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Summary

Cartilage has only a limited capacity for self-regeneration following injury, leading to
experimental and clinical attempts to induce healing of lesions. The use of
biodegradable biomaterials for the delivery of bioactive agents or cells is key to
facilitating tissue repair. This study focused on the regeneration of cartilage, with the
hypothesis that a matrix that supports angiogenesis will, in the presence of, for
example, bone morphogenetic protein-2 (BMP-2), stimulate rapid bone formation,
while a matrix that inhibits angiogenesis will only undergo chondrogenesis. To
provide a suitable matrix, this project characterised a hydrogel previously developed
in this laboratory’, formed by chemical crosslinking of an ethylenediamine derivative
of hyaluronan. The crosslinking reaction could be carried out under physiological
conditions, indicating that the hydrogel could be injected and crosslinked in situ.
However, potentially toxic effects require further investigation. The hydrogel
successfully delivered active BMP-2, to induce ectopic bone formation in a rat model.
To inhibit angiogenesis, this project described the production of a truncated form of
the vascular endothelial growth factor (VEGF) receptor, fms-like tyrosine kinase-1
(flt-1), consisting of the 3 N-terminal extracellular domains responsible for binding
VEGF. This decoy receptor was demonstrated to bind VEGF. Preliminary
angiogenesis and ossification assays revealed that higher levels of purity of the decoy
receptor are required than achieved in this work, to determine if it can block VEGF-
mediated angiogenesis and prevent progression of cartilage to bone. Nonetheless, this
project demonstrated the suitability of the hyaluronan-based hydrogel, for the delivery
of growth factors in regards to cartilage repair.

1. Bulpitt, P. and Aeschlimann, D. New strategy for chemical modification of
hyaluronic acid: preparation of functionalized derivatives and their use in the
formation of novel biocompatible hydrogels. J. Biomed. Mater. Res. 47, 152-169
(1999).
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Chapter 1: Introduction

Introduction

Osteoarthritis (OA) and rheumatoid arthritis (RA) are debilitating diseases that affect
millions of people worldwide, at a considerable cost to the Health services. Important
developments have led to a surge of interest in the field, but cartilage still remains an

elusive tissue to repair’.

This project describes a strategy to regenerate cartilage by a) using certain signalling
molecules that stimulate cartilage synthesis during development, b) via the application
of a biomaterial that is based on cartilage components and is known to benefit the

tissue and c) a control mechanism to ensure that only cartilage is synthesised.

This introduction provides the background to cartilage and how it develops naturally.
The osteoarthritic and rheumatoid arthritic pathologies are discussed, as are the
mechanisms that lead to joint destruction. The report focuses on a particular agent,
vascular endothelial growth factor, known to be centrally involved in cartilage
degradation and considers its role in health and disease. The treatment approaches for
RA and OA will be discussed, including the application of biomaterials, perceived as
being fundamental to many repair attempts.

1.1 Cartilage

Cartilage is a remarkable tissue. It functions for the lifetime of the organism in one of

the physically toughest environments - provided it is disease free’.

1.1.1 Cartilage organisation

Cartilage is an atypical tissue, as it is avascular and aneural, as blood vessels and
nerves would compromise the compression properties of the structure. Three types of
cartilage have been described — hyaline cartilage, fibrocartilage and elastic cartilage.
The first type provides flexibility and support; it is responsible for reducing friction in
joints and can resist compression. Hyaline cartilage is the most abundant form of

cartilage in the body and is located at the ends of long bones, the anterior ends of ribs,
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nose, and bronchi and constitutes part of the larynx®. Fibrocartilage is located in the
menisci of the knee joint and intervertebral discs of the spine’. As its name suggests,
elastic cartilage provides strength and elasticity, giving shape to structures such as the

external ear and epiglottis’.

Articular cartilage at the ends of long bones is classified as hyaline. The cartilage at
the medial femoral condoyle (i.e., the bottom of the thigh bone) is only 2-3mm thick
in humans, but nonetheless allows virtually frictionless movement®. The part of the
joint conferring these properties can be divided into three groups — the articular
hyaline cartilage, the synovial membrane and excreted fluid, and the underlying
subchondral bone. The strength of the cartilage is conferred by collagen fibrils, with

proteoglycans offering resistance to compression.

The predominant cell in articular cartilage is the chondrocyte, which is responsible for
maintenance and homeostasis of the tissue. Surrounding each chondrocyte is a
pericellular region that contains few collagen fibrils, but does contain type VI
collagen and the proteoglycans, decorin and aggrecan. The territorial region
surrounds this, and the extracellular matrix (ECM) most remote from the cells is
termed the interterritorial region®>. The ECM of cartilage is responsible for the
strength and compressive properties of the tissue. It is primarily composed of
collagens, proteoglycans and hyaluronan, but also contains other proteins important
for the homeostasis. The components are described below. Figure 1.2 outlines the
basic ECM structure. Table 1.1 summarises the components of cartilage responsible

for homeostasis of the tissue.

Articular cartilage is organised into distinct zones that run parallel to the surface
(Figure 1.1). The superficial zone at the cartilage surface contains isolated
chondrocytes with a flat, spindle-like or ellipsoidal morphology, surrounded by a fine
network of collagen fibrils (20nm diameter) orientated parallel to the surface. There
are low levels of the proteoglycan aggrecan, although other proteins such as decorin,

biglycan, and cartilage oligomeric matrix protein/thrombospondin-5 are more
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abundant in this zone’, along with the zone-specific proteoglycan, surface zone
protein®.  High levels of collagen are necessary in this zone to resist high shear

stresses, by imparting tensile strength on the tissue’.

The transitional, or mid zone, underneath the superficial zone, occupies a greater
volume of the tissue than the superficial zone. The chondrocytes assume a more
spherical morphology and the collagen fibrils in this zone appear more disorganised
compared to those in other zones, with some aligned in a more oblique manner®.
Once again, each chondrocyte exists in isolation from its neighbour®’. Cartilage
intermediate layer protein (CILP) has been identified in this zone and although its role
is not fully known, workers have speculated that it may be involved in maintaining

ECM structure®,

The radial, or deep zone, contains chondrocytes of a much larger size that are
organised into distinctive stacks, or chondrons, each consisting of three or four cells®.
These structures appear perpendicular to the surface, and form vertical columns of
cells. The chondrocytes in this region are the most metabolically active and are rich
in cytoplasmic organelles, such as endoplasmic reticulum and Golgi apparatus’. In
the pericellular region surrounding each chondrocyte, increased levels of
proteoglycans have been observed, and although collagen fibrils are less numerous
compared to the zones above, the fibril diameter is increased (70-120nm diameter).
These fibrils are also aligned perpendicular to the articular surface. The radial zone
comprises the largest proportion of the cartilage volume and the high content of
proteoglycans indicates that this layer may be primarily responsible for the dispersal

of applied force**”.

The deepest zone of cartilage adjacent to the subchondral bone is the calcified zone.
A tidemark exists between this region and the rest of the cartilage, which represents
the front of mineralisation. During development, this front advances into proliferating
cartilage with subsequent bone formation and lengthening. In the adult, the
progression of the mineralization front is suppressed, otherwise the cartilage would
become mineralised with loss of function. This suppression may be mediated by
chondrocytes in the lower radial zone above the tidemark®. Early observations led to

the conclusion that the chondrocytes in the calcified zone were metabolically inactive,
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necrotic or dead, however, this may have been a consequence of the routine fixation
process used and more subtle techniques have since revealed that these chondrocytes
are in fact metabolically active®. These are encased in a non-mineralised pericellular
and interterritorial matrix but are otherwise enclosed in calcified matrix, remaining
organised in chondrons. Remodelling of this zone may be undertaken by osteoclasts®.
As the calcified zone provides the interface between cartilage and bone, it is subject to
considerable shear stresses and contains large collagen fibrils that are aligned
perpendicular to the surface. The tidemark between the radial and calcified zones is
observed to be gently undulating, but the cement line between the calcified zone and
subchondral bone is much more convoluted and this inter-digitation provides the
anchorage to the bone. This is the only region of cartilage where blood vessels exist,

but no capillary loops are formed’.

1.1.2 Collagens
Collagens confer tensile strength to the tissue. The fibrillar type II collagen accounts

for 95% of the overall collagen composition in cartilage and is composed of three

™19 Type II collagen is for the most part

0

identical a,; chains that form a triple helix
responsible for the basic network of cartilage'®. The collagen network also entraps
and provides binding sites for proteoglycans such as decorin and fibromodulin'®. In
addition, type II collagen contains a large number of carbohydrate groups, allowing

more interaction with water than other collagen types’.

Other collagens in cartilage include types VI, IX, X and XI. Types IX and XI are
involved in the regulation of collagen fibril formation and crosslinking of fibrils'.
Type X collagen is located in the hypertrophic and calcified zones of cartilage'®,
although it has been identified at the cartilage surface'!. Although the exact function
of type X collagen is unclear, it may stimulate vascularisation'?. Alternatively it may

stabilise the matrix through interactions with chondrocytes and proteoglycans”.



Chapter 1: Introduction

Table 1.1: A summary of the components of the adult cartilage ECM responsible for homeostasis of

the tissue. (Continued on the next page.)

Component Function Interacts with Ref.
Collagen type 11 Provides structure. Confers tensile Types IX, XI 7,10
strength. collagens
type VI Attaches to chondrocytes. Forms Chondrocytes 10, 15
microfibrils.
type IX Crosslinks type Il collagen fibrils. Type II collagen, 10
itself
type X Unclear, may stabilise proteoglycans or Chondrocytes 13,14
act as point for mineralisation.
type XI Regulates fibril formation. Types II, IX 10
collagens
Hyaluronan (HA) Protective. Anchors aggrecan. Chondrocytes, 38, 43,
Contributes to compressive properties. aggrecan 40, 47
Induces cell proliferation and
migration.
Aggrecan Confers shock-absorbing properties HA, link protein 19, 22
and resistance to compression.
Link protein Stabilises interaction between aggrecan HA, aggrecan 22
and HA.
Fibronectin Organises matrix. Chondrocytes, 48,27
proteoglycans
Decorin Regulates fibril formation. Inhibits cell Collagens, 25, 27,
migration. chondrocytes 28
Biglycan Regulates fibril formation. Collagens 15
Lumican Mediates fibril formation by Collagens 29
fibromodulin.
Fibromodulin Regulates fibril formation. Collagens 29




(Table 1.1 continued from previous page)
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Component Function Interacts with Ref.
Superficial zone protein Lubricates cartilage surface. Heparan sulphate 6, 49
Prevents adherence of cells to
surface.
Cartilage intermediate layer Maintains ECM structure. Matrix 8
protein (CILP) components
Thrombospondin-2 (TSP-2) Anti-angiogenic. Chondrocytes 50
Thrombospondin-5 (TSP- Stabilises the ECM. Collagens, 51,
5)/cartilage oligomeric matrix matrilins 52
protein (COMP)
Chondroadherin Enhances chondrocyte Chondrocytes 53
adherence to ECM.
Matrilins Involved in microfibril Thrombospondin- 54,
formation. Forms a link with S, aggrecan, 28
larger fibrils. collagens, itself
Troponin I Anti-angiogenic. Chondrocytes 55
Tissue inhibitors of matrix Anti-angiogenic. Inhibits Collagens 56,
metalloproteinases (TIMPS) matrix metalloproteinase 57,
(MMP) and aggrecanase 58
activity.
Chondrocyte-derived inhibitor of Anti-angiogenic. Collagens 59
angiogenesis and
metalloproteinase activity
(CHIAMP)
Fibrillin-1 Forms fibrils. Inhibits Chondrocytes, 60
chondrocyte TGF-B, itself
proliferation/differentiation.
Transforming growth factor-f Chondrogenic. Increases cell Chondrocytes, 61
(TGF-B) proliferation and collagens
differentiation.
Bone morphogenetic protein-2 Chondrogenic. Osteogenic. Collagens, 62,
(BMP-2) chondrocytes 63,
64
BMP-7 Chondrogenic. Osteogenic. Chondrocytes 65,
Maintains homeostasis. 66,
62
Cartilage-derived morphogenetic Upregulates aggrecan GAG Chondrocytes 67,
proteins (CDMPs) synthesis. 68
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Collagen type II

V)
Decorin
Link protein
Collagen type IX
Hyaluronan
GAG
Aggrecan

Figure 1.2: A schematic representation of the main components of cartilage and their inter-

relationships. Adapted from Poole ez al.’.
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1.1.3 Proteoglycans

Proteoglycans enable the tissue to resist compression. The prominent proteoglycan
species is aggrecan (large aggregating protein) which has a mass of about three
million Daltons. This is anchored to hyaluronan (HA) and the interaction is stabilised
by link proteinzz. Over 100 glycosaminoglycan (GAG) chains are attached to the core
protein and are comprised of chondroitin sulphate and keratan sulphate (Figure 1.3),
which confer an overall negative charge on the whole structure and form nearly 90%
of the total aggrecan mass'®?°. These polyanions attract water to become highly, but
not completely hydrated as the restrictive collagen network limits the degree of
swelling. Cations in the surrounding fluid, such as Na* and H', are attracted to the
GAGs’. The high ionic concentration increases the external osmotic pressure and
therefore draws water into the cartilage. This swelling pressure contributes to the

compression-resistant properties of cartilage™'’.

