,2002; Thomas et al., 2005; Wirth et al., 1994)'

Several interpositional materials have been assessed for their potential to impede or

prevent bone formation and regenerate the damaged cartilage. These include fat (Foster,

1989a), cultured chondrocytes (Foster et al., 1990; Hansen et al., 1990), cartilage (Wirth et

al., 1994), periosteum (Wirth et a1., 1994), and a type 1 collagen paste (Johnstone et al.,

20OZ). Briefly, the interposition of fat, chondrocytes and cartilage tissue prevented

formation of the bone bridge, but did not stimulate regeneration of the growth plate.

Interposition of periosteum and a collagen-l paste (in conjunction with BMP-7), failed to

regenerate the growth plate cartilage, and the defect sites were replaced with bone.

In this study, the in vivo developmental potential of ovine bone marrow MSC has been

investigated. More specifically, MSC have been subjected to conditions suitable for the

development of ectopic bone in an immunocompromised mouse model. Similarly, but

using alternative scaffolds, MSC and cultured chondrocytes were compared and assessed

for their capabilities in forming cartilage in vivo. Finally, MSC were harvested from the

bone marrow of lambs, and autologous transplantation of these cells into a growth plate

injury defect was performed, to examine the potential of these cells to regenerate growth

plate cartilage.
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5.2. Results

5.2.1. Osteogenic Potential of Ovine BM MSC In Vivo

The technique for determining the osteogenic potential of BM MSC in vivo by

subcutaneous transplantation into immunocompromised mice has been described

previously (Gronthos et a1., 2000; Gronthos et al., 2003 Kuznetsov et a1., 1997). Sheep

MSC were isolated from bone marïow aspirates by plastic adherence and allowed to grow

to confluence. Cells from two donors were subcultured for three to four passages in

üMEM-10 media. Single cell suspensions of 2 x 106 undifferentiated cells were harvested

and transferred in duplicate to hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic

particles, which act as the delivery vehicle for this assay. Implants were subsequently

transplanted subcutaneously to the dorsal surface of immunocompromised NOD/SCID

mice as described in section 2.6.1, recovered after 8 weeks and subjected to fixation,

processing and paraffin embedding. Upon examination, the samples were consistent in

that all had formed considerable ectopic bone within the implants (Figure 5.1,{). Residual

HA/TCP scaffold was also observed within all transplants assessed. Moreover, within one

of the transplants, there ,was an infiltration of cells closely arranged within fat-like tissue,

closely resembling bone marrow (Figure 5.18). Under higher magnification, several cell

or tissue types were formed within these transplants, including bone, fat, and fibrous tissue

(Figure 5.1C), however the predominant tissue type in all samples was bone. Osteocytes

trapped within lacuna of the bone extracellular matrix were also visible (Figure 5.1C).

5.2.2. Chondrogenic Potential of Ovine BM MSC In Vivo

In order to determine the chondrogenic potential of ovine BM MSC in vivo, a pilot study

was undertaken to define the appropriate scaffold for chondrogenesis using the

subcutaneous xenotransplantation technique. As the range of delivery vehicles previously

applied for the chondrogenesis of MSC and chondrocytes in vivo is vast and considerably

divergent, two scaffolds were selected for their ability to support chondrogenesis of MSC

and chondrocytes based upon previously studies.

Synthetically manufactured from VICRYL (Polyglactin 910) and PDS (Poly-P-Dioxanon),

Ethisorb is an absorbable implant used in medical surgery to minimise leaking of

cerebrospinal fluid (Figure 5.2A). Polyglactin is a copolymer of polyglycolic and
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Figure 5.L: Transplantation of ovine MSC in vivo using hydroxyapatite tricalcium

phosphate (HA/TCP) ceramic particles. Bone marrow derived MSC were isolated by

plastic adherence and expanded in vitro. In order to determine the osteogenic potential of

ovine BM MSC in vivo, cells from 2 donors were subsequently implanted into

subcutaneous pockets of 2 different immunocomprimised NOD/SCID mice, using a

HA/TCP carrier. Implants were harvested 8 weeks after surgery. Representative

micrographs display paraffin embedded cross sections stained with Haematoxylin and

Eosin. Ectopic osteogenesis was observed within all implants assessed. (A) Representative

example of new bone formation (4x). (B) Another example of the establishment of ectopic

bone in vivo (4x). Inside the implant, the accumulation of cells, resembling

haematopoiesis within bone matrow, is indicated by a closed affow. (C) A magnified

view of the different tissue types observed within the implants, including bone (B), fibrous

tissue (Fi), and fat (F) (l0x). Residual HA/TCP scaffold was also present (HA/TCP).

Ectopic bone contained osteocytes (open arrow) trapped within the newly deposited bone.
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Figure 5.2: Examples of Ethisorb and Gelfoam scaffolds. These two scaffold types were

selected for application in determining the chondrogenic potential of ovine BM MSC in

vivo. Ethisorb is an inexpensive, flexible, biodegradable implant medically applied as a

hemostatic agent in oral and maxillofacial surgery (A). Synthetic in origin, Ethisorb is

composed of Vicryl (Polyglactin 910) and undyed PDS (Poly-P-Dioxanon). Ethisorb is

relatively flat in comparison to Gelfoam, and under magnification has a fleece like

characteristics (B & C). Gelfoam is an inexpensive, absorbent, water soluble, porous, and

pliable scaffold derived from purified porcine gelatin, and is traditionally used in medical

circumstances as a hemostatic agent (D). On closer examination, the appearance of

Gelfoam resembles a sponge (E & F)'
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polylactic acids. Under magnification, the morphology of Ethisorb is not unlike a fleece

and is relatively flat (Figure 5.2B-C). The VICRYL fleece permits cell or tissue growth,

and the scaffold is porous, pliable, non-toxic, biocompatible and absorbed by the body'

Gelfoam is a medical device used clinically due to its haemostatic properties (Figure

5.2D). Prepared from purified porcine skin gelatin, Gelfoam is water insoluble, non

elastic, non toxic, porous, pliable, biocompatible and biodegradable. In addition, it can

absorb and hold within its interstices many times its weight in fluid. On closer

examination, Gelfoam has a randomly organised sponge like appearance (Figurc 5.28-F),

and is approximately 7 mm deep when dry.

Bone marrow derived MSC were expanded in monolayer in oMEM-1O media. Upon

confluence, cells were harvested and combined with serum free chondrogenic media

containing TGF-81 (10 nglml) and sodium hyaluronate (1:1), and 2 x 106 ce[s were

statically seeded in duplicate onto either the Ethisorb or Gelfoam transplantation vehicles.

Consolidation of the cells within the scaffold was achieved using fibrin glue. Each

cell/scaffold combination was subsequently implanted subcutaneously on the dorsal

surface of immunocompromised NOD/SCID mice, and transplants were harvested 6 weeks

following surgery. Details of these techniques can be found in section 2.6.1'2.

In order to determine the chondrogenic potential of ovine BM MSC in vivo'

chondrogenesis of the MSC was evaluated in subcutaneous pockets of

immunocompromised mice with Ethisorb or Gelfoam as scaffold. Upon recovery of

transplants at 6 weeks, samples were processed and qualitatively scored for the presence of

residual scaffold, cell density, and density of the tissue within the transplant (Table 5.1).

MSCs seeded into the Ethisorb scaffold displayed two predominant morphologies (Figure

5.34), consisting of elongated fibrous cells and small and large cells with a rounder

appearance. The surrounding matrix comprised of dense fibrous tissue. Staining with

Alcian Blue revealed the presence of a concentrated proteoglycan matrix (Figure 5.38).

Areas of fibrous tissue displayed positive staining with the cartllage marker Col-2 as

detected by immunohistochemistry (Figure 5.3C), with the majority of the transplant

strongly expressing the marker of maturing cartilage, Col-10 (Figure 5.3D). Unresorbed

scaffold could not be ascertained by visual detection but would most likely still be present,

as manufacturer information indicates resorption my take up to 90 days.
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Table 5.1. Qualitative description of transplants analysed for in vivo chondrogenic

potential. Cells and scaffolds were transplanted into subcutaneous pockets of

immunocomprimised mice and harvested after 5 weeks. Transplants were assessed

histologically and scored for the presence of residual scaffold, relative population of cells

within the transplant, and density of fibrous tissue formed. Each category was graded on a

scale from absent (0) to a maximum (+++).

Cell Type Scaffold
Residual
Scaffold

Cell
Number

Tissue
Density

MSC

MSC

MSC

MSC

Cultured Chondrocytes

Cultured Chondrocytes

Cultured Chondrocytes

Cultured Chondrocytes

Gelfoam

Gelfoam

Ethisorb

Ethisorb

Gelfoam

Gelfoam

Ethisorb

Ethisorb

++

++

++

++

+l++

++

++

+++

+l++

+

++

++/+++

++/+++

+++

++

++/+++

0

0

+++

+++

++

+

0

0



Figure 5.3: Transplantation of ovine MSC in Gelfoam and Ethisorb scaffolds. Ovine BM

MSC were generated according to plastic adherence and expanded in vitro. In order to

determine the chondrogenic potential of MSC in vivo, cells were transplanted on each

scaffold into subcutaneous pockets of immunocomprimised NOD/SCID mice. Implants

were harvested 6 weeks post surgery. Representative micrographs show paraffin

embedded cross sections stained with Haematoxylin and Eosin (A & E), Alcian blue (B &

F), immunohistochemistry with CoI-2 antibody (C & G), and Col-10 antibody (D & H).

(A) MSC seeded onto Ethisorb transplants displayed heterogenous morphology of rounded

cells and elongated cells within fibrous tissue (20x). (B) MSC deposited an extracellular

matrix rich in proteoglycan as indicated by positive Alcian Blue staining (40x). (C)

Immunohistochemical analysis revealed areas of positive expression of the cartilage

specific matrix molecule Col-2 (20x) and (D) very strong expression of the Col-10

molecule (20x), the latter of which is indicative of maturing cartilage. (E) MSC seeded

onto the Gelfoam sponge exhibited a relatively consistent morphology of cells with round

and slightly spindle appearance and dense deposits of fibrous tissue within the scaffold

(40x). (F) Alcian Blue staining revealed distinct regions of proteoglycan deposition

within the extracellular matrix fibres (40x). Residual scaffold did not stain with Alcian

Blue and is indicated by an affow. (G) Immunohistochemistry of Gelfoam/MSC

constructs with cartilage matrix markers revealed extensive and dynamic positive

expression of Col-2 (20x). (H) In contrast to the Ethisorb implant, Col-10 was not detected

in the extracellular matrix of MSC/Gelfoam transplant, but was faintly expressed in the

nuclei of these cells only (20x).
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Examination of Gelfoam transplants seeded with MSC revealed some differences. Cells

within the transplants were evenly distributed throughout the scaffold and were uniform in

appearance, exhibiting a polygonal morphology (Figure 5.3E). Regions within the

implants were rich in proteoglycan as indicated by positive Alcian Blue staining (Figure

5.3F). Residual scaffold was observed in all Gelfoam implants. Immunohistochemical

analysis using cartilage matrix molecules Col-2 revealed strong expression throughout the

entire implants in a dynamic pattern (Figure 5.3G). In contrast, Col-10 immunoreactivity

was only observed faintly in the nuclei of cells, with no detectable staining within the

extracellular matrix (Figure 5.3H).

5.2.3. Redffirentiation Potential of Ovine Cultured Chondrocytes In Vivo

Sheep chondrocytes were isolated from scrapings of articular cartilage and liberated from

the extracellular matrix by enzymatic digestion. Single cell suspensions were subsequently

cultured in monolayer to initiate dedifferentiation of chondrocytic phenotype as described

in section 2.I.3.4. Cultured chondrocytes can be redifferentiated with relative ease, but is

dependent on ¿urangement in a three dimensional structure. In this assay of in vivo

chondrogenesis, cultured (or dedifferentiated) chondrocytes were included as a control as

even dedifferentiated, these cells can be considered to be pre-committed chondrocytes'

Thus it was assumed that these cells are more conducive to chondrogenesis than

uncommitted MSC.

Concurrently with, and similar to the technique described for transplantation of BM MSC,

cultured chondrocytes were harvested and combined with serum free chondrogenic media

containing TGF-pl (10 ng/ml) and sodium hyaluronate (1:1). Cells at 2x 106 cells per

transplant were statically seeded in duplicate onto either the Ethisorb or Gelfoam

transplantation scaffold and consolidated using fibrin glue. Transplants were implanted

subcutaneously on the dorsal surface of immunocompromised NOD/SCID mice and

harvested 6 weeks following surgery as previously described.

In this in vivo chondrogenesis assay using immunocompromised mice, cultured (or

dedifferentiated) chondrocytes were included as a control, and it was assumed that these

cells constitute pre-determined chondrocytes, which are more conducive to chondrogenesis

than uncommitted MSC. Similarly, the resultant samples were processed and qualitatively

t39



scored for the presence of residual scaffold, cell density, and density of the tissue within

the transplant (Table 5.1). Cultured chondrocytes seeded onto the Ethisorb scaffold

exhibited a fibrous morphology with patches of cells displaying a rounded nucleus within a

large cytoplasm, reminiscent of hyaline cartilage (Figure 5.44). Moreover, as indicated by

Alcian Blue, the extracellular matrix contained a high proteoglycan content (Figure 5.48).

Expression of Col-2 was not ubiquitous, with intense staining restricted to regions with

distinct chondrocytelike histology (Figure 5.4C). Immunohistochemical analysis of Col-

10 revealed that although many cells were positively stained for this marker, expression

was not uniform and was not detected in the extracellular matrix of these transplants

(Figure 5.4D).