Other proteoglycans include the small leucine rich proteoglycans (SLRPs), such as
decorin, biglycan, fibromodulin and lumican®. They are involved in matrix
organisation, indirectly influencing cell metabolism through the binding and
requisition of growth factors™, and modulate cell migration’”. They also regulate
collagen fibril formation'>**?>?%% Perlecan is a proteoglycan that contains heparan
sulphate chains and acts as a cell-attachment protein®’. In addition, heparan sulphate
groups on the cell surface can sequester heparin-binding proteins, to provide a

reservoir or facilitate ligand interaction with receptors®™°.

1.1.4 Hyaluronan
HA can be utilised to form biomaterials in tissue repair (Section 1.6), and as such is of
relevance to the present study (Section 1.7). Therefore, the role of endogenous HA in

cartilage needs to be considered.

Meyer and Palmer first isolated HA in 1934 from the vitreous body in the eye’’.
Although HA is a GAG, it is not covalently attached to a protein and is not sulphated,
unlike other GAGs (Figure 1.3). It is ubiquitously expressed throughout the body,
usually associated with connective tissues®. The chain length of HA can vary, but is
frequently found to be over a million Daltons, with an extended length of 2-25um,

The anionic charges on the molecule form hydrogen bonds with water, while the
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Coo CH,0H
0 0 0o
H/H H/H COO-
O
OH H/H\ HO H/H H H/H
(6]
H OH H NHCOCH, H oso, ° H NHOSO;
D-Glucuronate N-Acetyl-D-glucosamine D-Iduronate-2-sulphate  N-sulpho-D-glucosamine-
Hyaluronan 6-sulphate
Heparan sulphate
CH,OSO, CH,OH
H/H H/H 0,80 /H
H/H H/H RN H /H H/H O
NHCOCH, NHCOCH,
D-Glucuronate N-Acetyl-D-galactosamine- D-Glucuronate = N-Acetyl-D-galactosamine-
6-sulphate 4-sulphate
Chondroitin 6-sulphate Chondroitin 4-sulphate
H H
CHZOH CH oso CH0
H/ COO
HO/ H H/H
H/H H RN
H/H H/H BN H
NHCOCH,
NHCOCH,
- -Acetyl-D- ine-
D-Galactose N-Acetyl-D-galactosamine- L-lduronate N-Acetyl-D-galactosamine
4-sulphate
6-sulphate
Keratan sulphate Dermatan sulphate

Figure 1.3: The disaccharide units of the GAGs commonly found in cartilage. Adapted from Voet and
Voet?'.
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backbone forms a loose coil structure in solution. This results in a very viscous fluid,
containing HA coiled into a sphere with approximately 1000-fold water molecules

associated with it*°.

Its hydration properties make HA a good space filler, where it can provide a
protective pericellular coat around cells®, regulate hydration in a tissue, and act as a

lubricant on fibrils in skeletal muscle®®.

Furthermore, HA may ensure that
chondrocytes do not aggregate together in the cartilage matrix*'. During embryonic
development, the high levels of HA found in the mesenchyme may be required to
target cartilage formation and HA receptors have been implicated in the mediation of

matrix assembly***,

HA also forms a link between the chondrocyte and aggrecan chains to prevent
dispersal and diffusion of aggrecan out of the tissue. The N-terminal G1 domain of
the aggrecan core protein noncovalently binds to HA, stabilised by the link protein to
create a very strong interaction’’. HA attaches to chondrocytes via the cell surface
CD44 receptor43 , which anchors the aggrecan/HA aggregate to the ECM. This
immobilisation of aggrecan is of critical importance to the integrity of cartilage and its
ability to withstand compression. HA also binds to the receptor for HA-mediated cell
motility (RHAMM)*,

The CD44 receptor activates a number of signalling pathways, including nuclear
factor kB (NFkB), erB2 tyrosine kinase, the Rho and Racl GTPases, and src-related
kinases™. This led to the recognition of HA as a signalling molecule. It can induce
cell migration and proliferation through re-organisation of the actin cytoskeleton of
the cell, as well as providing an ECM environment which promotes migration®.
Furthermore, HA appears to have a function in the intracellular environment, but the
exact roles are unclear”. HA has also been identified in the synovial fluid and
contributes to the control of other macromolecule concentrations, via its space-filling

capacity®.

The physical properties of the HA molecule can be described in terms of
viscoelasticity. During slow movement, the mechanical energy applied to HA is slow

enough to allow the molecules to line up parallel with the direction of the force and

11
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act as a viscous material. During more vigorous movement (running, jumping), there
is insufficient time to allow re-orientation of the HA molecules and they act in a more
elastic manner®®. HA concentration and chain length is depleted with increasing age
and arthritis, both in cartilage and the synovial fluid*™%. The shortening of the HA
chain, combined with loss of the HA/aggrecan aggregate formation, means that the

joint can no longer withstand loading as efficiently*.

The protective role of HA around cells is observed in arthritic conditions. During
inflammation such as RA, there is a risk of reactive oxygen species (ROS) arising
from inflammatory cells destroying cartilage. These include hydrogen peroxide
(H20,), the superoxide radical species (O2"), and the hydroxyl radical ("OH), the
latter being the most reactive but short-lived”’. Although chondrocytes produce
catalase and peroxidases to neutralise these agents, cell damage is still evident’"*.
Furthermore, ROS can damage collagen, proteoglycans, glycoproteins and GAG
components of the ECM, as well as de-polymerising HA”!. However, HA absorbs
ROS before cell damage can occur®’. This protective role of HA has led workers to
develop HA-based treatments for OA, by firstly replacing some of the destroyed HA,

and secondly by enhancing the defence of the joint (Section 1.6.4).

However, there is a detrimental aspect to the de-polymerisation of HA, in the context
of cartilage. West et al.”? demonstrated pro-angiogenic activity of HA chains of
between 3 and 45 disaccharides in length (1.1-17.0kDa). This has since been
narrowed to 3 to 10 disaccharides, which have also been shown to increase cell
proliferation and migration’. Furthermore, these HA oligosaccharides act in synergy
with vascular endothelial growth factor (VEGF), an angiogenic growth factor with a
pathological function in cartilage (Section 1.4.5)"*. It appears that HA fragments
elicit the angiogenic effect at least in part through the stimulation of matrix
metalloproteinase (MMP)-9 and MMP-13 expression”. Although these properties are
beneficial in events such as wound healing, they are of particular concern regarding
cartilage, as these proteinases degrade collagen fibrils, aggrecan core protein and

fibronectin’.

12
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1.1.5 Other cartilage matrix proteins

There are a number of other proteins present in cartilage that contribute to the
properties and homeostasis of the tissue, summarised in Table 1.1. These include
endogenous angiogenesis inhibitors, which prevent invasion of the subchondral bone
into cartilage. These are of relevance to the present study, which aims to block
angiogenesis to facilitate cartilage repair (Section 1.7). Angiogenesis inhibitors
include Thrombospondin (TSP)-1 and TSP-27°. These proteins also regulate bone

growth during development™®s.

Another anti-angiogenic agent isolated from
cartilage is troponin I, which is located in the chondrocytes”. This increases cell
adhesion to the surrounding matrix, thus not allowing chondrocytes to detach and

divide®.

Tissue inhibitors of matrix metalloproteinases (TIMPs) are a family of proteins of
which four members have been identified to date’”’. These elicit an anti-angiogenic
effect by inhibiting the MMPs required for blood vessel formation. TIMP-3 can also
inhibit an aggrecanase, ADAMTS-4 (a disintegrin and metalloproteinase with
thrombospondin motif-4) in cartilage’” and inhibit binding of VEGF to its kinase-
domain receptor (KDR)*®.

In 1995, Ohba et al.>® described the isolation of an anti-angiogenic agent from a
chondrosarcoma line, identified by its inhibition of MMP-2 activity. This protein,
chondrocyte-derived inhibitor of angiogenesis and metalloproteinase activity
(CHIAMP), was found to be very similar to TIMP-2, so was speculated to be a
member of the TIMP family.

1.1.6 The bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) were originally identified as cartilage and bone
formation-inducing proteins in ectopic bone formation assays’® and thus are good
candidates, BMP-2 in particular, to stimulate cartilage growth in the present study.
They constitute a family of over 47 members identified so far, which exist in an
inactive precursor form requiring proteolytic cleavage to an active form®. These are
involved in the development of cartilage and bone, with several of the family being
expressed in growing bone. BMPs 1-7 have been identified in chondrocytes

associated with the human growth plate during development (Section 1.1.8)".
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When applied to isolated chondrocytes, BMP-3 and BMP-4 induce some cell
proliferation and matrix synthesis, and chondrogenic effects have also been shown in
response to BMP-2 and BMP-7 in vivo®®, BMP-2 also stimulates long bone growth
during development by increasing not only chondrocyte proliferation, but also
hypertrophy and alkaline phosphatase expression, a marker of ossification® .
Interestingly, BMP-2 has been shown to retain the chondrocyte phenotype in vitro
over 28 days®', but this environment does not contain all the elements and signals

found in a cartilage lesion.

Endogenous BMP-7 (osteogenic protein-1, OP-1) has been located in adult cartilage
and exhibits higher expression of the mature protein in the superficial zone, while the

deeper zones contain more of the precursor form®.

1.1.7 Chondrocytes

Articular chondrocytes are derived from the mesoderm during embryogenesis®* and
although these only comprise 1% of cartilage, chondrocytes are responsible for the
homeostasis of the tissue through anabolic and catabolic mechanisms®. Cartilage
represents a relatively harsh environment for cells. The lack of blood vessels make
diffusion of nutrients and cytokines difficult and there are considerable forces applied
to the tissue. The accompanying osmolarity changes, combined with a high number
of cations associated with the GAGs, further increase overall osmolarity®. Despite
these challenges, chondrocytes synthesise the collagens, GAGs, glycoproteins and

proteoglycans required for cartilage maintenance®.

Generally, chondrocytes have a rounded morphology, except in the superficial zone
where they are more flattened*. In the deeper zones, chondrocytes become
hypertrophic, as identified by enlargement of the cells and the expression of type X
collagen. The chondrocytes are responsible for the formation of zones throughout

cartilage, through the varying degrees of expression of matrix components®®.

Chondrocytes can respond to mechanical or physical changes in the tissue in response
to loading. Dynamic loading effects such as fluid flow, hydrostatic pressure and

matrix deformation lead to increased synthesis of ECM®. However, continued, static
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loading, such as a prolonged increase in osmolarity, can downregulate matrix
synthesis®. The effects of dynamic loading explain why active exercise can promote

cartilage integrity, while immobilisation of the joint lead to degeneration®.

At least some of the stimuli to the chondrocytes are transmitted from ECM
components through cell surface receptors, such as the integrin family, CD44 and
annexin V*83% ¢ appears that adhesion to the surrounding matrix negatively
regulates chondrocyte death. This is of particular relevance to OA, where progressive

loss of the ECM components may result in reduced adhesion and cell death®.

1.1.8 Endochondral ossification during development
The process of endochondral ossification described herein applies to the long bones,
rather than intramembranous ossification that is involved in the formation of flatter

bones, such as the skull and lower mandible.

During embryogenesis, limb development starts as an ectodermal bud that contains
mesenchyme, at the tip of which forms the apical ectodermal ridge''™ *.
Mesenchyme that is designated for chondrogenesis aggregates into condensations''’.
The cells become rounded and switch from the production of a mesenchymal matrix
(types 1 and III collagens) to a cartilaginous matrix (types II, IX, and XI
collagens)''®*. An isoform of type II collagen specific to the embryo is produced and
termed type IIA collagen''®. The pre-chondrocytes that are located towards the
midregion of the condensed region become flattened and their axes lie perpendicular
to the direction of the bone growth. Meanwhile, the cells in the epiphysis (towards
the end of the forming bone) remain rounded. The flattened cells located in the mid-
region of the forming bone undergo hypertrophy, when they exit the cell cycle,
increase in size, synthesise type X collagen, chondrocalcin and accumulate
glycogen®'2*4™  This region now represents the mid-diaphysis, the centre of the bone

shaft. In parallel, the rounded, epiphyseal chondrocytes continue to divide''"'8, A

membrane, the perichondrium, develops around the forming bone'?".

Some of the
hypertrophic cells undergo apoptosis® and the lacunae left behind provide tunnels into
which blood vessels can invade. These come from the perichondrium, accompanied
by osteoblasts, osteoclasts, chondroclasts and haematopoietic cells. Matrix vesicles

extrude from the hypertrophic chondrocytes and contain ATPase, to pump calcium
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Proliferating epiphyseal

chondrocytes

Perichondrium

Flattened cells

Hypertrophic
chondrocytes

Expanding bone
collar

Figure 1.4: Haematoxylin & eosin stain of half of a foetal rat metatarsal, removed from the foetus at
developmental day 19, and grown in organ culture for 7 days. The diaphysis is at the bottom of the

image. Scale bar = 300pm.
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and phosphorus ions into the vesicles against a concentration gradient*’*

. This gives
rise to mineralisation as calcium-phosphorus aggregates form and spread beyond the
vesicle wall. These integrate with type I collagen synthesised by osteoblasts and

water is displaced*’*

. The resultant hydroxyapatite (Caio(PO4)s(OH), forms rods or
plates with hexagonal symmetry and confer compressive strength with rigidity, while
the collagen provides flexibility and tensile strength*’*. As the trabeculae (calcified
cartilage structures) surrounding the tunnels are resorbed by chondroclasts,

osteoblasts begin laying down bone matrix*’*,

This forms a collar of compact bone
around the diaphysis of the cartilage, forming the primary ossification centre®'?’. The
blood vessels invade the epiphysis, to form the secondary ossification centre. The
layer of cartilage sandwiched between the forming bone shaft and the secondary
ossification centre is termed the epiphyseal growth plate’. As the chondrocytes
proliferate and produce cartilage matrix, the growth plate moves away from the centre
of the long bone. The accompanying mineralisation of the lower hypertrophic zone
ensures long bone growth, while the growth plate width remains relatively constant*’*.
Figure 1.4 illustrates the organisation of chondrocytes during endochondral

ossification.

Several factors are involved in chondrogenesis, chondrocyte proliferation and matrix
secretion. These allow longitudinal bone growth by ensuring cartilage is not totally
replaced by bone and are summarised in Table 1.2. Table 1.3 summarises factors that

are required for bone formation from the cartilaginous tissue.

The articular cartilage at the surface undergoes appositional growth, whereby new
matrix is deposited on the surface and recently discovered progenitor cells in the

surface zone are likely to synthesise this'?.
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Table 1.2: A summary of the chondrogenic factors involved in endochondral ossification.

Factor Function Ref
Sonic Hedgehog (Shh) Mediates limb patterning. Induces expression of BMPs. 89
Fibroblast growth Interacts with Shh to mediate limb patterning. 89
factor-4
BMPs (BMP-2, 4, -7) Chondrogenic and osteogenic. 90, 62
Fibrillin-2 Interacts with BMP-7 to create a BMP-7 gradient through 91
the tissue for chondrocyte differentiation.
Fibronectin Mediates condensation of mesenchyme. 92
Syndecan-3 Organises cytoskeleton of cells during condensation. 93
Perlecan Guides ECM structure. Involved in cell adhesion. 95
Sox9 Enhances expression of collagens and aggrecan. 95, 96, 97
Indian hedgehog (Thh) Involved in perichondrium formation and maturation of 98

Parathyroid hormone-
related protein (PTHrP)

Chondromodulins

TGF-Bl
bFGF

Insulin-like growth
factor-1 (IGF-1)

Matrix Gla Protein
(MGP)

cells to osteoblasts. Inhibits chondrocyte progression to
hypertrophy. Maintains proliferating chondrocytes.

Stimulates proliferation of chondrocytes. Downregulates 99, 100,
hypertrophy. Anti-angiogenic. 101
Anti-angiogenic. Stimulates proteoglycan synthesis. 102,103
Anti-angiogenic. 104
Enhances matrix synthesis at low concentration. 105

Decreases matrix synthesis at high concentrations. May
decrease chondrocyte proliferation.

Stimulates proteoglycan synthesis. Induces chondrocyte 103,106
proliferation.
Inhibits mineralisation. Promotes chondrocyte survival. 107
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Table 1.3: A summary of factors required for angiogenesis and bone growth during endochondral
ossification.

Factor Function Ref.

Membrane Involved in cartilage resorption. May create vascularisation canals 108,

type-1 MMP to form secondary ossification centre. Stimulates VEGF expression. 109
(MT1-MMP)

MMP-9 Pro-angiogenic. Degrades cartilage matrix. Induces apoptosis of 110,

terminally hypertrophic chondrocytes. 111

VEGF Pro-angiogenic. Involved in mineralisation. A chemoattractant for 112,

osteoblasts and osteoclasts. May provide directional cues for 113,

angiogenesis. 114

Vitamin D3 Stimulates VEGF expression in osteoblasts. 115

Transferrin Chemoattractant to endothelial cells, to promote blood vessel 116

invasion
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1.2. Osteoarthritis and rheumatoid arthritis

The inability of cartilage to spontaneously repair major damage has been recognised
for hundreds of years and led Hunter to state in 1743 that “ulcerated cartilage is a
troublesome thing in that when once destroyed it is not repaired”'>>. Although there
are several diseases associated with cartilage and bone, this report focuses on cartilage
damage that can lead to the arthritic conditions that afflict millions of people each
year. It is estimated that 350,000 people in the UK currently suffer RA and that eight

million suffer from OA (ARC, www.arc.org.uk).

Both OA and RA increasingly occur with age, as a possible consequence of changes
in the structure of cartilage. During ageing, the HA polymers decrease in length and
partially lose their viscoelastic properties®. The proportion of type II collagen
increases, rendering the tissue more brittle'”. Aggrecan core protein length
decreases, with the free G1 domain accumulating in the matrix'?. The SLRPs also
exhibit shortening of their GAG chains'?®. Some of these changes may be attributed
to ROS damage throughout the lifetime of the cartilage, although the true effects on

d127

tissue function are not completely understood “’. These changes can exacerbate the

progression of arthritic diseases.

128,129

RA is an autoimmune disorder It is characterised by inflamed synovial

membranes that contain antibodies against type II collagen, derived from synovial T-

128,129

cell stimulation An increase in angiogenesis causes more inflammatory cells to

target the synovial membrane, with proteinases and inflammatory cytokines being

secreted from the inflamed synovial membrane'”.

Furthermore, a pannus forms,
which is a synovial tissue that overlays and invades the articular cartilage, through the
activity of proteinases produced by the mononuclear cells and fibroblasts within the

pannus129 (Figure 1.6B).

OA can result from injury, genetic disposition or wear and tear on the joint.
Historically, degradation of cartilage was seen as a passive process, but in the last few
decades, activity within the tissue and surrounding synovium has led to the

130

recognition of a disease state ~. An overview of the progression to OA is shown in

Figure 1.5. The condition is characterised by the loss of cartilage accompanied by
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invasion of subchondral bone. Osteophytes form, which are spurs that start as
chondrophytes, extending from the synovium at the joint margins. These reduce the
joint space and restrict movement. They may protect articular cartilage by re-
distributing forces and represent attempts at repair by the tissue. However, they have
also been associated with joint deformity and severe pain'>'. The synovium becomes

inflamed as the disease progresses™'*2

. As in RA, a pannus-like material develops
over the cartilage, which synthesises catabolic enzymes'> (Figure 1.6A). The surface
of the joint becomes fibrillated as the matrix is degraded, causing a rough surface with

fissures that eventually reach the underlying bone'** (Figure 1.6C and D).

Injury to cartilage can be classified into three types. The first is matrix disruption
from blunt trauma, which chondrocytes compensate for by synthesising new ECM’.
The second is a partial defect resulting from disruption of the surface of cartilage, but
does not extend to the subchondral bone’. The third is the full thickness defect that
penetrates the subchondral bone’. The last two types do not repair successfully and in
the long term can lead to OA. Penetration of the subchondral bone allows progenitor
cells and blood vessels to enter the injured site, leading to clot formation and
regeneration of a cartilage matrix'*>?. However, this new matrix is more fibrous than
hyaline cartilage and cannot withstand the demands placed upon it, leading to
progressive degeneration”'’®, Partial defects exhibit little repair, as chondrocytes
initially do respond by increased proliferation and matrix synthesis, but these have a
low mitotic and proliferative activity and are embedded in a fairly rigid ECM, making
relocation to the site of injury difficult”’*’. Such problems are increased with age, as

the number of progenitor cells in bone marrow are decreased' .

A genetic factor was first identified from studying occurrences of OA between
monozygotic and dizygotic twins, although environmental factors also influence
predisposition'*®. However, the role of genetics is very complex, as variables such as
weight, muscle mass and predisposition to injury may arise from a genetic or an

. . « 138
environmental origin ",
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1.2.1 Biological factors in osteoarthritis

The present study describes the development of a biomaterial for the treatment of
cartilage damage leading to OA (Section 1.7), so this form of arthritis is focussed on.
OA generally develops from the surface of cartilage, with the initial changes observed
by fibrillation of the superficial zone (Figure 1.6C and D)"*"'*. In normal cartilage,
there is a fine balance between anabolic and catabolic matrix turnover that becomes

disrupted in OA™’.

Chondrocyte death following mechanical trauma has been reported'*!, which, in the
absence of a phagocytosis mechanism in cartilage, leads to release of calcium ions
and cytokines that may further enhance degradation'*’. Chondrocyte apoptosis may
be a consequence of matrix degradation during OA, as cell adherence via integrins to
the ECM has been recognised as a key element in chondrocyte survival®. However,

sufficient chondrocytes may remain metabolically active to synthesise new matri 137,

Chronic inflammation of the joint is accompanied by the expression of inflammatory
cytokines by both inflammatory cells in the synovium and chondrocytes'**'*. The
effects of these cytokines are summarised in Table 1.4. The degradation of cartilage
generates ECM fragments, some of which can further exacerbate the destruction of
the tissue. Furthermore, proteinases and other enzymes, induced by inflammatory

cytokines, are responsible for the degradation of the cartilage matrix.

23



Chapter 1: Introduction

Figure 1.6: Light micrographs of histological sections of pathologies observed in arthritic diseases. A:
haematoxylin & eosin stain of a pannus (top) overlaying cartilage in OA. B: haematoxylin & eosin stain
of a pannus (top) covering cartilage in RA. C: safrinin O/fast green stain of a cartilage section in severe
OA, loss of the dark staining towards the surface (top) indicating loss of proteoglycans. Original
magnification: x40. D: scanning electron micrograph of the surface of OA cartilage, showing the exposed
collagen fibrils. Original magnification: x100. A and B adapted from Yuan et al.'®, C adapted from
Nakase et al.'*®, D adapted from Minns et al. '**.
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Table 1.4: Factors involved in the degradation of cartilage associated with OA. (Continued on the next

page.)
Factor Effects in OA Ref.
ECM fragments:
Fibronectin Induces production of TNF-a, IL-1p, MMP-1, MMP-2, MMP-3, 144, 145
MMP-9.