The cells observed within Gelfoam transplants seeded with cultured chondrocytes were

evenly distributed throughout the transplants and exhibited a polygonal morphology

(Figure 5.4E). The appearance of cultured chondrocytes in the Gelfoam scaffold is similar

to the phenotype of MSC in the same scaffold, suggesting the choice of delivery vehicles

may play a role in determining cellular morphology. Dense regions of proteoglycan

synthesis were identified, as assessed by Alcian Blue staining (Figure 5.4F). Residual

scaffold can be observed and is not reactive with Alcian Blue. Distinct and intense patches

of Col-2 deposits were observed throughout the implants, as demonstrated by

immunohistochemical staining of Col-2 (Figure 5.4G). Expression of Col-10 was

moderately detected in extracellular areas of the implants, but did not stain the cells

themselves (Figure 5.4H).

Once each implant was prepared, chondrogenic media was overlayed so as to maximise

cell survival and prevent dehydration of the matrix, as described in the methods.

Following transplantation, a cell count was performed on the supernatants to determine the

loss of cells from the scaffold into the surrounding media. In each case the loss of cells

into the supernatant was negligible, ranging from 0 to 3Vo of the total cell number (data not

shown).

5.2.4. Isolation of BM MSC from Lambs for Autologous Transplantation

Bone marrow aspirates were harvested from five 6-8 week old Merino cross lambs by

anaesthesia under sterile conditions using a children's size bone marrow biopsy needle.

The yield of bone marrow collected from each lamb varied from 11 to 20 ml (Table 5.2).
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Figure 5.4: Transplantation of ovine cultured chondrocytes in Ethisorb and Gelfoam

scaffolds. Ovine chondrocytes were isolated from articular cartilage by enzymatic

digestion, cultured in monolayer and expanded in vitro, leading to dedifferentiation of

chondrocyte phenotype. In order to determine the potential of cultured chondrocytes to be

redifferentiated in vivo, cells were transplanted on each scaffold into subcutaneous pockets

of immunocomprimised NOD/SCID mice. Implants were harvested 6 weeks post surgery.

Representative micrographs show paraffin embedded cross sections stained with

Haematoxylin and Eosin (A & E), Alcian blue (B & F), immunohistochemistry with Col-2

anribody (C & G), and Col-10 antibody (D & H). (A) Cultured chondrocytes seeded onto

Ethisorb transplants displayed a morphology of rounded cells with large cytoplasm, similar

to hyaline cartilage (40x). (B) Cultured chondrocytes deposited an extracellular matrix

rich in proteoglycan as indicated by positive Alcian Blue staining (40x)' (C)

Immunohistochemical analysis of the cartilage specific matrix molecule Col-2 revealed

temporal patches of strong expression which were closely associated with regions closely

resembling cartilage morphology (20x). (D) Col-10 protein was not uniformly expressed

by allcells within the transplant, and positive staining was detected only in the nucleus and

not the extracellular matrix (20x). The absence of Col-10 staining in this sample is

indicated by an open anow. (E) Cultured chondrocytes seeded onto the Gelfoam sponge

exhibited a consistent appearance of cells with round and slightly spindle appearance

(40x). (F) Alcian Blue staining revealed dense extracellular matrix deposition rich in

proteoglycans (40x). Residual scaffold did not stain with Alcian Blue and is indicated by

an arïow. (G) Immunohistochemistry of Gelfoam/cultured chondrocyte constructs with the

Col-2 cartilage matrix marker revealed regions of strong expression of Col-2 (20x), and

(H) light areas of Col-10 positive expression in the extracellular matrix and not cell nuclei

(20x).
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Table 5.2. Collection and isolation of MNCs from the bone marrow aspirates of 5 lambs'

The ensuing table provides information pertaining to the volume, MNC number prior to

and following density gradient centrifugation, and overall yield from bone manow

aspirates.

Lamb
Number

Bone Marrow
Volume

(ml)

MNC Number Pre
Processing

(per 107 cells)

MNC Number Post
Processing

(per 107 cells)

Yield
(vo)

I
2
aJ

4
5

18

15

11

15

20

6.52
8.94
7.92
4.94
4.81

1.05
1.53

9.63
1.01
t.o4

16.1

t7.r
t2.2
20.4
2t.6



Samples were transferred to a previously heparinised tube to prevent clotting of the

maffow. Prior to density gradient centrifugation, the number of mononuclear cells was

assessed and ranged from 4.8 x 10? to 8.9 x 107 total cells with a mean of 6.6 + 0.8 x 107

SEM. Following centrifugation over the density gradient, a post-processing count of the

BM MNC collected at the Percoll interface was performed to determine the viable cell

number and percentage yield of MNC. Post-processing counts spanned 1.0 x 107 to 1.5 x

107 total mononuclear cells (mean 1.1 t 0.1 x 107), and the percentage yield fell between

l27o and227o with a mean of 17.57o ! I.lVo'

Lamb MSCs were generated from the BM MNC population by rapid adherence to plastic.

Single cell suspensions of BM MNC were plated and cultured in monolayer at

approximately 6-7 x 10a cells pe, cm2 in oMEM-2O media. Following three days, the non

adherent cell population was removed, and the adherent cells were rinsed once in HHF and

replaced with media. Within one week, some of the cultures were almost confluent. Once

confluent, MSC were re-cultured, and upon nearing confluence again, were cryogenically

preserved. This was for three reasons, the proliferation of lamb MSC was so rapid, cells

would have undergone many passages before being required, secondly as a safeguard

should anything happen to these cells (ie contamination), and finally to enable cells to be

used in each animal at identical expansion time points'

5.2.5. Creation of a Growth Plate Defect in Lamb Iniury Model

The surgical procedure for the ablation of peripheral growth plate in a sheep model was

developed by Foster (1989), based upon the original method of growth arrest reported by

Phemister (1933) (Foster, 1989a; Phemister, 1933). The tibia on the hind leg of sheep is

represented by a single bone and does not possess a fibula (Sissons, 1953). Thus growth

occurs from a single bone, and it not complicated by the presence of an adjacent bone

(Sisson, 1915). In addition, the foreleg was also not selected for surgery for mobility

reasons, due to reliance of the forelimbs in lying down and standing up. Merino cross

lambs (8 to 10 weeks old) were placed under general anaesthetic, and a sterile drape of

each limb was performed. A medial longitudinal incision of the soft tissues was made and

subcutaneous tissue separated to expose the periosteum. The periosteum was peeled back

to expose the cortical bone surface and proximal growth plate (Figure 5.54). Using a high

speed dental drill and small dental bun (2 mm), a single partial peripheral growth plate

defect was created of approximately I cm2 (Figure 5.58). During the drilling, the growth
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Figure 5.5: Surgical creation of a growth plate defect and transplantation of Gelfoam

scaffold. Surgery was performed on each hind leg of 8 week old lambs. (A) A medial

longitudinal incision was made over the proximal tibia. The soft tissues and periosteum

were divided to expose the growth plate as indicated by an affow. The growth plate can be

visualised as the thin white line running along the bottom of the defect. (B) An

approximately 1 cm2 excision was made to the growth plate (arrow) using a small dental

burr. (C) Transplanted Gelfoam scaffold within the growth plate defect (arrow). As the

scaffold is absorbent and pliable, it can easily be placed within, and completely fill the

injury site. Following implantation, K-wires were placed 20mm apart in the epiphysis and

diaphysis, and the periosteum and soft tissues were closed.
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plate was continually irrigated to flush bone fragments and to prevent heat damage to the

injury and surrounding areas. In all cases, no other areas of the exposed growth plate of

the operative field were removed. In the instance of transplantation with scaffold or

scaffold plus autologous MSC, the Gelfoam implant was easily placed and fitted into the

defect site, and due to the absorbent and spongy characteristic of the scaffold, was highly

compatible with the topography of the defect (Figure 5'5C)'

In order to accurately measure the rate of longitudinal bone growth following surgery,

Kirschner wires (K-wires) were inserted in the epiphysis and diaphysis adjacent to the

growth plate defect at a distance of 2O mm (Figure 5.6A). To ensure parallel and

equidistant placement of the K-wires, an F-shaped template was utilised (Figure 5.68).

After insertion of the K-wires, the periosteum was closed, followed by the soft tissues and

skin. On recovery from the anaesthesia, lambs were immediately mobile, fully weight

bearing, with no visual disturbance to movement or gait. X-rays for each animal were

taken following surgery and prior to euthanasia.

Nine lambs were divided into two groups. One group (n=5) received a growth plate defect

on both hind legs, with one defect on one limb being filled with Gelfoam scaffold in

chondrogenic media containing no cells, and with the other defect on the contralateral limb

being delivered with Gelfoam scaffold and 4 x 106 autologous MSC. Following

transplantation, a cell count of the media overlaying the implant was performed to

determine the loss of cells from the scaffold. In each case, the cells loss was negligible,

ranging from 0 to 2Vo of the total cell number (data not shown). In the second group, while

the growth plate defect on one limb was left untreated, the growth plate of the contralateral

limb was kept undisturbed although the K-wires were inserted as usual as a measure for

monitoring normal bone growth in this growth plate-uninjured limb. Five weeks post

surgery, specimens were collected, fixed, decalcified, paraffin embedded, and sections cut

from the cental portion of the defect as described in the methods (Section 2'8.1).

5.2.6. Treatment Effects of Autologous BM MSC and Matrix Scaffold Transplantation in

Growth Plate Injury Repair (Ising an Ovine Model

Lambs were weighed immediately before surgery, and prior to euthanasia' The average

weight of lambs prior to surgery was 23.9 + 1.0 kg. At euthanasia, the average weight was

26.l + I.2kg, thus the average weight gain for all lambs over the 5 week period was 2.8 +
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Figure 5.6: Kirschner wire (K-wire) marker placement as an indicator of bone gtowth post

operatively. (A) Antero-posterial X-ray of a lamb tibia indicating K-wire marker

placement. The white arrow indicates the location of the growth plate. Epiphyseal and

diaphyseal pins were placed 20 mm apart on the day of surgery using an F shaped

template. Upon autopsy, the distance between the pins was measured using callipers to

determine the amount of limb growth. (B) Method of pin placement using the F-template,

to ensure parallel and equidistant insertion of the K-wires (taken from Foster (1989)).
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0.5 kg (data not shown). To determine if there was any difference in the weight gain

between treatment groups, which may influence the rate of bone growth, the average

increase in weight over the 5 week period was compared. Group 1 (n=5) exhibited an

average weight gain of 3.1 t 0.8 kg over the course of the experiment, with group 2 (n=4)

slightly less at 2.7 + 0.6 kg (Figure 5.74). Comparison between the two groups revealed

no statistically significant difference (p>0.05).

placement of K-wires either side of the growth plate following surgery facilitated the

precise measurement of limb growth following partial growth plate disturbance. Analysis

of the growth rate for each group was undertaken to establish whether the small peripheral

defect caused arrest or impairment of limb growth, and if any difference in growth rates

between the treatment groups was apparent. Limb growth was observed throughout the

experiment in all the treatment groups (Figure 5.78). The mean longitudinal growth of

limbs that had an undisturbed growth plate (n=4) was 24.8 + 0.4 mm by 5 weeks post

surgery. A similar growth was observed in the group that received an untreated growth

plate defect (24.8 r 0.5 mm) (n=4). Application of Gelfoam scaffold only to the growth

plate defect (n=5) resulted in average limb growth of 24.4 t 0.5 mm over the course of the

experiment. Finally, measurement of limb growth in the group receiving Gelfoam scaffold

seeded with autologous MSC revealed mean growth of 24.5 + 0.3 mm. Therefore,

comparison between the different treatment groups at 5 weeks post surgery showed there

was no statistically significant difference in the rate of limb growth.

Injured proximal tibia growth plate samples were examined histologically to assess the

extent of bone bridge formation and the type of repair tissue formed at the defect site.

Examination of the untreated defect revealed contrasting responses following growth plate

ablation. Extensive bone formation was observed, both adjacent to the growth plate and

throughout the defect site in two of the samples assessed (Figure 5.84-B). In another

sample, the defect area was predominantly comprised of a fat-like tissue, with a medial

bony spur adjacent to the growth plate, and regions of trabecular bone originating from the

metaphysis and bone plate. The last sample composed of highly cellular fatty tissue

resembling bone marrow with the complete absence of a medial bone spur (Figure 5.8H).

Samples derived from the limbs with a treated growth plate defect were more consistent.