Type 1I collagen Inhibits type II collagen expression. 146
HA Pro-angiogenic. Decreases aggregation of aggrecans. 72, 147

Link protein Induces collagen synthesis. 148

Interleukin-1
(IL-1) (e and B
forms)

IL-6

IL-8

IL-17

Tumour necrosis
factor-a (TNF-
a)

Reactive oxygen
species (ROS),
including nitric

oxide (NO)

In mato; okines:

Stimulates the production of IL-6 and IL-18. Inhibits prostaglandin 49, 142, 149,

synthesis. Inhibits chondrocyte proliferation. Induces NO and COX-2 150, 151,
synthesis. Downregulates Sox9 expression. Induces MMP-1, MMP-3, 152,153, 154,
ADAMTS+4 synthesis. Upregulates VEGF expression. 155, 156
Stimulates production of TIMPs. 158, 159
Chemoattractant to neutrophils. 160
Stimulates IL-1 and TNFa production. Induces activity of 161, 162
aggrecanases.
Inhibits chondrocyte proliferation. Increases NO and COX-2 synthesis. 149
Induces IL-1 and TNF-a expression.
Induces ROS expression. Pro-angiogenic, through the upregulation of 163, 164,
VEGF. 165, 166, 167
May induce chondrocyte apoptosis. Decreases matrix synthesis. 165, 168,
169, 170, 171

Induces MMP-3 and MMP-13 expression. Stimulates inflammatory
cytokine synthesis. Induces NO synthesis. Degrades collagen and HA.
Can inhibit inflammatory cytokine synthesis. Involved in production of

TIMP-3.
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(Table 1.4 continued from the previous page)

Factor Effects in OA Ref.
Proteinases:
MMP-1 Degrades type II collagen in RA. 157
MMP-3 Activates other members of MMP family. Cleaves types 172,173,
II, IX, X, XI collagens. Stimulates TGF-f expression. 174
MMP-9 Digests denatured collagens. 175
MMP-13 Degrades type II collagen in OA. 176
MT1-MMP Can promote angiogenesis, through inducing VEGF. 177,178
Aggrecanases: A disintegrin Degrades core protein of aggrecan. ADAMTS-4 may 179, 180,
and metalloproteinase digest decorin and fibromodulin. ADAMTS-4 (with 181, 153
domain with thrombospondin MMPs) degrades TSP-5.
motif (ADAMTS)-4, -11
Cathepsin-B Activates MMPs. Degrades aggrecan, TIMPs and type 182, 183,
X collagen. 184, 185
Cyclooxygenase-2 (COX-2) Stimulates prostaglandin E, production. 186, 187
Prostaglandins Upregulate COX-2, IL-6 expression. Promote 186,188,
inflammation. Osteogenic. Upregulate VEGF. 189, 190
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Table 1.5: Growth factors upregulated in OA

Factor Effects Ref.
TGF-B Upregulates aggrecan, HA synthesis. Antagonises IL-1. 191, 62, 192,
Downregulates MMP-1,-8,-2. Upregulates MMP-9,-13. 193, 194,
Induces TIMP expression. 195,171
IGF-1 Antagonises IL-1, TNF-a. Inhibits chondrocyte apoptosis. 191, 196
BMP-2 Induces type X collagen synthesis. Stimulates proteoglycan 197, 139
synthesis.
BMP-7 Upregulates aggrecan, HA synthesis. (Levels of BMP-7 147, 198

decrease with age.)

TNF-stimulated Competes with HA for aggrecan binding, potentially 201, 202
gene-6 (TSG-6) disrupting matrix. Blocks activation of MMPs.
TIMPs Inactivates MMPs, ADAMTS-4,-5. Blocks VEGF activity. 57,58
Growth factors with deleterious effects
bFGF Involved in bone resorption and joint destruction. Pro- 199, 200
angiogenic.
VEGF Pro-angiogenic, pro-inflammatory. Stimulates MMP 224,225,
expression. 318
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Several anabolic factors are initially upregulated in response to damage, indicating a
repair response by chondrocytes™’. Some growth factors may be sequestered on the
ECM and released, thus activated, upon degradation of the ECM®. These are
summarised in Table 1.5. The regulation of cartilage degradation or regeneration is
not easily divided into solely anabolic or catabolic factors. For example, while
reactive oxygen species (ROS) can induce MMP synthesis'®, they also play roles in
the synthesis of tissue inhibitors of MMPs (TIMPs), thus protecting cartilage'’’.
Moreover, the administration of TGF-B into murine knees resulted in an OA

phenotype®®, in contrast to the anabolic activities listed in Table 1.5.

Parallels can be drawn between endochondral ossification during development and
OA. Chondrocytes re-express pro-type IIA collagen, expressed in chondroprogenitor

cells during development'*’.  Markers of hypertrophic chondrocytes’™ and

ossification reappear in cartilage’®?%’

. Furthermore, the pattern of GAG synthesis
during development is replicated in OA2®. The higher rate of proliferation during
endochondral ossification returns in OA''’. However, without the directional and
proliferative controls present in the growth plate, densely packed clonal clusters of
over 100 cells have been observed’®''”. These large groups of cells may result in

areas of structural weakness.

1.3. Angiogenesis

This process has been implicated in OA and the present study focuses on the
inhibition of the angiogenic factor VEGF as part of a cartilage repair strategy (Section
1.7). Therefore, the roles of angiogenic agents such as VEGF need to be understood.

Angiogenesis describes the formation of new capillaries from pre-existing blood

210,211

vessels In the adult, angiogenesis is usually restricted to processes, such as

wound healing, the female reproductive cycle, placenta function during pregnancy

210,474

and in bone remodelling Deregulated angiogenesis can contribute to a

substantial number of diseases, including cancer, choroidal neovascularisation in the
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211

eye, asthma, psoriasis, allergic dermatitis and arthritis” . Angiogenesis responds to

hypoxia and various angiogenic factors, such as VEGF (Section 1.4)*'%.

1.3.1 The process of angiogenesis
Existing blood vessels dilate and release MMPs to degrade the basement membrane,
mediated by VEGF and Angiopoietin-1 (Ang-1)>'>?">2!1, This allows the migration

of cells’'

and the release of factors sequestered in the ECM of the basement
membrane, such as TGF-8, bFGF, TSP-1 and TIMPs, required for controlled
degradation and matrix regeneration’''**’S, A bud forms, a lumen develops within it
and the structure advances to form loops with other buds’”. A new basement
membrane surrounds the new capillary and platelet-derived growth factor-BB (PDGF-
BB), TGF-8 and Ang-1 stabilise the capillary’’>. They promote junction formation
between endothelial cells and recruit pericytes and smooth muscle cells, to stabilise

the capillary and regulate endothelial cell proliferation'.

1.3.2 Angiogenesis in arthritis
During the progression of arthritic diseases, pathological angiogenesis occurs in the

synovial membrane and from the subchondral bone*®.

The synovial membrane is
vascular under normal conditions and can meet the metabolic demands of the nearby
avascular cartilage. Synovitis (synovial inflammation) exhibits changes in the pattern

216217 This results in less regulated

of blood vessels within the synovial membrane
blood vessel growth?'®?! and VEGF, Ang-1, bFGF and TNF-« are upregulated in the
synovial membrane %22, Resultant synovial proliferation leads to pannus formation,

especially in RA?! VEGF is discussed in more detail in Section 1.4).

Angiogenesis also contributes to osteophyte growth and maintains an inflamed
synovium??2. Moreover, sensory innervation can follow angiogenesis resulting in

neurogenesis in the joint, with subsequent pain®?.

Invasion of blood vessels from the subchondral bone also contributes to cartilage
destruction. In OA, capillaries encroach above the calcification tidemark, with
subsequent calcification and mineralisation of the tissue, mirroring endochondral
ossification. This causes structural weakening and as the tidemark rises and cartilage

is replaced by bone’?>*.

29



Chapter 1: Introduction

1.224

Enomoto et al.”” revealed that hypertrophic chondrocytes from both OA and healthy

patients express VEGF, but its receptors (fms-like tyrosine kinase-1 (flt-1) and kinase
domain receptor (KDR) (Section 1.4.6), were only expressed in OA cartilage.
Furthermore, this study demonstrated that VEGF stimulated MMP-1 and MMP-3
expression in OA chondrocytes. Other MMPs, including MMP-8 and MMP-13, have
been discovered to be upregulated by VEGF in cartilage”. While only the VEGF2,
and VEGF;g isoforms have been detected in osteoarthritic cartilage, isoforms
VEGF2; and VEGF 65 have been identified in synovial fluid of rheumatoid arthritis

226

patients™. The isoforms are discussed in more detail in Section 1.4.2.

VEGF associated with the chondrocytes may also stimulate blood vessel invasion

227

from the pannus into cartilage®’. The VEGF in normal cartilage may be sequestered

and neutralised by connective tissue growth factor (CTGF), which is produced by the
chondrocytes in normal tissue’

CTGF, thus activating i*?’. Furthermore, HA fragments have been found to act in

. MMPs can release VEGF from its complex with
synergy with VEGF, which would further stimulate blood vessel invasion’*.

Normal articular cartilage contains anti-angiogenic agents that prevent blood vessel
invasion in healthy tissue’®. For angiogenesis to occur, either the increase in active
VEGF overrides the inhibitory effects, or the anti-angiogenic factors are decreased.
The latter possibility was demonstrated by the loss of the anti-angiogenic agent,
chondromodulin-1, from the superficial zone in early OA, followed by a reduction

throughout the tissue in more advanced OAZ%,

4. Vascular Endothelial Growth Factor

The existence of a factor inducing the growth of blood vessels was first proposed in
1948, following studies of vascularisation of foetal and neo-natal retinas™®. In 1989,

two groups described a novel growth factor, expressed by pituitary cells, capable of

230231 This was

232

stimulating endothelial cells, but not affecting other cell types
identified as vascular permeability factor (VPF), discovered earlier in the decade

and was subsequently named vasculotropin®’, or vascular endothelial growth factor
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(VEGF). VEGF was later discovered to have a physiological role in angiogenesis and

has since been implicated in numerous physiological and pathological processes.

1.4.1 The structure of VEGF

The human VEGF gene is organised into eight exons, separated by seven introns*,
Studies on the crystal structure of this molecule have shown that VEGF exists as a
homodimer, covalently linked by two disulphide bridges, in an anti-parallel

orientation”>. VEGF is typically secreted as a 46kDa homodimer, which upon

236

glycosidase digestion is reduced to 42kDa”"". The N-terminus contains a hydrophobic

signal peptide targeting the growth factor for secretion®*.

1.4.2 Splice variants

Alternative exon splicing gives rise to a number of isoforms, five of which have been
identified”***"** and are named according the number of amino acids (Figure 1.7).
The variants VEGF3,, 165 and 139 are more prolifically expressed, with VEGF;¢s being
the most abundant form in the majority of tissues and is responsible for the 46kDa
product most commonly found®®®>. The VEGF4s and VEGF;g; variants are less
abundant”®?®, Exons 6 and 7 are basic heparin-binding sequences, so the isoforms
VEGF,¢s and VEGF4s bind heparin weakly, while VEGF,;g9 and VEGF, bind
heparin with a greater affinity, for immobilisation on cell surfaces or in the ECM>®,
VEGF )21, an acidic variant that lacks the heparin-binding domains, remains soluble in
the ECM?®. Digestion of VEGF s by plasmin removes the heparin-binding domain
and gives rise to another isoform of VEGF, VEGF1o>?*!. Although there is some
evidence that removal of the C-terminal heparin-binding domain does not inactivate
the growth factor™®, the ability of cleaved VEGF to stimulate mitogenesis and cell

proliferation appears to be reduced”®.,

It has been suggested that the spatial arrangement of bound VEGF on the cell surface
provides directional stimulatory cues to the orientation of vessel formation®”.
Alternatively, the binding of VEGF to heparan sulphate may facilitate binding to
VEGF receptors. This was supported by Gitay-Goren et al.>>, who determined that
the addition of heparin to cultures of endothelial cells enhanced interactions between

VEGEF and its receptors.
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Figure 1.7: Top, the 8 exons of the VEGF gene. Numbers refer to the amino acids. The 5 splice variants of

VEGF are represented below. Exon 1 is mainly the signal peptide, exons 6 and 7 confer heparin-binding ability.
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Keyt et al.**! postulated that the distribution of the various VEGF isoforms created an
activity gradient away from the trigger site. They suggested that upon stimulation, a
number of isoforms are secreted, VEGF¢s probably being the most abundant. The
smaller isoforms (VEGF;;o and VEGFi,;) can diffuse the furthest to stimulate
proliferation and migration. As they have a weaker signalling ability, intensity of the
angiogenic signal would therefore be decreased. At the trigger site, sequestered
VEGF g and VEGF 65 can more strongly stimulate angiogenesis, to generate a strong

signal at the trigger site which decreases with distance.

1.4.3 Related growth factors

VEGF (also known as VEGF-A) has been shown to have structural and sequence
similarities with other cysteine-knot growth factors, such as PDGF, TGF-82 and
placenta growth factor (PIGF)®>**, PIGF exists as a homodimer, but has been found

to form heterodimers with VEGF and as such, can elicit an angiogenic response”*.

Other members of the VEGF family have been identified. @ VEGF-B has
approximately 43% homology with VEGF¢s in the mouse equivalents, and has been
located primarily to the muscle, heart and pancreas’”. VEGF-C has approximately
32% homology to VEGF,; and it guides the angiogenesis of the lymphatic system®*,
VEGF-D is more closely related to VEGF-C than to other family members®*’. VEGF-
D is most abundant in the lung and heart, but due to its similarity in binding
specificities to VEGF-C, it has been implicated in the development of the lymphatic
system®”’. VEGF-E is a virally encoded protein and stimulates angiogenesis in the
host, following infection’®. An interesting feature of VEGF-E is that it lacks the

heparin-binding domain, yet is still highly active and can bind to the KDR receptor .

1.4.4 Biological functions of VEGF

VEGF expression is induced by low oxygen and nutrient levels (hypoxia and

249
177,

hypoglycaemia, respectively) through the transcription factor HIF- Reducing

excess capillary formation from an initial hypoxic signal is controlled by a reduction

in the concentration of VEGF*¥.

Its importance was indicated by embryonic lethality caused by deletion of only one of

the VEGF alleles, accompanied by reduced vascularisation in the embryos™*¥!. It
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has been shown to be a potent angiogenic agent both in vitro and in vivo assays>’.
VEGF induces vascular permeability”> and acts as a chemotactic agent™, attracting
endothelial cells to the site of new vessel formation. Furthermore, VEGF stimulates
the expression of plasminogen activators®* and MMPs?®, to digest the basement
membrane around pre-existing blood vessels. VEGF also has a vaso-protective role in

55,250

promoting endothelial cell survival, as it can act as an anti-apoptotic agen and

increase focal adhesions>®.

17 and has a role in

VEGF can promote haematopoietic stem cell surviva
endochondral ossification (Table 1.3). Identification of VEGF receptors on non-
endothelial cells has led to the proposal of an autocrine loop in VEGF
signalling?®***2%01"% This mechanism was deduced when small intracellularly acting
inhibitors of VEGF blocked haematopoietic stem cell colony formation, while

extracellularly acting ligand/receptor inhibitors failed to have any effect”>’.

VEGEF retains a physiological role in the adult, even though flt-1 and KDR receptors
are down-regulated in the adult endothelium®®'. Inhibition of VEGF in the adult has
led to defects in wound healing®®, infertility through disruption of the female
reproductive cycle, teratogenicity, a halt in ulcer healing in the gastrointestinal

trac?®, and amyotrophic lateral asclerosis®®.

1.4.5 The pathological role of VEGF

As VEGEF is stimulated in response to hypoxia, expression of VEGF is elevated in
tumours, especially in regions close to avascular necrotic patches***?%+?%°, The role of
VEGF in tumour formation has been well documented®®*2%. Therefore, the inhibition
of VEGF has gained considerable merit as an anti-cancer therapy”®’>’2. Mechanisms

of VEGF inhibition are discussed in Section 4.1.

One of the leading causes of age-related blindness is due to VEGF-induced vascular
invasion into the retina, leading to conditions such as retinopathy, sometimes as a
result of diabetes mellitus’”. Atherosclerosis is accompanied by inflammation,
resulting in accumulation of macrophages at the site of injury’. VEGF has been found
to stimulate vascularisation of the atherosclerotic plaque that destabilises it, increasing

the risk of potential rupture with haemorrhaging”’®. Moreover, inappropriate VEGF
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expression can lead to skin conditions, such as psoriasis and dermatitis?”*’%. Section
1.3.2 discusses the role of VEGF in RA and OA.

1.4.6 Receptors of VEGF

The present study aims to inhibit angiogenesis through a decoy receptor of VEGF
(Section 1.7), which requires an appreciation of the structures and roles of the
endogenous receptors. The two cell-surface VEGF receptors are fms-like tyrosine
kinase-1, (flt-1, VEGF receptor-1) and kinase domain receptor (KDR, VEGF
receptor-2, flk-1 in mice)?”’
180-185kDa (fit-1)*"%, and 200kDa (KDR)*”. FIt-1 exhibits a higher affinity for
VEGF than KDR, with a dissociation constant (K3) of lO-20pM28°, compared to a Ky

of 75-125pM for KDR?®!. The extracellular region of each receptor contains seven

. Both are glycosylated and produce mature proteins of

Ig-like domains and the VEGF-binding site. After a short membrane-spanning
sequence, the intracellular region contains tyrosine kinase domains®?®'. The
receptors belong to the immunoglobulin superfamily, which include receptors for
FGF, stem cell factor and PDGF?2%,

The first three extracellular domains of both flt-1 and KDR contain the VEGF binding
site?% ’286, illustrated in Figure 1.8. Residues on each monomer of VEGF contribute to
receptor binding, via a groove between the monomers”>**, It has been proposed that
the linker between the second and third domains of fit-1 fits into this groove®™’. In
contrast, residues on KDR that fit into the VEGF groove are located in the third

doma in235’288’289.

The first extracellular domain of flt-1 and KDR is required for high affinity binding?®®
and may shield the hydrophobic binding interface of domain 2, to be displaced by
VEGF binding”’. The fourth domain on both receptors is responsible for
dimerisation, lacking the disulphide bridges present in the other domains, which
allows greater flexibility”®*?*®°. VEGF binding may result in a conformational change

in the fourth domain to activate the receptorsm

. This prevents a signal arising from
spontaneous dimerisation of receptors in the absence of VEGF, although in vitro

studies have found that receptors dimerise and weakly signal without VEGF?,
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VEGF-binding domain

Extracellular region

Tyrosine kinase domain

Intracellular region

Figure 1.8: A schematic representation of the VEGF dimer bound to a dimer of flt-1.
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Neuropilin-1, a receptor that binds semaphorins, is located in the nervous system>®

but has also been implicated in arterial growth3 1 It binds VEGF45°%, and may act as
a co-receptor, to facilitate VEGF binding to KDR*®'. Indeed, a neuropilin-
I/KDR/VEGF;6s complex is involved in continued arterial growth during

angiogenesis®'’.

1.4.7 Intracellular signalling

The intracellular regions of flt-1 and KDR contain split tyrosine kinase domains and a
kinase insert’®’. The receptors undergo autophosphorylation upon VEGF-induced
dimerisation, though there is stronger signal transduction with KDR?' %, Phospho-
tyrosines on KDR and flt-1 associate with Phospholipase Cy (PLCy)**>**%, leading to
activation of the protein kinase C pathway, with subsequent stimulation of the MAP
kinase pathway”*?*’. The receptors also act through the Src family signalling
pathway®*®. Earlier studies described activation of the Ras pathway by the receptors
to activate protein kinase C*?***° but subsequent research discovered that VEGF

activated a Ras-independent pathway in endothelial cells®’.

1.4.8 Biological effects of receptor activation

KDR is required for blood vessel formation and organisationw3 and is generally
perceived as the more mitogenic receptor”>”®. There has been some debate,
however, over the role of flt-1. FIt-1 may influence the organisation of the
vasculature’®% Interestingly, removal of the intracellular tyrosine kinase domain of
flt-1 resulted in normal development of the vasculature through to the adult and no
change in VEGF-induced vascular permeability, although macrophage migration was
decreased’®. Moreover, an in vitro chimeric study found that stimulation of flt-1 did
not induce proliferation of endothelial cells, whereas KDR stimulation did®**. Flt-1
has been suggested to function as a negative mediator of KDR-induced cell growth>*.
It was proposed that the purpose of flt-1 was to maintain critical concentrations of

VEGF in developing tissues by sequestering any excess’ .

In contrast, PIGF binds flt-1 but not KDR, yet PIGF/VEGF heterodimers have been

reported to stimulate angiogenesis, suggesting that flt-1 does possess angiogenic

action®”’. Flt-1 is expressed in inflammatory cells, whereas KDR is not. Inhibition of
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fit-1 in RA reduced the infiltration of inflammatory cells, accompanied by reduced
proteoglycan degradation and an overall reduction in swelling’®. VEGF is also
chemotactic for monocytes, mediated through the flt-1 receptor on the cells’®. These
studies suggest that flt-1 stimulation of inflammatory cells gives rise to angiogenesis,
rather than direct stimulation of endothelial cells’®. Cells such as monocytes,
macrophages and haematopoietic stem cells can differentiate into a variety of cell
types including osteoclasts, explaining how VEGF can activate these differentiated

cell s278,3 10,311 .

1.4.9 The soluble flt-1 receptor

A number of cytokine receptors are also synthesised in truncated, soluble forms,
which may function in the regulation of signalling, including soluble receptors for IL-
1, FGF and colony stimulating factor’'**'*. An endogenous 687-amino acid truncated
form of flt-1 (soluble flt-1, or sflt-1) arising from alternative splicing has been
identified. It consists of the first six domains of the extracellular region, with a unique
31 residue C-terminus®'®. Its mass is between 85kDa and 90kDa, which upon removal
of the signal peptide is reduced to 75kDa. SFlt-1 has a similar affinity to VEGF as
that of the full-length flt-1 and it inhibits VEGF-induced mitogenesis in vitro’". It
was proposed that sflt-1 acts as a dominant negative inhibitor of angiogenesis, as it
can form heterodimers with KDR or flt-1 with or without VEGF, and through binding
VEGF, prevents VEGF interacting with the full-length receptors®'®. The heparin-
binding domain on sflt-1 may allow it to accumulate in the vicinity of the receptors,
thus promoting dimerisation®'>*"”. Of importance to this study is evidence that sflt-1

reduces the severity of induced arthritis’'®

. As sflt-1 is endogenously expressed, it
appears to be a natural regulator of angiogenesis and tumourigenesis and provides a

useful candidate for inhibition of VEGF activation.

Recently, an endogenous soluble form of KDR has been identified from human
plasma and is larger that sflt-1 (160kDa). It is believed that sKDR acts in a similar
manner to sflt-1, as constructed soluble forms of KDR have exhibited inhibitory

properties’!**%.

In summary, VEGF is a potent angiogenic cytokine in health and disease, mediated

through its two receptors flt-1 and KDR. A naturally occurring control mechanism
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exists, as the concentration of VEGF appears essential in guiding the development of
the vasculature and in response to ischaemia. The high levels observed in the adult

during disease make VEGF an attractive target for inhibition studies.

1.5. Cartilage Repair Strategies

It must be noted that regeneration and repair represent two separate processes of
restoration’. Repair involves the use of cells to proliferate and synthesise new matrix.
Regeneration describes the formation of a completely new joint surface, identical to
the original tissue. Although some progress has been made in terms of repair,

regeneration has not yet been achieved'.