Interposition of Gelfoam scaffold alone to the defect site resulted in repair tissue

comprised of dense fibrous tissue, fibrous tissue and fat (Figure 5.8C-D). A medial bone

spur was observed in nearly all samples examined, with some trabecular bone deposits
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Figure 5.7: Comparison of average weight gain and limb growth between lamb treatment

groups. Lambs (n=9) were divided into two groups, each receiving two treatments. One

group (n=5) had a growth plate defect created and interpositional scaffold and treated on

one limb, whilst the contralateral limb received a growth plate defect and scaffold with

MSC. The other group (n=4) received an untreated defect on one limb and the

contralateral limb was uninjured. Lamb weight was recorded at the time of surgery and

immediately prior to autopsy. (A) V/eight gain (kg) is presented at mean weight gain t
SEM at 5 weeks post surgery, showing some variation in weight gain between individuals

but no statistical significance between groups. (B) K-wires were inserted proximal and

distal to the growth plate at a distance of 20 mm at the time of surgery, and upon autopsy at

5 weeks, the distance between the K-wires was measured using callipers. Total limb

growth (mm) is presented as mean limb growth + SEM, showing no statistically significant

differences in the rate of limb growth between groups.
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¡Figure 5.8: Histological analysis of tissue repair following partial growth plate ablation

and treatment with interpositional Gelfoam scaffold or scaffold plus autologous MSC 5

weeks after surgery. Representative photomicrographs of paraffin embedded cross

sections stained with Haematoxylin, Eosin, and Alcian Blue (4, C, D, E, G) or

Haematoxylin and Eosin (8, F). The location of the growth plate is indicated by *. (A-B)

Examples of extensive bone bridge formation in two separate animals within the untreated

defect group (2x). Trabecular bone spans the entire defect adjacent to the growth plate -

from the bone plate to the metaphysis. (C) A representative example of growth plate

defect treated with Gelfoam scaffold only (2x). A medial spur was observed adjacent to

the growth plate, with the majority of tissue within the defect site consisting of fibrous

tissue and fat. (D) Second example of growth plate defect treated with Gelfoam scaffold

only (4x), also showing a medial spur and a small bony island developing from the bony

plate and metaphysis, with the central portion of the defect site consisting of fibrous tissue'

(E) Representative example of defect treated with Gelfoam scaffold and autologous MSC

(2x). V/hilst a medial bone spur is apparent, the majority of the defect site consists of

dense fibrous tissue and pockets of fat towards the bony plate. (F) A second example of

the transplantation of MSC plus Gelfoam into a growth plate defect (4x). Similarly, a

medial bone spur is present adjacent to the growth plate, but the ablated growth plate site is

comprised of dense fibrous tissue. Residual Gelfoam scaffold is indicated by an arrow. (G)

Higher magnification of Gelfoam scaffold that has not been completely resorbed, indicated

by an open affow (10x). (H) Infiltration of blood cells, resembling bone marrow,

observed in two samples within the untreated defect group (2x).





originating from the metaphysis and bone plate. Nonetheless, the presence of bony

deposits within the central portion of defect site was minimal. Histological analysis of the

tissue formed within the defect site following transplantation of Gelfoam scaffold loaded

with autologous MSC revealed tissue deposits comparable to those in defects treated with

scaffold alone (Figure 5.SE-F). Although fibrous tissue, fat, and some bone were also

observed, overall the repair tissue was more cellular and extracellular tissue was denser.

Almost all samples treated with autologous MSC exhibited a medial bone spur adjacent to

the growth plate. Although some bony deposits were identified originating from the

periphery (mainly metaphyseal region) of the defect, virtually no bone was detected

centrally. Overall, in a small proportion of samples, residual scaffold was detected,

surrounded by a large population of cells (Figure 5.8F-G).

So as to more definitively ascertain any differences in the composition of repair tissue

following differential treatment of growth plate injury, sections from each sample were

analysed using an image analysis software program (Image-Pro PLUS). Tissues within the

injury site were categorised into groups according to morphological structure and included

bone, dense fibrous tissue, fibrous tissue and fat. An example of the classification of each

tissue type is shown in Figure 5.94. Measurements from each sample were grouped

according to tissue type (Figure 5.98), and are expressed as mean percentage of the total

injury area + SEM.

Quantitative histological analysis show that the predominant tissue observed within the

defect site of the untreated group was fat-like tissue (49.4 + 20.0 7o of the total injury area),

closely followed by bone (30.0 t 13.87o). A minor proportion of total defect area

comprised of fibrous (18.6 r 7.\Vo) and dense fibrous tissue (2.0 L2.0Vo). In contrast, the

tissue composition of defects treated with Gelfoam scaffold without cells was, in order, fat

(43.l ! 13.2Vo of total injury area), dense fibrous tissue (29.0 ¡ 6.3Vo), fibrous tissue (20'0

x9.Z7o) and bone (8.3 t l.IVo). Therefore compared with the untreated control, there was

approximately 72Vo reduction in amount of bone formation when the interpositional

Gelfoam scaffold was applied. Moreover, a 14 fold increase in dense fibrous tissue was

observed. The quantity of fibrous tissue remained consistent, with fat content decreasing

slightly by approximately one tenth. Analysis of growth plate defects treated with

Gelfoam scaffold and autologous MSC revealed tissue composition consisting of dense

fibrous (3g.2 t 6.lVo of the total injury area), fibrous (29.6 x I0.0%o), fat (24.2 + 6.6Vo) and

bone (7.9 t I.8Vo). In comparison to the untreated control, the proportion of bone
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Figure 5.9: Effects of the type of treatment on the repair tissues formed at growth plate

injury sites 5 weeks post surgery. (A) Representative micrograph of a paraffin embedded

cross section stained with Haematoxylin and Eosin, revealing different tissues observed

within defect (4x). In this example the different tissues observed include bone (B), fat (F),

fibrous tissue (Fi), and dense fibrous tissue (DF). Using Image Analysis software, the

proportions of each tissue type within the defect site was determined for each sample, and

is presented at the mean percentage area * SEM of the total injury area for each treatment

group. (B) Measurements grouped by tissue type for comparison between treatments.

Statistical significance between the untreated defect and treatment groups is indicated by a

* (Mann-Whitney, p<0.05).
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formation decreased by approximately three quarters following transplantation of

autologous MSC seeded on the Gelfoam scaffold. In addition, a 19 fold increase in dense

fibrous tissue was observed. The proportion of fibrous tissue was over one and a half

times that of the control group, while conversely, the proportion of fat was halved.

Several differences were observed between treatment with the scaffold alone

(interpositional) and the scaffold seeded with autologous BM MSC. Whilst the proportion

of bone was equivalent between the two groups, in the group treated with scaffolds seeded

with MSC, fibrous tissue was one and a half times greater, and fat content was half that of

the scaffold only group. Lastly, the amount of dense fibrous tissue in the scaffold only

treatment was three quarters that of scaffold and MSC.

Immunohistochemical analysis of the Col-2 and Col-10 cartilage markers revealed the

absence of expression of these molecules within the defect site in all samples assessed

(data not shown), suggesting lack of cartilage formation at the injury site 5 weeks after

injury.
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5.3. Discussion

In the present study, the developmental potential of ovine bone marrow derived MSC in

vivo was assessed using a xenotransplant mouse model, and the therapeutic potential of

autologous MSC in growth plate cartilage repair was examined in a lamb growth plate

injury model.

The appropriate conditions for the differentiation of human MSC towards an osteogenic

lineage and formation of ectopic bone in vivo, have been established previously (Gronthos

et a1., 2000; Gronthos et a1., 2003; Kuznetsov et al., 1997). Employing the same technique,

ovine MSC were assessed for their potential to form ectopic bone following subcutaneous

xenotransplantation into immunocompromised mice using a HAITCP delivery vehicle. On

recovery of the implants at 8 weeks, all transplants had consistently formed extensive

deposits of lamellar bone. Although fibrous tissue and fat were also discerned within the

implants, the predominant tissue formed was bone. In one sample, the infiltration of

haematopoietic cells in close association with adipose elements bore considerable

resemblance to bone marrow, suggesting the conditions within the transplant mimicked the

bone marrow microenvironment, leading to haematopoiesis. Histological analysis failed to

detect any cartilage like tissue in any of the transplants. The observation of ectopic bone,

fibrous tissue, haematopoiesis, and absence of cartilage is analogous with studies using

HA/TCP seeded with human BM MSC (Gronthos et al., 2000). In this study, the origin of

each tissue type is unknown, as ovine MSC were not labelled. However some insights can

be gained into the derivation of tissues from analysis using labelled human BM MSC

(Gronthos et al., 2000; Gronthos et a1., 2003). In these earlier studies, in situ hybridisation

using the human alu repetitive sequence identified interstitial tissue, osteocytes, and bone

lining cells of ectopic bone transplants as human in origin. Conversely, the haematopoietic

cells and fat and bone surrounding the transplant were found to be derived from the murine

host. Therefore it may be assumed that ovine MSC have the potential to, and contribute to,

the formation of ectopic bone following transplantation in vivo.

The inability of ovine BM MSC to form cartilage in vivo using HA/TCP particles as a

delivery scaffold is not surprising based upon previous reports coupled with the osteo-

conductive nature of HA/TCP. However it docs substantiate the notion that selection of a

scaffold suitable for and conducive to chondrogenesis is essential for successful cartilage

formation in vivo. In this study, two scaffolds were selected to analyse the chondrogenic
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developmental potential of ovine BM MSC in vivo, based upon their use in previous

chondrogenesis studies. Ethisorb is a synthetic polymer comprised of VICRYL

(polyglactin 910) and PDS (Poly-P-Dioxanon). Polyglactin is a copolymer of polyglycolic

acid (pGA) and polylactic acid (PLA) also known as PLGA which has been extensively

investigated in cartilage tissue engineering using chondrocytes (Kaps et al., 2006; Park et

aI.,2004;Rotter et al., L999; Rudert et al., 2005), cultured chondrocytes (Marijnissen et al.'

2002), and MSC (Fan et a1.,2006; Uematsu et al., 2005). Ethisorb is inexpensive, pliable,

biodegradable and non-toxic, and structurally resembles a non woven fleece. Gelfoam is a

haemostatic medial device, naturally derived from purified pork skin gelatin. With a

sponge like appearance, Gelfoam has many characteristics advantageous for tissue

engineering, such as being porous, pliable, biodegradable, non-toxic, and inexpensive.

Moreover, the interstices of Gelfoam are capable of absorbing and holding fluid many

times its weight. Gelfoam of gelatin sponges have been applied in studies examining

chondrogenesis in vivo and cartilage repair, using both chondrocytes (Chiang et a1., 2005;

Hoshikawa et a1.,2006) and MSC (Ahn et a1.,2004; Angele et a1., t999; Ponticiello et a1',

2000; Quintavalla et al., 2002).

To assess the chondrogenic potential of ovine MSC in vivo, BM derived MSC were

collected and expanded according to plastic adherence. Cells were suspended in serum

free chondrogenic media containing chondrogenic growth factor TGF-PI (10 nglml) and

sodium hyaluronate, and transplanted subcutaneously into the dorsal surface of

immunocompromised NOD/SCID mice using the Ethisorb or Gelfoam scaffold as a

carrier. The subcutaneous transplantation technique for ectopic cartilage formation has

been applied previously for both scaffolds described (Angele et a1., 1999; Kaps et a1.,

2006; Marijnissen et al., 2002; Park et a1.,2004; Rotter etal.,1999). In addition, cultured

chondrocytes were also assessed as a partially positive control, representing a population

of cells pre-committed along the chondrogenic lineage'

Following retrieval 6 weeks after transplantation, ovine MSC statically seeded onto the

Ethisorb scaffold exhibited a fibrous morphology, with deposition of proteoglycans in the

extracellular matrix. Immunohistochemical analysis of Col-2 protein expression revealed

localisation in regions of the transplants. Interestingly, Col-10 was also detected uniformly

throughout the extracellular matrix of l.he trausplants. Although Col-10 is traditionally an

indicator of hypertrophic or maturing cartilage, gene expression of Col-10 has been

detected in undifferentiated culture expanded MSC (Gronthos et a1.,2003). Furthermore,
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in a separate study, Col-10 expression has been identified as an early event during

chondrogenesis of MSC in vitro (Mwale et aI., 2006). Therefore, this observation may

indicate maturation of cartilage like tissue akin to endochondral ossification, or may

suggest the cells within the implants represent a population of relatively uncommitted

fibrous cells. Residual scaffold was not visible in any of the transplants examined, but

may not be discernable from the extracellular matrix. Manufacturer information states

resorption of Ethisorb is complete within 90 days, however Ethisorb has been reported to

degrade within 3 weeks in vitro (Rotter et al., 1998).

Implants with sheep MSC statically seeded onto the Gelfoam scaffold and recovered 6

weeks post transplantation were uniform in appearance, with the cells exhibiting a

polygonal morphology. Proteoglycan deposits were apparent within the interstices of the

scaffold as indicated by positive staining with Alcian Blue. Immunohistochemical analysis

detected extensive deposits of Col-2 protein expression throughout the extracellular matrix

in a dynamic pattern. In contrast to the Ethisorb transplants, expression of Col-10 was

virtually undetectable. The presence and absence of Col-2 and Col-10 expression

respectively, coupled with the deposition of a proteoglycan rich extracellular matrix

signifies that MSC seeded onto the Gelfoam scaffold may have undergone chondrogenic

differentiation in vivo. However, the morphology of cells within the scaffold does not

resemble that of chondrocytes. Previously, comparison of alginate, agarose and gelatin

sponge in the in vitro chondrogenesis of adipose derived MSC has revealed that although

cells in the gelatin sponge exhibited a polygonal morphology (as observed in this study),

there was no hindrance to chondrogenic differentiation (Awad et a1., 2004). Significantly,

neither bone nor fat was detected in any of the Gelfoam or Ethisorb transplants seeded with

ovine BM MSC.

Histological analysis of implants consisting of cultured chondrocytes seeded on the

Ethisorb delivery vehicle revealed morphology highly similar to hyaline cartilage. Cells

were rounded with large cytoplasm and surrounded by a proteoglycan matrix. Expression

of CoI-2 was not ubiquitous but localised to extracellular regions of the transplants

demonstrating cartilage like morphology. Conversely, immunolocalisation of Col-10 was

restricted intracellularly and was not detected in the extracellular matrix. Moreover, Col-

10 expression was not detected in all cells within the irnplants. As only one timc point was

assessed in this pilot study, it is not possible to gauge whether these cells are upregulating

or downregulating Col-10 expression although the cells may be maturing or differentiating
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from a less differentiated state. Thus preliminary evidence obtained in this study suggests

dedifferentiated chondrocytes can be redifferentiated in vivo upon association with the

Ethisorb scaffold, an observation substantiated by the work of Marijnissen (2000), who

similarly induced caftilage formation in vivo using passaged chondrocytes seeded on

PLGA in a subcutaneous murine transplantation model (Marijnissen et al., 2000). Residual

scaffold was not obvious, for reasons aforementioned.

Cultured chondrocytes statically seeded on the Gelfoam scaffold displayed morphology

similar to that observed in the MSC/Gelfoam composite. Cells were uniformly polygonal,

and had deposited a proteoglycan-rich extracellular matrix. Intense areas of Col-2 staining

were observed within extracellular regions of the implants, as indicated by

immunohistochemistry with an antibody specific for the Col-Z protein. Col-10 was

similarly detected within the implants, however staining was less intense and restricted to

the extracellular matrix, with no intracellular expression. As for the transplants seeded

with MSC, bone and fat tissues were not observed in Ethisorb and Gelfoam scaffolds

loaded with cultured chondrocytes.

Overall, cultured chondrocytes seeded on Ethisorb exhibited a cellular morphology most

similar to hyaline chondrocytes. However, the extent of proteoglycan deposition and Col-2

staining was relatively equivalent between both scaffolds and cell types. Examination of

implants containing MSC seeded on Ethisorb concurrently revealed strong expression of

Col-10, which is considered a marker of maturing cartilage or endochondral ossification.

In contrast, expression of Col-10 was virtually undetectable in implants containing MSC

seeded on Gelfoam. Although these cells expressed a polygonal morphology that did not

resemble native chondrocytes, taken together, the expression of cartilage specific markers

was optimal in the combination of MSC and Gelfoam.

There have been very few successful reports of chondrogenesis in vivo using subcutaneous

transplantation in immunocompromised mice. Both De Bari (2004) and Pelttari (2006)

have confirmed the inability of MSC to form cartilage in vivo using this technique (De

Bari et al., 2004; Pelttari et al., 2006). However, these studies transplanted micromass

cultures and did not employ a delivery scaffold, which may have contributed to the

unsuccessful outcomes. To date, several groups have demonstrated successful in vivo

chondrogenesis using this method of transplantation with MSC (Angele et al., 1999;

Hwang et a1., 2007), and more commonly with chondrocytes (Kaps, 2006 Rotter, 1999;
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Park, 2004: Marijniss en, 2002; Jiang, 2003) (Jiang et al., 2003a Kaps et aI', 2006i,

Marijnissen et al., 2002; Park et a1.,2004; Rotter et a1., 1999).

Injury or damage to the growth plate of long bones in children can result in limb length

discrepancies and angular deformities if left untreated. Current treatments of growth arrest

predominantly involve surgical correction of the deformity, and fail to prevent formation

of the initial bone bridge. Moreover, surgical intervention does not address regeneration of

the growth plate, to impart normal function of this tissue. Since the discovery of

multipotential bone m¿ilrow progenitor cells potential to differentiate into chondrocytes,

considerable interest has been generated in the application of these cells for cartilage tissue

engineering. In this study, autologous bone marrow derived MSC were examined for

potential repair of growth plate cartilage following injury in a lamb model.

In this study, autologous MSC were isolated from bone marrow using the plastic adherence

technique, expanded in culture, and suspended in chondrogenic media supplemented with

TGF-p1 (10 nglml) and sodium hyaluronate to facilitate differentiation of these cells

towards a chondrogenic lineage. Two weeks after isolation 4 x 106 MSC were delivered

using a Gelfoam sponge into the site of a growth plate defect in a sheep model. The

Gelfoam scaffold was selected for application in the regeneration of growth plate tissue

following injury for three distinct reasons. Firstly, transplantation of MSC seeded on

Gelfoam sponge in immunocompromised mice exhibited more favourable characteristics

akin to cartilage tissue, compared to the Ethisorb scaffold. Secondly, the topography of the

Gelfoam sponge renders the scaffold ideal for the dimensions of the growth plate defect to

be created. Thirdly, as the Gelfoam scaffold exhibits haemostatic properties, the presence

of this scaffold within the defect may impede the infiltration of inflammatory cells early in

the fracture repair response, thereby inhibiting the cellular events that facilitate

ossification.

In this study, specimens were collected at 5 weeks post surgery since resorption of the

Gelfoam scaffold will be nearly complete within 5 weeks, and this is a time period

sufficient for establishment of a bone bridge. Examination of growth plate injury in animal

models have reported complete bone bridge formation in rats (Garces et a1., 1994; Xian et

a1.,2004), mice (Lee et al., 2000), rabbits (Jalamillo et al., 1990), and dogs (Stadclmaier et

al., 1995) 2 to 3 weeks following the surgical procedure. Previous sheep studies have

determined an infiltration of inflammatory cells 4 days post surgerY, and ossification of the
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defect site within 14 days (Johnstone et al., 2002; Thomas et al., 2005; Wirlh et a1., 1994),

comparable to that observed in rats (Xian et a1., 2004).

Five weeks following surgery with or without treatment, the limbs of all animals that

received a growth plate injury grew to the same extent, regardless of the treatment

provided. Furthermore, limb growth was equivalent to the control group where the growth

plate remained undisturbed, indicating that the extent of injury created in this model was

not sufficient to inhibit longitudinal bone growth within 5 weeks. This observation is not

unexpected as the ablated region constitutes a minor proportion of the total growth plate

area. It is widely accepted that the size and location of the growth plate injury and

subsequent bone bridge formation are directly proportional to extent of growth disturbance

(Foster, 1989a; Osterman, 1912), and that small bone bridges cause minimal growth

disturbance.

Histological examination of the growth plate defect site five weeks post surgery revealed

notable differences between the treatment groups. In the majority of cases, a thin spicule

of bone originating from the bony physeal plate was observed at the interface of the defect

and the intact growth plate. These thin bone bridges adjacent to the growth plate have

been reported previously (Foster, 1989a; Thomas, 2004; wirth et a1., 1994) and do not

appear to affect longitudinal bone growth. Some variation was observed in animals

receiving the untreated defect. In two samples, complete bone bridge formation was

observed, comprising the entire defect site from the physeal bone plate to the metaphysis'

The remaining two samples exhibited fat like tissue with some infiltration of bone manow-

like cells from the metaphysis. Interestingly, a peripheral bone spicule was observed in

one instance, whereas in the other sample no bone bridge formation adjacent to the growth

plate was detected. Inconsistencies in the repair response following ablation of a small

region of the growth plate have been documented elsewhere (Foster, 1989a).

The application of Gelfoam scaffold to the growth plate injury served as a mechanism of

determining the influence of the scaffold alone as an interpositional material. Analysis of

the tissues within the treated defect site revealed a more consistent phenotype than

observed for the untreated control. Repair tissue comprised of fibrous and dense fibrous

tissue, fat, and bone. The proportion of bone was considerably reduced in samples

receiving the scaffold, compared to the untreated defect. Although sizable, the difference

was not statistically significant, due to the variation reported in the untreated samples. In
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addition, dense fibrous tissue was significantly increased in defects receiving scaffold. The

proportion of fat and fibrous tissue was analogous to the untreated group. Interestingly, the

delivery of Gelfoam scaffold seeded with autologous MSC presented with tissue repair

outcome similar to that with the Gelfoam scaffold treatment only. Five weeks after

treatment with Gelfoam and MSC, the proportion of bone within the defect site was

markedly reduced, approximately one quarter that of the untreated defect group. Fat like

tissue was reduced, concomitant with an increase in fibrous tissue, and a statistically

significant increase in dense fibrous tissue. Residual Gelfoam scaffold was observed in

some samples, indicating resorption of the delivery vehicle was near completion. The

absence of bone marrow-like cells within defects treated with Gelfoam also indicates the

scaffold may be functioning as a haemostatic agent, preventing infiltration of non

mesenchymal cells.

preliminary evidence from this study indicates that the delivery of Gelfoam scaffold is

sufficient to inhibit bone formation at the growth plate injury site. Moreover, the

application of autologous MSC increases the cellular and extracellular density of fibrous

tissue within the injury site, and decreases the proportion of fat-like tissue. Most

importantly, in this study the application of scaffold with or without MSC did not facilitate

or augment bone formation. In contrast, interposition of type I collagen to the site of an

excised bone bridge resulted in growth arrest and establishment of a bone bridge within 14

days (Johnstone et al., 2002). Similarly, the interposition of periosteum facilitated the

ossification process (Wirth et a1., 1994). Unfortunately in this study, tissue reminiscent of

hyaline or growth plate cartilage failed to be detected in any defect site. Nonetheless, the

reduction of bone content and development of dense fibrous tissue suggest that

modification of the chondrogenic stimuli or commitment of MSC in vitro prior to

transplantation may improve the likelihood of cartilage tissue formation. In this study it

was not possible to gauge the origin of cells within the repair tissue, that is whether the

cells constituting the defect site are endogenous or were introduced on the scaffold. It is

obvious from the scaffold only group that endogenous cells can migrate and populate the

defect site, and that introduction of expanded MSC increases the cellular density of the

repair tissue. Thus, labelling of MSC during in vitro expansion may provide

supplementary information on the survival and establishment of cells following

transplantation. Additionally, it is unknown whether interposition of Gelfoam scaffold

with or without cells temporarily delays or permanently prevents establishment of an

osseous bridge. Further studies are also required to characterise the tissue constitution of
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the injury repair response over a longer time course. Cultured chondrocytes offer another

therapeutic option for growth plate restoration, but are limited by the invasive nature of

initial autologous chondrocyte harvest.

Successful regeneration of the growth plate cartilage following injury is not widespread,

but has been reported following transplantation of chondrocytes (Jin et a1., 2006 Lee et a1.,

1993) and MSC (Chen et a1., 2003a; Hui et a1.,2005; Li et al., 2004) in a rabbit model of

physeal injury. However, the rabbit appears to have a unique predisposition to regenerate

cartilage. Whilst prevention of bone bridge formation can be achieved by the insertion of

interpositional grafts such as fat (Foster et al., 1990; Foster et a1., 2000; Langenskiold,

1975; Langenskiold, 1981), attempts to regenerate growth plate cartilage in other animals

has been unsuccessful.

To summarise, in this study, the developmental potential of ovine bone marrow-derived

MSC was ascertained using a variety of preliminary studies in vivo. Culture expanded

MSC were demonstrated to exhibit osteogenic capability when delivered into

immunocompromised mice using a HAÆCP scaffold. Employing a similar transplantation

method, ovine MSC were transplanted into mice with an Ethisorb or Gelfoam delivery

vehicle to determine the ability of these cells to form ectopic cartilage. Although

proteoglycan deposition and CoI-2 protein expression were detected in implants using both

scaffolds, MSC seeded on the Gelfoam sponge appeared less fibrous and did not express

the hypertrophic cartilage marker Col-10. Neither fat nor bone was observed in any of the

Ethisorb or Gelfoam transplants. Combined with this observation, the topography of the

Gelfoam sponge was ideal for application in a growth plate defect, and so was selected for

use in a lamb model of growth plate injury repair. Autologous lamb MSC seeded on the

Gelfoam scaffold in the presence of TGF-B1 markedly reduced the presence of bone within

the defect site and was accompanied by an increase in dense fibrous tissue'

Transplantation of scaffold alone with TGF-p1 also diminished the presence of bony

deposits. Significantly, bone formation was not enhanced by the delivery of these

treatments. Therefore in conclusion, whilst further studies are crucial, autologous MSC

show some promise in the regeneration of growth plate cartilage.
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CHAPTER 6

CONCLUSIONS AND FUTT]RE CONSIDERATIONS

This thesis presents several novel observations of the characteristics and developmental

capabilities of ovine bone marrow derived MSC, and their potential application in growth

plate cartilage regeneration.

The growth plate is a cartilaginous tissue located at the proximal and distal ends of long

bones, which contributes to longitudinal growth until skeletal maturation via the process of

endochondral ossification. The incidence of growth plate injury in childhood fractures is

reported to range between 157o (Foster, 1989a; Mizuta et a1., 1987; Worlock et al., 1986)

to 3OVo (Mann and Rajmaira, 1990). Due to the limited ability of growth plate cartilage to

regenerate and repair following trauma, ossification occurs at the site of injury. Depending

on the size and location of the fracture and subsequent bone bridge formation, injuries to

the growth plate can result in limb length discrepancies and angular deformities' Current

therapies for the treatment of growth plate arrest predominately involve surgical correction

of the deformity once the outcome of the bone bridge has manifested. In recent years, the

discovery of self renewable multipotential progenitor cells with the capacity to

differentiate along the chondrogenic lineage has offered an alternative option for cartilage

tissue engineering. Using a sheep model, bone marrow derived MSC were isolated and

characterised both in vitro and in vivo for eventual application in an attempt to repair

growth plate cartilage.

Bone marrow aspirates were collected from adult sheep and found to contain a proportion

of CFU-F forming cells with an incidence and morphology highly similar to human MSC

(Castro-Malaspina et al., 1980; Friedenstein, 1980; Gronthos et al., 2003; Owen, 1988;

pittenger et al., lggg). Due to the lack of mitogens commercially available specific for

sheep cells, a range of human growth factors were assessed for the potential to enhance

proliferation of sheep MSC in vitro without the requirement of serum. The expansion of

cells in media free of FCS is of importance clinically, due to the risk of transmission of

animal borne pathogens. Under serum deprived conditions, supplementation of media with

human PDGF, EGF, IGF-I, FGF-2 and particularly TGFa, caused an increase in

proliferation of ovine MSC surpassing that achieved by standard culturc in 10-20% FCS.