1.5.1 Initial approaches

An early attempt at cartilage repair was based on the observation that a full-thickness
defect (extending to the subchondral bone) fills with a hyaline or fibrocartilage,
whereas a partial thickness lesion does not”. The technique involved abrasion or
drilling through a partial defect into the subchondral bone to stimulate bleeding and a
healing response, first described by Pridie*?"'*>. However, the new cartilage had a
lower proteoglycan density, appeared more fibrous and did not integrate with the

surrounding cartilage, with long-term disintegration'*.

Autologous transplantation of a section of cartilage from a non-weight bearing region
can decrease pain in the majority of patients, but this technique is limited by the low
availability of donor sites’??. Moreover, the age of the donor cartilage is the same as
that of the lesion, and may have undergone similar matrix changes that led to the
initial loss of cartilage>. Furthermore, cartilage from a non-weight bearing region
may have a different composition and be unable to withstand the compressive forces
placed upon it'?. Advanced arthritis can result in transplantation of a prosthetic
jointz. While prosthetics, such as hip replacements, are a popular clinical approach,
there is a limited lifetime of the implant and damage to the bone into which it is
implanted may be such that a second implant cannot be used. This limits the use to

older patients.
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Expansion of isolated
chondrocytes in a monolayer

—

/ RS Implantation into lesion

Cartilage covering the femoral
condoyle

Figure 1.9: Three approaches to cartilage repair. A: Implantation of chondrocytes expanded in vitro into a
cartilage defect with only partial filling. B: Loading of chondrocytes into a three-dimensional scaffold to
promote better defect filling. C: Autologous chondrocyte transplantation as described by Brittberg et al.>*,
adapted from Ochi et al**.
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partial-thickness cartilage lesion has been shown to stimulate migration of
mesenchymal stem cells from the synovial membrane into the scaffold, with

differentiation into chondrocytes®* 34!,

However, the subchondral bone contains a variety of cell types that respond very
differently to growth factors, with the potential for bone growth. Hunziker and

Driesang*#

addressed this challenge, by inhibiting angiogenesis with suramin, thus
preventing angiogenesis-dependent ossification. Bone invasion into the cartilage
compartment was halted, while simultaneous stimulation with TGF-8 or IGF-1 and

BMP-2 induced the formation of a cartilaginous tissue.

1.5.4 Inhibition of pathological pathways

The inhibition of angiogenesis mentioned above is important when inducing cartilage
repair, as the dislocation of implanted cells expressing BMP-2 has led to osteophyte
formation®. However, broad, systemic inhibition of angiogenesis can have
deleterious side-effects, such as impaired wound healing, impaired muscle function,

200222 Fyrthermore, some

infertility, teratogenicity, and gastrointestinal ulcers
inhibitors may be able to prevent the onset of angiogenesis, but cannot reverse the
process. For example, TNP-470 can inhibit endothelial cell proliferation at disease
onset, but has little effect after arthritis has developed®”. Additionally, some
endogenous anti-angiogenic agents may actually promote angiogenesis under certain

circumstances, such as TGF-@ or the N-terminal domain of thrombospondin-1 346,347

Antagonism of integrins that are required for bFGF or VEGF-induced angiogenesis

provides a greater degree of control over the pathway to be blocked**®. Consequently,

a number of integrin antagonists have been patented for clinical trials®*

antibodies also provide a higher degree of specificity**~*°,

. Neutralising
Several studies have
investigated the inhibition of VEGF-induced angiogenesis as both cancer and arthritis

treatments. These are summarised in Section 4.1.
Gene therapy for angiogenesis inhibition has received interest®'. This has the

advantage of continued expression of the anti-angiogenic agent over months or even

years without the need for frequent administrations®!. A DNA vaccine targeting
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268

KDR suppressed tumour growth with minimal side-effects This approach may

hold potential for arthritis treatment.

The inhibition of a pathological pathway, such as that of IL-1, has received interest.
Two endogenous IL-1 receptors have been identified that obstruct IL-1 signalling
through non-activation of the intracellular pathways upon IL-1 binding, termed IL-1
receptor antagonist (IL-1ra) and IL-1RII'>**?, Recombinant IL-1RII added to OA
cartilage protected the tissue against IL-1-induced degradation'®’. The inhibition of a
pathological pathway, in combination with stimulation of chondrogenesis, may
provide successful cartilage repair, and the present study aims to use such an approach
(Section 1.7).

1.5.5 Mesenchymal stem cells
Mesenchymal stem cells (MSCs) have been identified in adult tissues, such as bone

marrow, the periosteum and the synovial membrane®*>>*

, although the number of
cells declines with age®>. Recently, MSCs have been identified in adult cartilage, and
interestingly, the percentage of these progenitor cells, compared to mature
chondrocytes, increases with OA. This may be due to chemotactic factors such as
TGF-B, being at higher levels in OA, increasing the number of progenitor cells by
attracting more from the synovial membrane®’. In response to IL-1 and TNF-, these

cells may also be stimulated to produce bone or fibrocartilage®’.

Due to their ability to differentiate into several cell types under certain conditions,
MSCs have been experimentally applied to cartilage repair. This has resulted in the

synthesis of a hyaline-cartilage material>>>,

The chondrogenic potential of MSCs
can be enhanced by treatment with chondrogenic factors prior to implantation®® or
by transfection with chondrogenic factors. These factors could act in a autocrine
manner (Sox9>®) or be secreted and act on endogenous cells (BMP-2, IGF-1°¢).
MSCs pre-treated with TGF-B1 have been shown to lose their chondrogenic
phenotype in vivo®®. A gene therapy approach involving the stable or transient
expression of chondrogenic factors by MSCs may avoid dedifferentiation or

osteogenic differentiation. Isolated MSCs have been successfully transfected with
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genes encoding for IGF-1, BMP-2>*, Shh and BMP-7°%3, Subsequent implantation of
the transfected cells into cartilage defects produced hyaline-like cartilage repair**.

A perceived drawback of the MSC approach is the decreased proliferative capacity of

P% showed that there was a

progenitor cells in older patients’® and Murphy ef a
significant decrease in the proliferative ability of bone-marrow derived cells during
advanced OA. However, MSCs are hypoimmunogenic or nonimmunogenic’°, which
suggests that allogenic MSCs could be used. Furthermore, dedifferentiated
chondrocytes in culture assume a primitive stem cell phenotype and express markers
in common with embryonic stem cells (ES) and multipotent adult progenitor cells

(MAPCs)*®. These could potentially used in the same manner as MSCs.

1.6. Biomaterials

Tissue engineering can be defined as “the creation of new tissues for replacement and

53367

regeneration of damaged tissue To apply this principle to cartilage and bone

repair requires a combination of growth factors, cells, an ECM and biomaterials
which can provide the matrix®®’. The present study aims to use a HA-based

biomaterial for delivery and as a scaffold (Section 1.7).

Biomaterials can provide a three-dimensional culture in which to grow chondrocytes
in vitro, or alternatively a space-filling scaffold loaded with cells for transplantion or
with chemotactic agents, to encourage infiltration of mesenchymal stem cells from the
surrounding tissues>. However, the choice of biomaterial requires consideration. Is
the material required to replace cartilage and therefore, have similar properties? Or is
the material a carrier for growth factors or cells into a lesion, providing a three-
dimensional scaffold that will be degraded as neocartilage is formed? Perhaps the
biomaterial must support ex vivo formation of cartilage, so that new tissue can be
transferred into a damaged joint. Therefore, the application of the biomaterial dictates
the properties required. A cartilage replacement must possess high tensile strength,
but low friction at its surface. Alternatively, to completely fill cracks and fissures in

degraded cartilage, the biomaterial may exist as a liquid precursor that can be injected

with cells and then solidify into a matrix in situ. Biomaterials to support cartilage
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synthesis in vitro need to maintain the chondrocyte phenotype. The biomaterials
discussed here can be loosely grouped into synthetic, protein-based and

polysaccharide-based materials.

1.6.1 Synthetic biomaterials
Poly(vinyl alcohol) (PVA) hydrogels have been applied to peptide drug delivery*®

and were assessed as load-bearing replacements for cartilage®®.

Observations of
PVA hydrogels possessing mechanical properties similar to that of cartilage, led to the
consideration of this material as a replacemen 68,369, However, although PVA
hydrogels may provide a cartilage-like material, integration into the surrounding
cartilage is important for tissue stability. Moreover, the toxic effects of residual

monomers and the biomaterial itself, need to be addressed.

Poly(ethylmethacrylate) (PEMA) hydrogels have shown potential for use in cartilage
and bone repair and have good biocompatibility’’**”!. However, optimisation of the
hydrogels’ physical properties reduces their biocompatibility>’>.  Although the
polymer may be inert, gradual degradation may yield fragments that are biologically
active or toxic. The material may not completely integrate and over time, movement

may damage the surrounding cartilage.

Polylactic acid (PLA) and polyglycolic acid (PGA) have been used as biodegradable

implants and survive between three and six months depending on the preparation®’”.

They confer some stiffness, but not to the same mechanical level as cartilage'***”.
These materials have supported cell viability, proliferation and the production of a

cartilaginous ECM in a number of studies®’>*7**",

1.6.2 Protein-based biomaterials

Type II collagen is the most abundant ECM component in articular cartilage, which
has led to substantial interest in this protein for the delivery of cells into a cartilage
lesion or for the culture of chondrocytes in vitro to synthesise a cartilaginous
matrix’’®. Moreover, collagen can be supplemented with GAGs to more closely

resemble the cartilage ECM, which improves chondrocyte proliferation® 30377,
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Chondrocytes cultured in collagen synthesise a cartilaginous material’”® and those
cultured on type II collagen are more chondrogenic than those on type I collagen®*’.
Furthermore, when loaded with chondrocytes and implanted into cartilage defects, the
collagen scaffold demonstrated a marked improvement in tissue repair over the
injection of chondrocytes alone and resulted in a space-filling cartilage material with
some evidence of integration with the surrounding tissue’”. Collagen has also been
shown to support infiltration of endogenous MSCs following implantation®’®. The
potential of collagen immunogenicity has led to the removal of the immunogenic
telopeptide. However, this may disrupt collagen fibrillisation and the integrity of the
biomaterial®”®. There have been problems with integration of the repair tissue with
the surrounding cartilage when using type I collagen gels, resulting in deterioration of

the site>.

Fibrin glue exploits the reaction of fibrinogen and thrombin to produce a fibrin clot>.
In addition, modification to affix heparin allows the attachment of heparin-binding
factors’’®. Hunziker and Driesang demonstrated delivery of TGF-8, IGF-1, BMP-2
and suramin using fibrin to repair a cartilage lesion, although the fibrin had to be
further supplemented with gelatine, to eliminate uncontrolled shrinkage during clot
formation®”. Fibrin can be polymerised in situ and as such has been used to deliver

mesenchymal stem cells into a lesion®*

. Injection of a liquid precursor is a distinct
advantage when considering OA cartilage, which contains cracks and fissures>*. A
liquid can carry cells into these fissures, providing a three-dimensional scaffold upon

solidification. The preparation can also be injected, avoiding surgical procedures.

However, commercially available fibrin glue kits may contain fibronectin®*.
Fragments of fibronectin are detrimental to cartilage, by enhancing proteinase

expression (Table 1.4). Even though these effects can be countered by anabolic

379

factors’”, the degradation of the fibrin/fibronectin clot could increase cartilage

damage. Moreover, fibrin is not a natural component of articular cartilage so is

unlikely to aid cartilage regeneration per se.

Gelatin can be modified to a thermoresponsive gelatin that can be injected in a liquid

33 This form of gelatin has been found to

333

form with subsequent solidification in situ

maintain the chondrocytes phenotype in vitro over several weeks~°. However, the
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mechanical and signalling properties of collagen that are essential in articular cartilage

may be lost during denaturation to form gelatin.

Short peptides of around 12-16 residues have been demonstrated to self-assemble into

a hydrogel under particular ionic conditions**°

. The peptide structure is of alternating
hydrophilic and hydrophobic residues, with alternating positive and negative charges
on the hydrophilic residues. The resulting nanofibres are significantly smaller than
many other polymer fibres®®'. These peptide hydrogels have been shown to support

chondrocytes and cartilage-specific proteoglycan synthesis®>

. The peptide hydrogel
allows the inclusion of specific sites to enable degradation by particular proteases, or
to promote interactions with chondrocytes. The assembly of the peptides can be

performed at physiological ionic concentrations and pH, without toxic side-effects®>.