The absence of a proliferative response to some other factors such as BMP-7 and TGF-81

may indicate a potential role of these growth factors in cellular differentiation.
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Ovine MSC were induced to differentiate toward an osteogenic, adipogenic, or

chondrogenic fate using conditions previously described to differentiate human MSC in

vitro (Gimble, 1998; Gronthos et al., 2003; Johnstone et al., 1993). A series of growth

factors known to stimulate chondrogenesis of MSC in vitro were assessed. In addition,

cultured chondrocytes were included as a control, representing a population of cells with a

precommitment to cartilage phenotype, so as to assist determination of the optimal growth

factor for chondrogenesis of ovine MSC. Histological and gene expression analysis

determined that TGF-BI alone or in combination with BMP-7 was the most favourable

growth factor of MSC chondrogenesis. Ovine cultured chondrocytes were capable of

redifferentiation under similar conditions. The demonstrated multipotential capability of

ovine MSC may assist translational studies of connective tissue regeneration using sheep

models.

Several observations made in this study may warrant further consideration. It is unknown

whether mitogenic stimulation of MSC under serum depleted conditions with a specific

growth factor affects the multipotential differentiation capacity of MSC. Moreover, the

growth factor applied may inherently influence the commitment of MSC along a distinct

lineage. This may be beneficial for cartilage tissue engineering studies, where the

guidance of undifferentiated MSC to form the desired tissue in vivo is problematic. Thus

prior commitment of cells during expansion may be advantageous. Conversely, particular

mitogens may enhance osteogenesis and therefore should be avoided. The technique for

chondrogenic differentiation of ovine MSC also requires optimisation. This study

employed the technique of micromass culture of MSC to induce chondrogenesis as

previously described (Gronthos et al., 2OO3; Johnstone et a1., 1998). More recently, it has

been reported that the optimal micromass and chondrogenesis is achieved using four times

the number of cells compared to the conventional micromass culture (Shirasawa et al.,

2006), which may minimise necrosis and histological processing difficulties associated

with smaller pellets.

There exists a relative paucity of antibodies by which immunoselection of human MSC

from BM is possible, a problem exacerbated in the characterisation of sheep MSC.

Nevertheless the cell surface expression profile of ovine BM MNC, MSC, chondrocytes

and cultured chondrocytes was analysed. A panel of antibodies specifically generated (by

Dr. A Zannettino) against sheep MSC was investigated in conjunction with antibodies

reactive with human MSC. High and uniform levels of CD44, CD166, Hyb B, Hyb H and
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Hyb I expression were detected on the surface of ovine MSC. Articular chondrocytes

uniformly expressed Hyb B and Hyb I, but not CD44 or Hyb H. Interestingly, cultured

chondrocytes exhibited a phenotype almost identical to expanded MSC, analogous to

previous reports (de la Fuente et al., 2004). Changes in cell surface expression profile of

these cells may assist the understanding of cellular mechanisms and changes that occur

during monolayer expansion of both MSCs and chondrocytes. The hybridoma H antibody

was found to cross react with human MSC and osteoblasts' which is extremely

advantageous in therapeutic studies using sheep for eventual application in humans.

Immunoselection of MSC directly from processed ovine BM aspirates resulted in

enrichment of CFU-F in all instances. To determine the antigenic specificity of two of the

uncharacterised antibodies, immunoprecipitation was undertaken. Analysis of the peptide

recognised by Hyb B revealed high homology to the integrin beta 1 subunit, CD29- The

Hyb H antibody was found to recognise an epitope of HSP-9Op molecule. Interestingly,

according to the literature, HSp-908 has not been localised to the cell surface previously

(Schmitt et a1., 2007).

The characteristics and in vitro properties of BM MSC following individual or

combinatorial immunoselection with the novel antibodies reactive to sheep MSC, has not

been carried out in this study, and would be of particular interest. Investigation of the

developmental potential of cells, and comparison between antibodies and unselected cells

may prove to be useful in studies where cells of a particular connective tissue lineage are

desired. For example, selection with one antibody may result in a population of truly

multipotential cells, whereas selection with another antibody may give rise to

osteoprogenitor or chondroprogenitor cells. Differences between these cells may not only

prove useful in regenerative therapies, but may provide valuable insight on the differences

between stem cells and precommitted progenitors'

Preliminary analysis of the in vivo developmental potential of ovine BM MSC was

undertaken using the technique of subcutaneous transplantation into immunocompromised

mice. MSC demonstrated osteogenic potential upon transplantation with HA/TCP ceramic

particles, as indicated by the presence of extensive deposits of bone. In order to investigate

the chondrogenic capability of these cells, two scaffolds, synthetic Ethisorb and naturally

derived Gelfoam sponge were selected based upon previous studies of in vivo

chondrogenesis with MSC and chondrocytes. Ovine MSC seeded on the Gelfoam scaffold

displayed phenotypic characteristics of hyaline cartilage as suggested by extracellular
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matrix deposits, however the morphology of cells did not resemble chondrocytes.

Interestingly, cultured chondrocytes seeded on the same scaffold exhibited a comparable

morphology. Therefore the morphology observed may be a consequence of the Gelfoam

scaffold applied, and thus the properties of Gelfoam for tissue engineering applications

should be investigated further. Of particular note, bone and fat were not observed in either

scaffold type when seeded with MSC or cultured chondrocytes. The absence of cartilage

in the osteogenesis assay, and bone in the chondrogenesis assay signifies the importance of

suitable scaffold selection in the tissue engineering of discrete tissue types. The property

of Gelfoam to withhold a high fluid content within its matrices may recapitulate cartilage

tissue where the water content can extend to 80Vo of the wet weight.

Although these results are preliminary, it would be valuable to conduct these experiments

on a larger scale at more time points with a range of chondrogenic growth factors, to

establish the true potential of Gelfoam, and the subcutaneous method of in vivo

chondrogenesis. This may be especially beneficial for application in screening trials

demanding a high throughput. The longevity of Gelfoam in vivo may be improved or

optimised in combination with matrices or factors that exhibit an extended degradation

time such as polyglycolic/polylactic acid copolymers or chitin.

In addition to the favourable characteristics displayed by MSC when seeded on Gelfoam in

vivo, Gelfoam scaffold was selected for application in a model of growth plate injury for

two reasons. Used clinically as a haemostatic agent, the intrinsic properties of Gelfoam

may be beneficial in inhibiting the early inflammatory response that occurs following

mechanical disruption of the growth plate, by physically impeding the infiltration of

inflammatory cells. Secondly, the topography of Gelfoam renders it ideal for implantation

in the defect created here using a lamb model. Using a lamb model, a peripheral defect of

the proximal tibial growth plate was created and either left untreated, delivered with

Gelfoam scaffold, or delivered with autologous MSC seeded on the Gelfoam scaffold' The

extent of disruption to the growth plate was minimal and did not affect longitudinal growth

over the course of the experiment. Examination of the tissue repair response following

surgery revealed several key differences. Compared to the untreated defect, the

interposition of the Gelfoam scaffold markedly reduced the proportion of bone within the

defect site, simultaneous with an increase in dense fiblous tissue. The delivcry of

autologous MSC seeded on Gelfoam similarly diminished the proportion of bone. Taken

together these observations suggest Gelfoam is acting as a suitable interpositional graft,
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and moreover does not accelerate osteogenesis. The tissue observed following autologous

MSC transplantation differed to the scaffold only group in that the repair tissue comprised

of more fibrous tissue with increased cellularity and extracellular matrix content.

Concurrently, the percentage of fat-like tissue was decreased' Thus it appears the

transplantation of MSC does not stimulate bone formation, but increases the proportion

and density of fibrous tissue within the repair site. Supplementary experiments following

this pilot study may wish to address several key questions that arise. This experiment

focussed on an early stage of the repair process, it would be interesting to analyse the

tissue composition of the defect site at a later time point(s). Furthermore, it is unknown

whether delivery of the Gelfoam scaffold inhibits bone bridge formation within the entire

defect temporarily or permanently. Finally the origin of the repair tissue also must be

addressed, for example whether the cellular repair constituents are endogenous or were

delivered during the transplantation process.

Successful cartilage tissue engineering is dependent on three main objectives' selection of

cells with chondrogenic potential that can be expanded in vitro, identification of growth

factors to augment the repair process and facilitate chondrogenic differentiation, and

finally application of a delivery vehicle conducive to cartilage tissue and well tolerated by

the patient (Xian and Foster, 2006b). It would seem there are an unlimited number of

potential combinations by which to attempt regeneration of cartilage tissue. Whilst MSC

are the most obvious and logical choice, the direction of these cells towards

chondrogenesis and formation of stable cartilage in vivo requires investigation. In this

study, similarities between MSC and cultured chondrocytes have been established, thus

cultured chondrocytes should not be ignored as a potential therapeutic alternative,

especially as these cells still maintain commitment to the chondrogenic lineage even when

dedifferentiated in monolayer culture. However, there still remains the difficulty and

inherent disadvantage of harvesting a cartilage biopsy from an otherwise healthy cartilage

source.

The detailed characterisation of sheep MSC is beneficial in translational studies using

MSC for eventual therapeutic benefit. In conclusion, ovine MSC have been effectively

harvested from bone maffow aspirates and exhibit morphological and multipotential

characteristics similar to those observed in human MSC, in vitro and in vivo. The

application of MSC to the site of growth plate injury did not result in chondrogenic

differentiation or regeneration of the damage cartilage, but formation of dense fibrous
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tissue. Nonetheless, bone formation was not accelerated, suggesting that with modification

and further investigation, MSC may be a viable therapeutic option for the biological

regeneration of the growth plate following injury.
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APPENDICIES

Appendix A: Aggrecan Multþle Sequence Alígnment

Cow (U76615):7447 bP

Sheep (4F019758): 393 bP

Human (NM-001135): 4200 bP

Rat (J03485): 6939 bP

The alignment presented here represents a specific region of high homology between

severalipecies. The sequence in bold indicates the primers designed for RT-PCR use

Cow
Sheep
Human
Rat

1OB1 1091 1101 1111 r72r 1131

TTCCCGGCGTGAGAACCTACGGCATCCGGGACACCAACGAÀÀCCTATGACGTGTACTGCT

Cow
Sheep
Human
Rat

rr47 1151 1161 LIlr 1181 1191
TCGCGGAGGAGATGGAGGGCGAGGTCTTCTATGCAACATCCCCGGAGAAGTTCACCTTCC

Cow
Sheep
Human
Rat

I2OI I2I1. I22I 723I I24I 1251

AAGAGGCAGCCAACGAGTGCCGGCGGCTGGGCGCCCGGCTGGCCACCACGGGCCAÀCTCT

Cow
Sheep
Human
Rat

126r 1217 r2ïr r29L 1301 1311

ACCTGGCCTGGCAGGGTGGCATGGACATGTGCAGCGCCGGCTGGCTGGCTGACCGCAGCG

Cow
Sheep
Human
Rat

L321 1331 1347 1351 1361 1371

TGCGATACCCCAT C TC CAAGGC C CGGCCTAAC TGC GGGGGCAACCT C CTGGGAGTGAGGA

Cow
Sheep
Human
Rat

1381 1391 1401 14Lr r42r 1431

CCG1CTACCTGCACGCCAACCAGACGGGCTACCCTGACCCTTCATCCCGCTATGACGCCA
_CCTTCATCCCGCTATGACGCCA

CCGTCTACGTGCATGCCAACCAGACGGGCTACCCCGACCCCTCATCCCGCTACGACGCCA
CTGTCTATCTGCACGCCAACCAGACAGGCTACCCTGATCCCTCATCCCGCTACGACGCCA
ccGTcrAc

Cow
Sheep
Human
Rat

1441, 1451 1461 L417 1481 749r
TCTGCTACACAGGTGAA,GACTTTGTGGACATCCCAGAÀAGCTTTTTCGGGGTGGGCGGTG
TCTGCTACACAGGTGAAGACTTTGTGGACATCCCAGAAÄACTTTTTCGGGGTAGGTGGCG
TCTGCTACACAGGTGAAGACTTTGTGGACATCCCAGAÀÀACTTCTTTGGAGTGGGGGGTG
TCTGCTACACAGGTGAAGACTTTGTAGACATCCCAGAAA.ACTTCTTCGGAGTGGGTGGTG

Cow
Sheep
Human
Rat

1501 1511 752L 1531 1541 1551

AGGAGGACATCACCATCCAGACGGTGACCTGGCCTGACGTGGAGCTGCCCCTGCCCCGAA
AGGAAGACATCACCATCCAGACGGTGACCTGGCCTGATGTGGAGCTGCCCCTGCCCCGAA
AGGAGGACATCACCGTCCAGACAGTGACCTGGCCTGACATGGAGCTGCCACTGCCTCGAA
A¡.GAGGACATCACCATCCAGACAGTGACCTGGCCAGATCTGGAGCTGCCCCTGCCCCGTA

Cow
Sheep
Human
Rat

1561 1571 1581 1591 1601 1611

ATATCACTGAGGGTGAAGCCCGAGGCAGCGTGATCCTCACGGCAAAGCCCGACTTTGAÄ'G
ATATCACCGAGGGTGAAGCCCGAGGCAACGTGATCCTCACGGCAÄAGCCCGACTTTGAAG
ACATCACTGAGGGTGAÄGCCCGAGGCAGCGTGATCCTTACCGTAÄ,,C'GCCCATCTTCGAGG
ATATTACGGAGGGAGAAGCCCGGGGCAÀTGTGATCCTCACTGCAÀAGCCCATCTTCGACA

TTCCTGGTGTGAGGACGTATGGCATCCGAGACACCAACGAGACCTATGATGTGTACTGCT
TCCCTGGAGTGAGGACCTATGGAATCCGAGACACCAACGAGACCTATGATGTGTACTGCT

TCGCCGAGGAGATGGAGGGTGAGGTCTTTTATGCAACATCTCCAGAGAAGTTCACCTTCC
TCGCTGAAGAGATGGAGGGTGAGGTCTTTTATGCCACATCCCCGGAGAÀÄTTCACCTTCC

AGGAAGCAGCCAATGAGTGCCGGCGGCTGGGTGCCCGGCTGGCCACCACGGGCCAGCTCT
AGGAGGCAGCCAACGAGTGCCGGAGGCTGGGGGCACGGTTGGCCACCACAGGCCAGCTCT

ACCTGGCCTGGCAGGCTGGCATGGACATGTGCAGCGCCGGCTGGCTGGCCGACCGCAGCG
ACCTTGCCTGGCAGGGCGGTATGGACATGTGCAGCGCTGGCTGGCTGGCGGACCGCAGCG

TGCGCTACCCCATCTCCAAGGCCCGGCCCAACTGCGGTGGCAACCTCCTGGGCGTGAGGA
TTCGCTACCCCATCTCCAAGGCTCGGCCCAACTGCGGAGGCAACCTCCTGGGTGTAÀGGA

TGGGAGTGAGGA
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tt
Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

Cow
Sheep
Human
Rat

1621 1631 1641 1651 L66r \61r
TCTCCCCCACCGCCCCGGAACCCGAGGAGCCTTTCACGTTTGTCCC TGAAGTAAGGGCCA

TCTCCCCAj\CCGCCCCAGAACCTGAGGAGCCTTTCACGTTTGCCCCCGAAGTAAGGGCCA
TCTCCCCCAGTCCCCTGGAÄ,CCCGAGGAGCCCTTCACGTTTGCCCCTGAÀATAGGGGCCA
TGTCCCCCACTGTCTCAGAGCCTGGGGAGGCCCTCACACTTGCCCCTGAAGTGGGGACCA

1681 1691 1701 r7Lr 712r L131

CTGCATTCCCCGAAGTAGAGAACAGGACTGAAGAGGCCACCCGGCCCTGGGCCTTTCCCA
CTGCATTCCCCGCGGTGGAÀÄÀ,CAGGACTGGAGAGGCCACCTGGCCCTGGGCCTTTCCCA
CTGCCTTCGCTGAGGTTGAGAÀTGAGACTGGAGAGGCCACCAGGCCCTGGGGCTTTCCCA
CAGTCTTCCCTGAGGCTGGGGAGAGAACTGAÀAAGACCACCAGGCCCTGGGGCTTTCCCG

11 4L 1751 1167 r11\ 1781 I19r
GAGAGTCCACCCCCGGCCTGGGAGCCCCCACGGCCTTCACCAGCGAGGACCTCGTCGÍGC
GAGAGTCCACCCCCGGCGTGGGAGCCCCCACGGCCTTCACCAGTGAGGACCTCGTCGTGC
CA__-___-C__cTGGcCTGGGCCCTGCCACGGCATTCAcCAGTGAGGACCTcGTCGTGC
AGGAAGCCACACGTGGGCCTGATTCTGCCACTGCCTTCGCCAGTGAGGACCTGGTGGTGC

GTCGTGC

1BO1 1811 L82L 1831 1841 1851

AGGTGACCTTAGCCCCAGGTGCGGCTGAGGTCCCTGGGCAGCCACGACTGCCAGGGGGAG
AGGTGACCTTÀ
AGGTGACC-- ____ -GCTGTCCCTGGGCAGCCGCATTTGCCAGGGGGGG
GAGTGACCATCTCTCCAGGTGCAGTTGAGGTCCC TGGTCAGCCCCGCTTGCCAGGGGGAG

AGGTGACCTTAGC

1861 1871 1BB1 1891 1901 1911

TCGTGTTCCAC TACCGCCCGGGCTCCTCCCGCTACTCGCTGACCTTTGAGGAGGCCAÀGC

TCGTCTTCCACTACCGCCCGGGACCCACCCGCTACTCGCTGACCTTTGAGGAGGCACAGC
TTGTATTCCACTACCGCCCGGGCTCTACCAGATACTCTCTGACATTTGAGGAGGCACAGC

r92r 1931 1947 1951 796r \91L
AGGCCTGCCTGCGCACCGGGGCCATCATCGCCTCGCCCGAGCAGCTCCAGGCCGCCTATG

AGGCCTGCCTGCGCACGGGGGCGGTCATTGCCTCGCCGGAGCAGCTCCAGGCCGCCTACG
AGGCCTGCATTCGCACGGGAGCAGCCATAGC TTCTCCTGAGCAACTCCAGGCTGCCTATG

1981 1991 2OOr 2011 2021 203r
AAGCAGGCTACGAGCAGTGTGACGCCGGCTGGCTGCAGGACCAGACAGTCAGATACCCCA

AAGCAGGCTATGAGCAGTGTGACGCCGGCTGGCTGCGGGACCAGACCGTCAGATACCCCA
AGGCAGGCTATGAGCAGTGTGATGCTGGCTGGCTGCAGGACCAGACTGTCAGATACCCCA

2O4L 2051 2O6L 20'1L 20Br 209r
TTGTGAGCCCGCGGACCCCCTGTGTGGGTGACAAGGACAGCAGCCCGGGGGTCCGGACCT

TTGTGAGCCCCCGGACCCCATGCGTGGGTGACAAGGACAGCAGCCCAGGGGTCAGGACCT
TTGTGAGCCCACGGACCCCATGTGTGGGTGACAAGGACAGCAGCCCCGGAGTCAGGACCT

2ror 2rlr 2727 2r3r 214L 2r5r
ACGGCGTGCGGCCACCATCAGAÄACCTACGATGTCTACTGCTACGTGGACAGACTCGAGG

ATGGCGTGCGCCCATCAACAGAGACCTACGATGTCTACTGCTTTGTAGACAGACTTGAGG
ATGGCGTGCGCCCATCATCAGAÀACCTATGATGTCTACTGCTACGTGGACA.A'GCTTGAGG

2L6T 2L1I 2TBI 2791 22OL 22II
GGGAGGTGTTCTTCGCCACACGCCTGGAGCAGTTCACCTTCTGGGAÀGCCCAGGAGTTCT

GGGAGGTGTTCTTCGCCACACGCCTTGAGCAGTTCACCTTCCAGGAAGCACTGGAGTTCT
GGGAÀGTGTTCTTCGCCACACAÄATGGAGCAGTTCACCTTCCAGGAÄGCTCAGGCCTTCT
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Appendix B: Cbfa-l Multíple Sequence Alignment

Human (NM-0043 48): 57 20 bP

Chicken (AF445419): 1419 bP

Mouse (NM-009820): 5695 bP

Rat (4B025197):361 bp

The alignment presented here represents a specific region of high homology between

severalìpecies. The sequence in bold indicates the primers designed for RT-PCR use.

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse
KdL

781 lgL 801 811 82r 831

CAACAAGACCCTGCCCGTGGCCTTCAAGGTGGTAGCCCTCGGAGAGGTACCAGATGGGAC
CAATAAGACCCTCCCGGTGGCCTTCAÀGGTGGTGGCCTTAGGAGAAGTGCCCGATGGGAC
CAACAAGACCCTGCCCGTGGCCTTCAÀGGTTGTAGCCCTCGGAGAGGTACCAGATGGGAC
CAACAAGACCCTGCCCGTGGCCTTCAAGGTTGTAGCCCTCGGAGAGGTACCCGATGGGAC

841 Bs1 861 871 BB1 891

TGTGGTTACTGTCATGGCGGGTAÀCGATGAÀÄATTATTCTGCTGAGCTCCGGAATGCCTC
CGTGGTCACCGTGATGGCTGGGAACGACGAGAACTACTCCGCGGAGCTGCGAÀÄTGCTTC
TGTGGTTACCGTCATGGCCGGGAATGATGAGAÀCTACTCCGCCGAGCTCCGAAATGCCTC
CGTGGTTACCGTCATGGCCGGGAATGATGAGAACTACTCTGCCGAGCTACGAÀ,ATGCCTC

901 911 92r 931 947 9s1
TGC TGTTAT GAÄ-A.AAC CAAGTAGCAAGGT TCAAC GAT C TGAGAT T TGT G GGCCGGAGTGG

TGCTGTGATGAAGAACCAGGTGGCCAGATTCAATGACCTGCGATTCGTGGGCAGGAGTGG
CGC T GT TAT GAA,-AÀAC CAAGTAGCCAGGT TCAl\CGAT C TGAGAT T TGT GGGCCGGAGCGG

T GCTGT TAT GA.AAÀACCAAGT GGC CAGGT T CA.ACGATCT GAGAT TT G TAGGCC GGAGCGG
GG

967 9'1r 981 99r 1001 1011
ACGAGGCÀAGAGTTTCACCTTGACCATAACCGTCTTCACAAATCCTCCCCAAGTÀGCTAC
CAGÀGGGAÀGAGCTTTACTTT GACAATAACTGT CCT GACAAAT C CC CCCCAAGT C GC TAC

ÀCGAGGCAAGAGTTTC:ACCTTGACCATAACAGTCTTCACAAÀTCCTCCCCAAGTGGCCAC
ACGAGGCAÀGAGTTTCÀCT TT GACCATAAC GGT CT T CACAAAT CCT CCCCAAGT GGCCAC

ACGAGGCAAGAGTTTCAC

LO2r 1031 1041 1051 1061 1071
CTAT CACAGAGCAATTA.AAGT TACAGTAGAT GGACC TC GGGAAC CCAGAAGGCACAGACA

ATACCACAGAGC CATAAAGGT GACGGTGGATGGGC CGAGGGAGC CAÄGAAGGCACAGACA

T TACCACAGAGCTATTAAAGTGACAGT GGAC GGT C C CC GGGAACCAAGAÄGGCACAGACA

T TACCACAGAGC TAT TAAAGT GACAGTGGACGGTCC CCGGGAACCAAGAAGGCACAGACA

1OB1 1091 1101 1111 rr21 1131

GAAGCTTGATGACTCTAÀACCTAGTTTGTTCTCTGACCGCCTCAGTGATTTAGGGCGCAT
GAAGCTTGATGACTCTAAACCTAGTTTGTTCCCTGAACGCCTCAGTGATTTAGGGCGCAT
GAÄGCTTGATGACTCTAAACCTAGTTTGTTCTCTGATCGCCTCAGTGATTTAGGGCGCAT
GAAGCTTGATGACTCTAAACCTAGTTTGTTCTCTGACCGCCTCAGTGATTTAGGGCGCAT

rr47 1151 1161 1L11 1181 1191
TCCTCATCCCAGTATGAGAGTAGGTGTCCCGCCTCAGA.ACCCACGGCCCTCCCTGAACTC
TCCTCATCCCAGTATGAGAGTAGGGGTCCCGACCCAGAGCCCACGGCCCTCTCTGAACTC
TCCTCATCCCAGTATGAGAGTAGGTGTCCCGCCTCAGAACCCACGGCCCTCCCTGAÀCTC
T---------

T2O7 I2LI 722I I23I 724I I25I
TGCAC CAAGTCC TT T TAAT CCACAAGGACAGAGT CAGAT TACAGACC CCAGGCAGGCACA

T GCACCAÀGT CC T T T TAÀTCCACAAGGACAGAGTCAGAT TACAGACC C CAGGCAGGCGCA

T GCACCAAGTC CT TTTAAT C CACAÀGGACAGAGT CAGAT TACAGAT CCCAGGCAGGCACA

126r 1217 L2Br r29r 1301 1311

GTCTTCCCCGCCGTGGTCCTATGACCAGTCTTACCCCTCCTACCTGAGCCAGATGACGTC
GTCATCCCCGCCGTGGTCCTATGATCAGTCGTACCCGTCCTACTTGAGCCAGATGACTTC
GTCTTCCCCACCGTGGTCCTATGACCAGTCTTACCCCTCCTATCTGAGCCAGATGACATC
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r32r 1331 r34I 1351 1361 1371
CCCGTCCATCCACTCTACCACCCCGCTGTCTTCCACACGGGGCACTGGGCTTCCTGCCAT
GCCGTCCATTCACTCCACGACTTCCCTGTCCTTCACCCGAGGCACAGGÀCTTCCAGCCAT
CCCATCCATCCACTCCACCACGCCGCTGTCTTCCACACGGGGCACCGGGCTACCTGCCAT

1381 1391 1401 r47I L42r 1431
CACCGATGTGCCTAGGCGCATTTCAGATGATGACÀCTGCCÀCCTCTGACTTCTGCCTCTG
CACCGACGTGCC__-_____ ____CCGAC-___GCCTCT_

CACTGACGTGCCCAGGCGTATTTCAGAÍGATGACACTGCCACCTCTGACTTCTGCCTCTG

CAGÀTGAÍGACACÍGCCACC

7441 1451 ]461 L41r L481 749L
GCCTTCCACTCTCAGTAAGAÀGAGCCAGGCAGGTGCTTCAGAACTGGGCCCTTTTTCAGA

-_______-CAGGTGCTTCCGAGCTGGGCCCATTTTCAGA
GCCTTCCTCTCTCAGTAÄGAAGAGCCAGGCAGGTGCTTCAGA.ACTGGGCCCTTTTTCAGA

1501 1511 r52L 1531 1541 1551
CCCCAGGCAGTTCCCAAGCATTTCATCCCTCACTGAGAGCCGCTTCTCCAACCCACGAAT
TCCCAGGCAGTTCACAAGCATTTCATCCCTCACTGAGAGCCGCTTCTCCAACCCACGAAT
CCCCAGGCAGTTCCCAAGCATTTCATCCCTCACTGAGAGCCGCTTCTCCAACCCACGAAT