382

Although some peptides have been shown to be non-immunogenic™“, this may not be

the case for all peptides.

1.6.3 Polysaccharide-based biomaterials

Polysaccharides can form hydrogels through ionic or hydrogen bonds more readily
than proteins. Some of the key constituents of cartilage are polysaccharides, in the
form of GAGs. However, the rod-like structure, high charge density and relatively
short length of most GAGs, mean that they do not readily form hydrogels in an

aqueous solution’®. However, HA can be used in hydrogels.

Chitosan is a derivative of chitin, found in arthropod exoskeletons. It consists of D-
glucosamine with randomly located N-acetyl glucosamine monomers, the amine
groups becoming protonated in slightly acidic conditions. This positive charge has
enabled the formation of complexes with anionic polymers, such as GAGs and has

been used as a delivery vehicle for such compoundsm.

At physiological pH, an
associated polyanion can be partially dissociated from chitosan, enhancing the
hydrogel as a delivery scaffold. Chondrocytes can be cultured with chitosan in vitro,
but the cells do not infiltrate into the biomaterial and there is no increase in
proteoglycan synthesis®*.  In addition, chitosan stimulates macrophages and

angiogenesis, which is undesirable in cartilage repai 80
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Although agarose is not a constituent of cartilage, it supports the chondrocyte
phenotype in vitro, which allows experimentation on the chondrocytes®®*. Moreover,
implantation of chondrocytes grown in agarose gels into full-thickness defects
demonstrated cartilage synthesis, formation of subchondral bone and integration with

the surrounding tissue*®>.

Alginates are seaweed-derived polysaccharides that can be injected into a cartilage
lesion with chondrocytes and crosslinked by calcium. Alginate hydrogels promote

386387 and support chondrocyte phenotype in culture’®®.

cartilage formation in vivo
However, some forms of alginate have been found to be immunogenic following

transplantation’.

1.6.4. Hyaluronan-based biomaterials
HA has been used for some time in eye surgery, the treatment of joint disease and in

wound healing®. Healon, which consists of 1% HA at a molecular weight of 2.5
million Daltons, has been used in viscosurgery in the eye®.  Furthermore,
administration of HA into osteoarthritic joints protects against proteoglycan
degradation®®. Interestingly, the benefits of HA administration have been seen long
after the HA would have cleared from the site*, suggesting that the administration of
high molecular weight HA upregulates HA synthesis and downregulates degradative

pathways*.

In healthy cartilage, HA molecules are approximately 4-5 million Daltons, at a
concentration of approximately 3-4mg/ml in the synovial fluid. The length and
concentration are significantly reduced in OA to 1-4 million Daltons, with only 1-
2mg/ml remaining in the synovial fluid®. To maintain viscoelasticity, exogenous HA

would therefore have to be at least 4 million Daltons in size.

Hylan is a derivative of HA that developed to provide a material that had a higher
molecular weight and increased viscoelastic properties****®. Hylan has been used in a
wide range of treatments, such as local thrombin delivery, topical gels and drug

390,391

delivery . In cartilage, it protects explants against proteoglycan degradation and

also reduces cell injury’*2. It was proposed that Hylan (and HA) achieved this by
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forming a physical barrier against the diffusion of macromolecules or interacting with
offending agents and neutralising them®?. Furthermore, Hylan decreases pain from
mechanical and inflammatory stress, as well as remaining in the joint longer than

HA*. However, inflammation has been associated with Hylan use**>.

The range of semi-synthetic Hyaff family of biomaterials are synthesised by
esterification of the carboxyl group on the D-glucuronic acid moiety of HA with
alcohols®*. These include Hyaff-7 (ethyl ester), Hyaff-9 (propyl ester) and Hyaff-11
(benzyl ester). The Hyaffs are non-toxic and biologically inert in vitro®®, and can
survive up to a month in vivo, depending on their composition and location®*®. Hyaffs
have been applied to liver regeneration®®’, cutaneous wound healing’, and vascular

grafts™®,

Chondrocytes grown in Hyaff-11 proliferate and exhibit re-differentiation to a
chondrocyte phenotype™'
the Hyaff-11 is stabilised by the matrix synthesised by the chondrocytes®?**>"*,

. The resulting tissue has cartilage-like characteristics and

Hyaff-11 can also support ectopic cartilage and bone growth when seeded with

32839 {Used on its own or with

mesenchymal stem cells or chondrocytes
chondrocytes, Hyaff-11 has demonstrated cartilage repair following implantation into
osteochondral defects**®**®. Furthermore, a sulphated Hyaff-11 preparation has been

shown to achieve better chondrocyte infiltration than its non-sulphated counterpart®*,

Hyaffs are of a lower molecular weight than HA, at approximately 145,000-300,000

Daltons’**%*

. Therefore Hyaffs may not contribute physical benefits to the damaged
tissue as much as the Hylans, although they can be more readily shaped into films,

fleeces and meshes.

ROS are mediators of cartilage degradation in OA, where HA acts as an antioxidant to
scavenge ROS™7!. This is compromised by decreased levels and shorter chains of
HA in OA. Although a HA-based biomaterial may compensate for this, Hyaff does
not protect against ROS damage as well as HA, although the higher molecular weight

™. The ester bonds of Hyaffs appear

Hylan is more resistant to resulting degradation
to be particularly susceptible to ROS attack to expose the HA backbone, although an

aromatic ring on the side chain of Hyaff may have a protective effect’. This probably
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accounts for the increased resistance of HA to ROS when the steroid, a-methyl-

prednisolone, has been coupled to the polymer’".

Babucci et al.*® described a method of crosslinking HA, via the carboxyl groups on
D-glucuronic acid with diamine crosslinkers. In addition, the group revealed that
incorporation of sulphate groups reduces enzymatic degradation and improves the
elasticity of the resultant hydrogel. This confers increased viscoelastic properties over
HA and a longer half-life in vivo. The HA-based hydrogel has been shown to increase
cartilage repair in a defect compared to an empty defect’>’. Shu et al.**! describe the
crosslinking of a thiol derivative of HA with modified polyethylene glycol bi-
functional crosslinkers. This reaction is non-toxic to cells and provides a method for
in situ hydrogel formation®!. Photopolymerisation can also be used to crosslink HA-

2

based materials in situ, with modified PEG crosslinkers*>. However, while this

technique may be successfully applied sub-cutaneously, a cartilage defect may be too
deep to achieve complete polymerisation. Incorporation of an RGD sequence onto

HA substantially increases in vitro fibroblast proliferation, probably through integrin

stimulation*”?.  This presents an opportunity to enhance the interaction of the

biomaterial with either cells being delivered or those already present in the joint.

A collagen scaffold supplemented with HA has demonstrated increased cell migration

and proliferation than either material on its own*®, as a combination of the two

materials provides a matrix closer to that of cartilage>>**,

1.7. Aims of this project

Although many strategies have been applied to induce cartilage repair, it has proved
very difficult to synthesise hyaline cartilage that demonstrates integration with the
surrounding tissue and maintains long-term integrity. This project aimed to produce
an injectable biomaterial, capable of stimulating chondrogenesis, but inhibiting
osteogenesis. The working hypothesis was that a matrix that supports angiogenesis
will, in the presence of BMP-2, induce bone formation, while a matrix that inhibits

angiogenesis will only support cartilage formation.
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The matrix used in this project was a HA-based hydrogel, previously developed in
this laboratory*”. HA-based biomaterials have shown considerable promise as a
three-dimensional scaffold for the repair of cartilage tissue. Moreover, high
molecular weight HA provides protection to the joint, and loss during OA can be
replaced with a HA-based biomaterial (Section 1.6.4). The optimal concentrations of
derivatised HA, crosslinker and collagen were determined to achieve the optimal
viscoelastic properties. This biomaterial was not designed to replace the compressive
properties of cartilage, but to provide a three-dimensional scaffold to support cell
infiltration. The crosslinking reaction was revealed to be non-toxic. Moreover, the
hydrogel demonstrated delivery of active BMP-2 and supported infiltration of cells

following subcutaneous implantation.

This project produced a decoy receptor, based on the VEGF-binding domains of the
extracellular portion of the flt-1 receptor, termed flt-1(1-3). FIt-1 was selected over
KDR, as it exhibits a higher affinity to VEGF and the flt-1 monomer can bind VEGF
more efficiently than the KDR monomer”®’. Furthermore, flt-1(1-3) has an increased
in vivo half-life, compared to the entire extracellular domain''"? and its smaller size
ensures easier incorporation into hydrogels. This protein retained affinity for VEGF,

as determined by surface plasmon resonance.

Preliminary in vivo studies undertaken in this project incorporated flt-1(1-3) into the
hydrogel without chemical coupling. This meant that flt-1(1-3) could diffuse out,
which may facilitate inhibition of VEGF. Anti-angiogenic properties of fit-1(1-3)
integrated into the hydrogel were assessed by the chick chorioallantoic membrane
assay*®474%® However, further work is required to determine if flt-1(1-3) can inhibit
angiogenesis. The foetal rat metatarsal assay was used to test for the inhibition of

osteogenesis by flt-1(1 -3)%.

We have shown that the HA-based hydrogel described herein is an appropriate
delivery vehicle for chondrogenic agents. Furthermore, the decoy receptor of VEGF
is capable of binding this cytokine, although its effects on angiogenesis inhibition in
the arthritic joint remain to be fully elucidated.
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2. Materials and methods

2.1. Hydrogel Characterisation

2.1.1 Synthesis of HA ethylenediamine derivative (HAED)

The side chain of interest, ethylenediamine.hydrochloride (HCI), was added at a 25-
fold molar excess (with respect to the glucuronic acid moieties on hyaluronan (HA)
(Figure 3.1, Section 3.1) to a 3mg/ml solution of sodium hyaluronate (RW GreefT,
Stamford, CT, molecular weight >1x10°Da). Upon dissolving, hydroxybenzotriazole
(Sigma, Poole, UK) made up in dimethyl sulphoxide was added at a 5-fold molar
excess and the pH immediately adjusted to 6.8 using either 0.1M NaOH/HCI.
Carbodiimide  (1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide  hydrochloride,
(Sigma, Poole, UK)) was added at a 4-fold molar excess and the pH was maintained
at 6.8 for 2 — 4 hours to allow the reaction to proceed. The mixture was extensively
dialysed (Spectra/Por 4, Spectrum Labs, Rancho Dominguez, CA. MW cut off: 12-
14kDa) against distilled water. Sodium chloride was added to a final concentration of
5% w/v to form an HAED salt. A 3-volume equivalent of ethanol was carefully
added to precipitate the salt. The HAED was collected by centrifugation (1000x g, 20
minutes) and the pellet lyophilised for 16 hours under sterile conditions. The dried
derivative was redissolved in sterile phosphate buffered saline (PBS), pH 7.4 to a
concentration of 15mg/ml. Typical yield from 360mg of sodium hyaluronate was
334mg.

2.1.2 Modified TNBS assay

The 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay as previously described*'® was
utilised to determine the extent of derivatisation of the glucuronic acid moieties to
primary amines. Standards of 6-aminohexanoic acid (Sigma, Poole, UK) were
prepared (0 — 150ug/ml) in 0.1 M Na,CO;. HAED was diluted in the same buffer to
100 and 500ug/ml, and corresponding dilutions made of HA controls. TNBS (Sigma,

Poole, Dorset) was added to a final concentration of 0.005% and the reaction
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proceeded at 37°C for 2 hours. The reaction was stopped with sodium dodecyl
sulphate (Sigma, Poole, UK) and hydrochloric acid (Fisher, Loughborough, UK), at
final concentrations of 2.5% and 125mM respectively. The optical density at 335nm
was measured (Pharmacia Biotech Ultraspec 2000, Pharmacia Biotech, Little
Chalfont, UK) and the percentage derivatisation calculated from the difference in
ODs3s between native and modified HA, based on the 6-aminohexanoic acid standard

curve.