1561 1571 1s81 1591 1601 1611
GCÀCTATCCAGCCACCTTTACTTACACCCCGCCAGTCACCTCAGGCATGTCCCTCGGTAT
GCACTÄTCCAGCCACCTTTACCTATACACCGCCCGTCACCTCAGGCATGTCACTGGGTAT
GCACTACCCAGCCACCTTTACCTACACCCCGCCAGTCACGTCAGGCATGTCCCTCGGCAT

7621 16 31 16 47 16 s 1 1661 76'1r
GTCCGCCACCACTCACTACCACACCTACCTGCCACCACCCTACCCCGGCTCTTCCCAAÀG
GTCCGCAACCACTCACTACCACACCTACCTGCCACCACCCTACCCCGGCTCCTCCCAÄÀA
GTCCGCCACCACTCACTACCACACGTACCTGCCACCACCCTACCCCGGCTCTTCCCAÀAG

1681 L69r 1?01 rlrr r12r 7'l3L
CCAGAGTGGACCCTTCCAGACCAGCAGCACTCCATATCTCTACTATGGCACTTCGTCAGG
CCAAÀGTGGACCTTTCCAGACCAGCAGCACTCCATATCTCTACTATGGCACTTCGTCGGG
CCAGAGTGGACCCTTCCAGACCAGCAGCACTCCATATCTCTACTATGGTACTTCGTCAGC

11 4L 1 751 716r r11r 1781 L19r
ATCCTATCAGTTTCCCATGGTGCCGGGGGGAGACCGGTCTCCTTCCAGAATGCTTCCGCC
ATCGTACCAGTTCCCCATGGTGCCGGGAGGGGACCGCTCCCCTTCCAGGATGCTTCCTCC
ATCCTATCAGTTCCCAATGGTACCCGGGGGAGACCGGTCTCCTTCCAGGATGGTCCCACC

1801 1811 7821 1831 1841 1851
AT GCACCACCAC C T CGAÀTGG CAGCACGC TAT TAAATCCAÀAT TTGCC TAAC CAGAAT GA

GTGCAC CACCACG T C CAAC GGCAGCACGCT GCTA.AACC CAAACT T GC C CAACCAGAGTGA

ATGCACCACCACCTCGAÄTGGCAGCACGCTATTAÀATCCAAATTTGCCTAACCAGAATGA

18 61 18 ? 1 18 81 18 91 19 01 1911
TGGTGTTGACGCTGATGGAAGCCACAGCAGTTCCCCAACTGTTTTGAATTCTAGTGGCAG
CGGTGTGGAGGCGGATGGCAGCCACAGCAGCTCCCCAÄ,CTGTTTTGAATTCTAGTGGCAG
TGGTGTTGACGCTGACGGAAGCCACAGCAGTTCCCCAACTGTTTTGAATTCTAGCGGCAG

i
i
ù-Human

Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse
KdL

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat

Human
Chicken
Mouse
Rat
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I
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Appendix C: Collagen 2 Multþle Sequence Alignment

Human (8C007252): 162l bP

Dog (4F023169):4923bP
Rat (NM-O 12929): 4538 bP

Chicken (AY 046949): 4837 bP

The alignment presented here represents a specific region of high homology between

several species. The sequence in bold indicates the primers designed for RT-PCR use'

I

I

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Doq
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

3301 3311 332L 3331 3341 33s1
__-CCAGGGTCCT

GGTGCACAAGGTCCCATGGGTCCTGCAGGACCGGCTGGAGCCCGGGGAATCCCAGGCCCT
GGTGCACAAGGTCCTATGGGCCCCTCAGGACCTGCTGGAGCCCGTGGAATTGCTGGCCCT
GGTGCACAAGGGCCCATGGGTCCCTCTGGTCCCGCTGGAGCTCGAGGAATGCCGGGTCCC

3361 3311 3381 3391 3401 3411
CAÄ,GGC CC CAGAGGT GACAÄAGGAGAGGC T GGAGAGC C T GGC GAGAGAGG CC T GAAGGGA

CAAGGTCCCC GAGGTGACAÄÀGGAGAAGC TGGAGAGGCT GGCGAGAGGGGAC TGAÀGG GA

CAAGGC CCC CGAGGT GACA.AAGGAGAÀGC T GGAGAGC C TGGC GAGAGAGGACT GAAGGGG

CAAGGACC T CGTGGTGACAAAGGT GAGACGGGAGAGGCT GGAGAGAGAGGGC TGAAGGGC

3421 3431 3441 3451 3461 341L
CACCGTGGCTTCACTGGTCTGCAGGGTCTGCCCGGCCCTCCTGGTCCTTCTGGAGACCAA
CACCGTGGCTTCACTGGTCTGCAGGGACTGCCCGGCCCTCCTGGTCCTTCTGGAGATCAÀ
CACCGAGGTTTCACTGGACTGCAGGGTC TGCCTGGCCCCCCGGGTCCTTCTGGAGATCAG
CACCGTGGCTTCACCGGTCTGCAGGGTCTGCCCGGACCACCCGGCCCGTCTGGAGACCAA

3481 3497 3501 3511 3521 3531
GGTGCTTCTGGTCCTGCTGGTCCTTCTGGCCCTAGÄGGTCCTCCTGGCCCCGTCGGTCCC
GGTGCTTCTGGCCCTGCTGGTCCTTCTGGCCCTAGAGGTCCTCCTGGTCCCGTCGGTCCC
GGTACTTCTGGCCCTGCTGGTCCTTCCGGCCCTAGAGGTCCACCTGGCCCTGTTGGTCCC
GGTGCTGCCGGTCCCGCTGGTCCCTCCGGTCCCAGAGGTCCCCCTGGTCCCGTCGGCCCC

3541 3551 3561 3571 3581 3591
TCTGGCAA.AGATGGTGCTAATGGAATCCCTGGCCCCATTGGGCCTCCTGGTCCCCGTGGA
TCTGGCAAI\GATGGTGCTAACGGAATCCCTGGCCCCATCGGACCTCCTGGTCCCCGTGGA
TCTGGCA.AÄGATGGCTCTAÀTGGAATCCCTGGCCCCATCGGGCCTCCAGGTCCCCGTGGA
TCTGGCAÄAGATGGCTCTAACGGCATGCCCGGCCCCATCGGTCCTCCCGGTCCCCGTGGA

3601 3611 362t 3631 3641 36s1
CGATCAGGCGAAACCGGCC-TGCTGGTCCTCCTGGAAATCCTGGACCCCCTGGTCCTCCA
CGTTCAGGCGA-AACTGGCCCTGCTGGTCCTCCCGGAÄACCCCGGACCCCCTGGCCCTCCA
CGCTCAGGAGAÄÀCTGGCCCTGCTGGTCCTCCTGGAAÀTCCTGGTCCCCCTGGCCCTCCG
CGGAGTGGTGAACCCGGCCCTGCGGGTCCTCCTGGAAACCCCGGTCCTCCCGGTCCTCCT

366L 361\ 3681 3691 3701 3'717
GGTCCCCC TGGCCCTGGCATCGACATGTCCGCCTTTGC TGGCTTAGGCCCGAGAGAGAÀG
GGTCCCCCTGGCCCTGGCATCGACATGTCTGCCTTTGCTGGCCTGGGCCAGAGAGAGAA'G
GGTCCTCCTGGTCCTGGCATCGACATGTCAGCCTTTGCTGGCTTAGGACAGAGAGAGAÀG
GGCCCCCCCGGCACCGGCATCGACATGTCTGCTTTTGCTGGACTGGGTCAGACGGAGAAG

312L 3731 3741 3751 3167 3-l1r
GGCCCCGACCCCCTGCAGTACATGCGGGCCGACCAGGCAGCCGGTGGCCTGAGACAGCAT
GGCCCCGACCCCCTGCAGTACATGCGGGCTGACCAGGCGGCCGGCGACCTGAGACAGCAT
GGCCCCGATCCCCTGCAGTACATGCGGGCCGACGAGGCAGACAGTACCTTGAGACAGCAT
GGCCCCGACCCCATCCGCTACATGAGGGCAGACGAGGCGGCCGGAGGGCTGCGGCAGCAC

3781 3191 3801 3811 3B2r 3831
GAC GCCGAGGTGGATGCCACACECÀÀGTCCCT CAACAACCAGAT T GAGAGCATCC GCAGC

GAT GC CGAGGTGGACGCCACGCTCÀÀGT C C CT CAACAACCAGATT GAGAGCAT CCGCAGC

GACGT CGAGGTGGACGCCÀCGCTCAAGT CGC TGAACAAC CAGATCGAGAGCAT C CGCAGC

GAC GT GGAGGTGGÀTGCCACCCTCÀAATCC CT CAACAAT CAGAT T GAGAGCATC CGCAGC

GAGGTGGAÍGCCÀCGCTCAÀ

3841 3851 3861 3871 3BB1 3891
CCCGAGGGCTCCCGCAAGAACCCTGCTCGCACCTGCAGAGACCTGA-AACTCTGCCACCCT
CCCGAGGGCTCCCGCAAGAACCCCGCTCGTACCTGCCGGGACCTGAAÀCTCTGCCACCCT
CCTGATGGCTCCCGCAÀGAATCCCGCTCGCACCTGCCAGGACCTGAAACTCTGCCACCCA
CCCGAGGGCTCCAAGAAGAj\CCCTGCCAGGACCTGCCGCGACATCAAACTCTGCCATCCC

3901 3grr 3921 3931 3941 3951
GAGTGGAÀGAGTGGAGACTACTGGATTGACCCCAACCAAGGCTGCACCTTGGACGCCATGHuman

164



Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Ra1-
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

Human
Dog
Rat
Chicken

GAATGGAAGAGCGGAGACTACTGGATTGACCCCAACCAGGGCTGCACCTTGGATGCCATG
GAGTGGAÄGAGCGGAGACTACTGGATTGATCCCAACCAGGGCTGCACCTTGGACGCCATG
GAGTGGAÀGAGCGGAGATTACTGGATTGACCCGAACCAGGGCTGCACCTTGGACGCCATC

3961 3917 3981 3991 4001 4011
AAGGTTTTCTGCAÄCATGGAGACTGGCGAGACTTGCGTCTACCCCAATCCAGCAÀÄCGTT
AÀGGTTTTCTGCAACATGGAGACTGGCGAGACGTGCGTCTACCCCAACCCAGCGAGCGTT
AAÀGTCTTCTGCAACATGGAGACTGGCGAGTCTTGCGTCTACCCCAACCCAGCGACTGTG
AAAGTATTCTGCAACATGGAGACGGGCGAGACCTGCGTCTACCCGACCCCCAGCAGCATC

4O2L 4031 4O4r 4051 4061 401r
CCCAAGAÀGAAC T GGT GGAGCAGCAAGAGCAAGGAGAAGAAACACATCT GGT TT GGAGAÀ

C CCAÀGAAGAAC T GGT GGAGCAGCAAGAGCAAGGACAAGAÀACATAT CTGGTT TGGAGAA

CCTCGGAAGAACTGGTGGAGCAGCAAGAGCAAGGAGAAGAÄGCACATCTGGTTTGGAGAG
C C CAGGAAGAAC T G GT GGAC CAGCAAGAC GAÃAGACAAGAAGCACGT C TGGT T TGCAGAG

4OB1 4ogr 4101 4rr7 4727 4131'
ACCATCAAT GGT GGC T TCCAT TTCAGCTATGGAGATGACAATCTGGC T CC CAÀCAC T GC C

ACCATCAATGGTGGCTTCCACTTCÀGCTACGGÍGATGACAÀCCÍGGCTCCCAACACTGCC
ACCATGAACGGCGGCTTCCACTTCAGCTACGGCGÀCGGCAÀCCTGGCTCCCAÄCACCGCT
ACCATCAACGGCGGTTTCCACTTCAGCTACGGCGATGAGAACCTGTCCCCCAACACCGCC

AGCTACGGCGÀTGAGÀÀCCTG

4r4I 4151 4161 4711' 4rBI 4r9I
AACGTCCAGATGACCTTCCTACGCCTGCTGTCCACGGAAGGCTCCCAGAACATCACCTAC
AACGTCCAGATGACCTTCCTCCGCCTGCTGTCCACCGAGGGCTCTCAGAATATCACCTAC
AACGTCCAGATGACTTTCCTCCGTCTACTGTCCACTGAGGGCTCCCAGAACATCACCTAC
AGCATCCAGATGACCTTCCTGCGCCTCCTGTCCACCGAGGGCTCCCAGAACGTCACCTAC

42or 42\r 4221 423\ 424L 4251
CACTGCAAGAACAGCATTGCCTATCTGGACGAÄGCAGCTGGCAACCTCAAGAAGGCCCTG
CACTGCAAGAACAGCATTGCCTACCTGGACGAAGCAGCCGGCAACCTCAAGAAGGCCCTG
CACTGTAAGAÄCAGCATTGCCTACCTGGACGAAGCAGCCGGCAACCTCAÀGAAGGCCTTG
CACTGCAAGAACAGCATCGCCTACATGGÀCGAGGAGACGGGCA.ACCTGAAGAÀAGCCATC

4267 4217 42BL 4291 4301 431L
CTCATCCAGGGCTCCAATGACGTGGAGATCCGGGCAGAGGGCAATAGCAGGTTCACGTAC
CTCATCCAGGGCTCCAATGATGTGGAGATCCGGGCTGAGGGCA.ACAGCÄGGTTCACATAT
CTCATCCAGGGCTCCAATGATGTGGAGATGAGGGCCGAGGGCA-ACAGCAGGTTCACGTAC
CTCATCCAGGGATCCAÀCGACGTGGAGATCAGAGCCGAGGGCAACAGCAGGTTCACCTAC

4321 4331 434L 4351 4361 4317
ACTGCCCTGAAGGATGGCTGCACGAAACATACCGGTAAGTGGGGCAAGACTGTTATCGAG
ACTGTTCTGAAGGATGGCTGCACGAÀACACACCGGTAAGTGGGGCAAGACTATGATCGAG
ACTGCC C T GAÃGGATGGCTGCACGAAACACÀC CGGTAAGTGG GGCAAGACCAT CAT C GAG

AGCGTCTTGGAGGACGGCTGCACGAAACACAC TGGCAÃATGGGGCAAGACGGTGATCGAG

4387 4391 44or 4417 4421 443\
TACCGGTCACAGA.AGACC TCACGCCTCCCCATCATTGACATTGCACCCATGGACATAGGA
TACCGGTCACAGAÀGACCTCGCGCCTCCCCATCATTGACATTGCGCCCATGGACATAGGA
TACCGATCACAGAAGACCTCACGCCTTCCCATTGTTGACATTGCACCCATGGACATCGGA
TACCGGTTGCAGAAGACCTCGCGCCTGTCCAT TGTAGATACTGCACCTATGGACATTGGC

444L 4451 446L 4417 44BI 4497
GGGCCCGAGCAGGAATTCGGTGTGGACATAGGGCCGGTCTGCTTCTTGTAÃAÀACC-_TG
GGGCCCGAGCAGGAATTTGGTGTGGACATCGGGCCTGTCTGCTTCTTGTAAAAÀCC_ 

_CG

GGGCCTGATCAGGAÀTTTGGTGTGGACATAGGGCCTGTCTGTTTCTTGTAÀÄ'ACCC__TC
GGAGCCGATCAGGAGTTTGGCGTGGATATTGGCCCAGTCTGCTTCTTGTAAÄÀAGGGTTG
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Appendix D: Sox-9 Multþle Sequence Alignment

Mouse (AF 4217 8): t524 bP

Rat (AB07372O):492bP
Human (NM-000346): 3935 bP

Cow (4F278103):557 bP

Chicken (U12533): t544 bP

The alignment presented here represents a specific region of high homology between

,"u"ruñp"cies. The sequence in bold indicates the primers designed for RT-PCR use.

Mouse
Rat
Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
KdL

Human
Cow
Chicken

Mouse
Rat
Human
Covr
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
KdL

Human
Cow
Chicken

Mouse
KdL

Human
Cow
Chicken

361 31r 381 391 401  LL

TGAATCTCCTGGACCCCTTCATGAAGÀTGACCGACGAGCAGGAGAAGGGCCTGTCTGGCG
-______AÀGGGCTTGTCTGGCG

, IGAATCTCCTGGACCCCTTCATGAAGATGACCGACGAGCAGGAGAAGGGCCTGTCCGGCG
TGAATCTCCTGGACCCCTTCATGAAGATGACCGACGAGCAGGAGAAGGGCCTGTCCGCCG
TGAATCTCCTAGACCCCTTTATGAÀAATGACAGAAGAACAGGATAAÀGGCCTCTCCGGCG

42I 43r 44L 451 461 4'1r

CCCCCAGCCCCACCATGTCGGAGGACTCGGCTGGTTCGCCCTGTCCCTCGGGCTCCGGCT
CCCCCAGCCCCACCATGTCGGAGGACTCGGCTGGTTCGCCCTGCCCCTCGGGCTCAGGCT
CCCCCAGCCCCACCATGTCCGAGGACTCCGCGGGCTCGCCCTGCCCGTCGGGCTCCGGCT
CCCCCAGCCCCACCATGTCCGAGGACTCTGCGGGCTCGCCCTGCCCTTCGGGCTCCGGCT
CCCCCAGCCCCACCATGTCGGATGACTCCGCGGGGTCCCCCTGCCCCTCCGGATCCGGCT

481 49r 501 511 52L 531

CGGACACGGAGAACACCCGGCCCC __-AGGAGAACACCTTCCCCAAGGGCGAGCCGGATC

CCGACACGGAGAACACACGGCCCC_ __AGGAGAÀCACGTTCCCCAAGGGCGAGCCGGATC

CGGACACCGAGAACACGCGGCCCC__-AGGAGAACACGTTCCCCAAGGGCGAGCCCGATC
CCGACACCGAGAACACGCGGCCCC_ __AGGAGAACACGTTCCCCAAGGGCGAGCCGGACC

CGGACACGGAGAACACCCGTCCTCCTCAAGAGAACACCTTCCCCAAÀGGCGACCCGGACC

541 551 561 571 581 591

TGAAGAAGGAGÀGCGAGGÀAGATÀÀGTTCCCCGTGTGCATCCGCGAGGCGGTCAGCCAGG
T GAAGAAGGAGAGCGAGGAAGATAÀATTC C CAGT G TGCATCCGCGAGGC GGTCAGCCAGG

TGAÀGAAGGAGAGCGAGGAGGÀCAAGTÍCCCCGTGTGCATCCGCGAGGCGGTCAGCCAGG
T GAj\GAAGGAGA,GCGAGGAGGACAÀGTTCCC CGT G TGCAT CCGCGAGGC CGTCAGCCAGG

TGAAGAÀGGA.AÀGCGACGAGGÀCA.AATTCCC CGTGT GCAT C CGC GAGGCC GT GAGCCAGG

GGAGAGCGAGGAGGACÀAGT T

601 6rL 627 631 641 651

TGCTGAAGGGCTACGACTGGACGCTGGTGCCCATGCCCGTGCGCGTCAACGGCTCCAGCA
TGCTGAAGGGCTATGACTGGACCCTGGTGCCCATGCCGGTGCGCGTCAACGGCTCCAGCA
TGCTCAAAGGCTACGACTGGACGCTGGTGCCCATGCCGGTGCGCGTCAACGGCTCCAGCA
TGCTCAAGGGCTACGACTGGACGCTGGTGCCCATGCCGGTGCGCGTCAACGGCTCGAGCA
TGCTCAAGGGCTACGACTGGACCCTGGTGCCCATGCCCGTGCGGGTGAACGGATCCAGCA

66L 611 681 69t 'l0r lrr
AGAACAAGCCACACGTCAAGCGACCCATGAACGCCTTCATGGTGTGGGCGCAGGCTGCGC
AGAACAAGCCACACGTCAAGCGGCCCATGAACGCCTTCATGGTGTGGGCGCAGGCTGCGC
AGAÀCAÀGCCGCACGTCAAGCGGCCCATGAACGCCTTCATGGTGTGGGCGCAGGCGGCGC
AGAACAAGCCGCACGTCAAGCGGCCCATGAACGCCTTCATGGTGTGGGCGCAGGCGGCGC
AGAACAAACCCCACGTGAAGCGCCCCATGA.ACGCCTTCATGGTGTGGGCCCAGGCGGCTC

121 731 'tlr 751 161 117

GCAGGAAGCTGGCAGACCAGTACCCGCATCTGCACAÀCGCGGAGCTCAGCAAGACTCTGG
GCAGGAÂGCTGGCAGACCAGTACCCGCATCTGCACAACGCGGAGCTCAGCAAGACTCTGG
GCAGGAAGCTCGCGGACCAGTACCCGCACTTGCACAACGCCGAGCTCAGCAAGACGCTGG
GCAGGAAGCTGGCCGACCAGTACCCGCACCTGCACAÄ,CGCCGAGCTCAGCAÄ'GACTCTGG
GAÀGGAAGCTGGCTGACCAGTACCCGCATCTGCACAACGCCGAGCTCAGCAAGACGCTGG

781 lgr 801 811 827 831

GCAAGCTCTGGAGGCTGCTGA.A,CGAGAGCGAGAAGAGACCCTTCGTGGAGGAGGCGGAGC

GCAAGCTCTGGAGACTGC TGAÀCGAGAGCGAGAAGAGACCCTTCGTGGAGGAGGCGGAGC

GCAAGCTCTGGAGACTTCTGAACGAGAGCGAGAÀGCGGCCCTTCGTGGAGGAGGCGGAGC
GCAAGCTCTGGAGACTGCTGAA,CGAGAGCGAGAAGCGGCCGTTCGTGGAGGAGGCGGAGC
GCAAGCTGTGGAGGCTGCTGAATGAGAGCGAGAAGCGTCCCTTCGTGGAGGAGGCCGAGC

r66



Mouse
Rat
Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
KdL

Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
KdL

Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

Mouse
Rat
Human
Cow
Chicken

841 851 861 817 BB1 891

GGC TGC GCGT GCAGCACAÀGAAAGACCAC CCCGAT TACAAGTAC CAGC CCCGGCGGAGGA

GGCT GCGC GT GCAGCACAGGA.A.AGAC CACCC CGAT TACAAGTACCAGC CCC GGCGGAGG_

GGCTGCGCGTGCAGCACAÄGAAGGACCACCCGGATTACAAGTACCAGCCGCGGCGGAGGA
GGCTGCGCGTGCAGCACAÀGAAGGACCACCCGGACTACAAGTACCAGCCGCGCCGGAGGA
GGCT GCGGGT GCAGCACA.A.GAAGGAC CACCC C GACTACAÀGTACCAAC CAC GCAGGAGGA

901 911 92r 93r 94L 9s1

AGT C GGTGAAGAACGGACAÀGCGGAGGCCGAAGAGGC CAC GGAACAGAC TCACATCT C TC

AGTCGGTGAÀGAACGGGCAGGCGGAGGCAGAGGAGGCCACGGAGCAGACGCACATCTCCC
AGTCGGTGAAGAÀCGGGCA_
AGACGGTGAÀGAACGGGCAGTCGGAGCAGGAGGAGGGCTCCGAGCAGACCCACATCTCCC

961 91r 981 99A 1001 1011
CTAÀTGCTATCTTCAAGGCGCTGCÀÀGCCGACTCCCCACATTCCTCCTCCGGCATGAGTG

CCAACGCCATCTTCAAGGCGCTGCAGGCCGACTCGCCACACTCCTCCTCCGGCATGAGCG

CCAAC GCCAÍCTTCAAGGCGCTGCAGGC GGACT CC CC GCAGTCATC CT CCAGCAT CAGCG

ATCTTCÀ.ÈGGCGCTGCAGG

1021, 1031 1041 1051 1061 1071

AGGTGCACTCCCCGGGCGAGCACTCTGGGCAATCTCAGGGTCCGCCGACCCCACCCACCA

AGGTGCACTCCCCCGGCGAGCACTCGGGGCAATCCCAGGGCCCACCGACCCCACCCACCA

AGGTGCACTCCCCCGGGGAGCACTCAGGGCAGTCGCAGGGCCCCCCCACGCCCCCCACCA

1OB1 1091 1101 1111 !r27 1131

CTCCCAÀÀACCGACGT___GCAAGCTGGCAAAGTTGATCTGAAGCGAGAGGGGCGCCCTC

CCCCCAÄÀACCGACGT___GCAGCCGGGCAÀGGCTGACCTGAAGCGAGAGGGGCGCCCCT

CCCCCAÀÄ,ACGGACGCTCAGCAGCCGGGCA-AGCAGGACCTGAAGCGCGAGG___GCCCTT

rLlr 1151 116r Lrll 1181 1191

TGGCAGAGGGGGGCAGACAGCCCCCC_ _ -ATCGACTTCCGCGACGTGGACATCGGTGAÀC

TGCCAGAGGGGGGCAGACAGCCCCCT__-ATCGACTTCCGCGACGTGGACATCGGCGAGC

TGGCGGAAGGCGGCCGCCAACCTCCCCACATCGATTTCCGAGACGTGGACATCGGCGAGC

L201 72tL 1227 1237 r24L L251
TGAGCAGCGACGTCATCTCCAÄCATTGAGACCTTCGACGTCAATGAGTTTGACCAATACT

TGAGCAGCGACGTCATCTCCAACATCGAGACCTTCGATGTCAACGAGTTTGACCAGTACC

TCAGCAGCGACGTCATCTCCAACATCGAAÀCCTTCGACGTCAACGÀGTTCGACCAATACC

t267 I21r L2B1 L291 1301 1311

TGCCACCCAACGGCCACCCAGGGGTTCCGGCCACCCACGGCCAGGTCACC_ -_TACACTG

TGCCGCCCAACGGCCACCCGGGGGTGCCGGCCACGCACGGCCAGGTCACC 
__-TACACGG

TGCCCCCCAACGGCCACCCGGGGGTCCCGGCCACCCACGGCCAGGTCACCACCTACAGCG

r32l 1331 1341 1351 1361 1371

GCAGTTACGGCATCAGCAGCACCGCACCCACCCCTGCGACCGCGGGCCACGTGTGGATGT

GCAGCTACGGCATCAGCAGCACCGCGGCCACCCCGGCGAGCGCGGGCCACGTGTGGATGT

GTACCTACGGCATCAGCAGCTCGGCCAGCTCTCCGGCGGGCGCCGGGCACGCCTGGATGG

r61
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