2.1.3 Uronic acid assay

The assay was carried out as described by Bitter and Muir''’. In brief, sodium
hyaluronate (RW Greeff), glucuronic acid (Sigma), glucosamine (Sigma) standards
and HAED samples were layered onto a sodium tetraborate (Sigma)/sulphuric acid
(Fisher) solution. After boiling, carbazole (Sigma) in ethanol was added and the
mixture further boiled for 15 minutes until the reaction underwent a colour change.
The optical densities were measured at 530nm (Pharmacia Biotech Ultraspec 2000,
Pharmacia Biotech, Little Chalfont, UK). Calibration curves for HA and glucuronic
acid were constructed and the percentage of uronic acid in HAED was determined, to

indicate the extent of derivatisation.

2.1.4 Crosslinking of HAED to produce hydrogels

Crosslinkers were obtained by custom synthesis from Shearwater Polymers Inc.
(Huntsville, AL, USA). Four were used: 2-arm polyethylene glycol — succinimidyl
propionate (SPA,-PEG, MW 3.4kDa); 4-arm polyethylene glycol — succinimidyl
propionate (SPA4-PEG, MW 10kDa and 20kDa); succinimide ester of
carboxymethylated 4-arm polyethylene glycol (SC4s-PEG, MW 20kDa). Because of
the unstable nature of the crosslinker, it was kept under nitrogen until immediately
prior to use. HAED with collagen or PBS was transferred to a sterile 1ml syringe.
The crosslinker was resuspended in PBS (20ul for a 265ul hydrogel or 50ul for a
larger hydrogel) and transferred to another sterile 1ml syringe. Immediately the
syringes were linked and the contents mixed rapidly by approximately 20 passes back
and forth. The hydrogel typically set within 7 minutes, depending on the crosslinker

concentration and type.
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2.1.5 Incorporation of collagen and BMP-2 into HAED hydrogels

Two forms of bovine type I collagen were used: salt-extracted telocollagen
(Organogenesis, Canton, MA, USA) and pepsinised collagen (Matrix Pharmaceutical,
Fremont, CA, USA). Telocollagen was fibrillised by addition of 0.4ml 10X PBS and
3.0ml 1X PBS to 3.6ml of 5mg/ml telocollagen. After 2 hours gentle mixing the
collagen fibrils were collected by centrifugation at 5500xg for 20 minutes. Pepsinised
collagen was provided at a concentration of 65mg/ml. Immediately prior to use the
collagen network was disrupted to obtain a more homogenous mixture with HAED.
This was achieved by shearing through a 0.45mm sterile syringe needle three times.
Collagen was incorporated into HAED before crosslinking by repeatedly passing the
components between 2 linked syringes, until a uniform cloudy or opaque mixture had
formed. BMP-2 (human recombinant bone morphogenetic protein — 2, Genetics
Institute, Cambridge, MA, USA) was prepared beforehand by buffer exchange with
10mM HCI (Centriprep YM-10, MW cut off 10kDa, Millipore, Bedford, MA). BMP-
2 was added, where applicable, at a final concentration of 250ug/ml and thoroughly
integrated into the collagen mix by passing back and forth between 2 linked syringes.
Once BMP-2 was incorporated, the collagen was mixed with HAED, before
crosslinking into a hydrogel.

2.1.6 Rheology

The HA-based hydrogel is a good example of a viscoelastic material, that is, one that
exhibits both viscous and elastic properties. These characteristics lend themselves to
analysis. The starting material, HAED, behaves as a viscous liquid, with elasticity
increasing in relation to time as the crosslinking reaction proceeds. By applying a
known stress (o) to the sample through the parallel plate of the rheometer, the
resulting deformation (strain, 7) is measured from rotation of the plate. These can be
described:

g = £
A (1)
where F corresponds to the force applied and A is the area of the material, and
7=—:j ()
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Figure 2.1: Demonstration of the quantities used in rheology. A::

schematic of the deformation of
a viscoelastic material in response to an applied force. B: diagram to demonstrate the response of a
material (dotted line) to an applied sinusoidal force (solid line). a: a typical elastic material, the in-

phase component. b: a typical viscous material with an increased phase shift 8, representing the out-
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where x refers to the deformation of material and y refers to the height of material
(Figure 2.1A).

The combined strain and shear is given by the complex shear modulus G*:
G =2
! 3)

A material can be described as having an in-phase or out-of-phase component, which
relates to the extent that a material behaves in an elastic or viscous manner,
respectively. When a sinusoidal (oscillating) force is applied an elastic material can
store the energy and thus transfer the force back. This is known as the in-phase
component (figure 2.1Ba). Conversely, a viscous material cannot store the energy
and dissipates it as heat, thus responding out of phase with the applied force (figure
2.1Bb).

This phase shift is measured as 8, which can be described as:

tan 6 = G

G’ ©)
where G’ is known as the “storage modulus” corresponding to the in-phase
component, which describes the elastic behaviour of the material, G” is termed the
“loss modulus”, corresponding to the out-of-phase component and thus the viscous
behaviour. The complex shear modulus (G*) is related to these two moduli as
follows:

G*((.O) = \j(GIZ + Gn2) )

where w is the oscillation frequency. In addition, absolute complex viscosity is

described as 7* defined as follows:

._JG*+G™
= W

(6)
Rheological characteristics were measured using an ARS00 controlled stress
rheometer (TA instruments, Leatherhead, Surrey, UK), with a 40mm standard steel
parallel plate fitted. Hydrogels (final volume 550ul) were prepared as described in

Section 2.1.4. The component concentrations were kept the same throughout except
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where stated. These were 9 mg/ml HAED, 1:1 SPA4-PEG (20kD) crosslinker to
HAED ratio, no collagen, and the measurements taken at 25°C. These were loaded
onto the rheometer. The plate was lowered onto the sample to a gap distance of
300um, except for hydrogels containing collagen, which had a gap distance of 700um
(volume of hydrogel 1.1ml). The plate was oscillated with a torque of 10Pa at a
frequency of 5 Hz at 10 second intervals over 15 minutes. The time between the start
of integration of the crosslinker into HAED and the start of oscillation was
approximately 50 seconds. When the test time was extended from 15 minutes to 1.5
hours the hydrogel was prepared as before, but the readings were taken at 30 second
intervals. The “creep” response of the material was analysed by applying a single
force of 50Pa to the sample and measuring the responding movement. After 10
minutes, the force was removed and subsequent movement of the sample measured.

Calculations of variables were carried out by the rheometer software.

2.1.7 Fourier-Transform infrared spectroscopy

The degree of modification of carboxylic acid groups of HAED was explored by
Fourier transform infrared spectroscopy (FT-IR). HAED was prepared as described
in Section 2.1.1 and the degree of modification was varied by adjusting the
concentration of the carbodiimide catalyst. Percentage modification was determined
by the TNBS assay described in Section 2.1.2.

HAED samples were lyophilised overnight and two approaches attempted to produce
fine particles:

1.  Lyophilised sample was extensively chopped with scissors to produce fine
particles.

2.  Lyophilised sample was snap-frozen in liquid nitrogen followed by crushing
with a piston and eppendorf system. This method produced a less satisfactory
powder than the above method.

The sample was used neat and analysed by applying it directly onto the germanium
crystal of a Mattson Galaxy 5020 FT-IR, senslR single reflection ATR. Scans (100)

were averaged for each spectrum.
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2.1.8 Cell viability assay

Immortalised human foreskin HCA, fibroblasts were donated by Dr David Kippling
(Cardiff University), and expanded in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 100 units/ml penicillin, 100ug/ml
streptomycin, and 292ug/ml glutamine (Invitrogen). Porcine chondrocytes were
extracted from pigs’ trotters (kindly donated by Professor Bruce Caterson, Cardiff
University) and cultured in DMEM, supplemented as above. All cells were cultured
at 37°C with 5% CO,.

Hydrogels (265ul) were prepared as described in Section 2.1.4. Once the components
had been mixed to form a hydrogel the material was immediately transferred to a
15mm dish (Cormning, NY, USA), to produce a hydrogel approximately 2 mm thick.
The cells were immediately but gently mixed with a pipette tip into the hydrogel
during setting. As a control, low melting point agarose (SeaPlaque GTG agarose,
FMC BioProducts, Rockland, ME, USA) was dissolved in PBS (pH7.4, Invitrogen) to
a concentration of 1% (w/v), by heating. Once the agarose had cooled to
approximately 37°C, 265ul was transferred to a 15mm dish and the same number of
cells added. This provided a positive control, where cell survival would be expected.
Once set, the hydrogels were incubated at 37°C, 5% CO; with 0.5ml DMEM, 10%
FBS and antibiotics for 24 hours. To provide a dead cell control, methanol (30%,
500ul) was added for 15 minutes at 37°C. Cell survival was determined with an
ethidium homodimer/calcein cell cytotoxicity kit (Molecular Probes, Leiden, The
Netherlands). Ethidium homodimer and calcein AM (5uM, 200ul) were added to the
hydrogels and incubated for 20 minutes at 37°C. The hydrogels were washed twice
with 0.5ml PBS and the fibroblasts within were fixed with 4% paraformaldehyde
(500ul), for 20 minutes at 37°C. Hydrogels were analysed using a Zeiss Axiovert 35
fluorescence microscope, and photographs were taken using Kodak EktaChrome
p1600 film.
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2.1.9 Flow cytometry

Hydrogels were prepared as described above and 2x10° HCA, fibroblasts were
incorporated into each hydrogel. Medium (described above, 0.5ml per hydrogel) was
added and the hydrogels incubated for 24 hours at 37°C, 5% CO,. Each hydrogel was
washed with 0.5ml PBS and digested with 2000 units of hyaluronidase (bovine testes,
Sigma), in hyaluronidase buffer (Appendix 1.1) for 2 hours at 37°C. The digested
hydrogels were centrifuged at 1500xg and the pellet resuspended in 0.5ml PBS.
Propidium iodide (Sigma) was added to each sample to a final concentration of
Sug/ml.  Samples were analysed by a FACSCaliber (Becton Dickinson, Franklin
Lakes, New Jersey), each run measuring 5000 events. Data were analysed using
WinMDI v2.8 software.

2.1.10 Ectopic bone formation assay

HAED hydrogels were prepared as described in Section 2.1.4. Hydrogels were
allowed to set within the syringe. Hydrogel discs were obtained by slicing the syringe
and duplicates were placed into 3 rats for each hydrogel formulation (a total of six
hydrogels per formulation). The animal work was carried out in collaboration with Dr
Hanne Bentz (Orthogene, USA) as described previously*”®. The implants were
excised after 10 days and wax embedded. Sections were stained with haematoxylin

and eosin.

2.2. Expression and detection of flt-1(1-3)
2.1 Acquisition of flt-1(1-3) cDNA

Human umbilical vein endothelial cells (HUVECs, Promocell, Heidelberg, Germany)
were cultured in endothelial cell growth medium (Promocell, Appendix 2). These
were subcultured until confluent by trypinisation (Invitrogen, Paisley), at 37°C, 5%
CO,. Total RNA was extracted from confluent HUVECs using Tri Reagent (Sigma,
Poole, Dorset) according to the manufacturer’s protocol. The total RNA was purified

using amplification grade DNAse I (Invitrogen) to eliminate any residual genomic
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DNA from the RNA sample, following the manufacturer’s protocol. c¢DNA was
synthesised from 2ug of total RNA by reverse transcription for 1 hour at 42°C using
200 units of Superscript II RNAseH™ reverse transcriptase (Invitrogen) and 0.025ug/ul
oligo(dT) primer in a 20yl reaction mixture containing 0.5mM dNTPs and 10mM
DTT in first strand buffer.

Polymerase Chain Reaction (PCR) was performed with 1ul of the reverse
transcription reaction using one of the following polymerases:

e 1.25 units of Taq polymerase (Promega, Madison, WI).

e 1.7 units Expand Hi-Fi (Boerhinger Mannheim, Indianapolis, IN).

e 0.5 units Ventg polymerase (New England Biolabs, Beverly, MA).
Polymerase buffers were supplemented with 2mM magnesium chloride, or, in the
case of Ventg polymerase, 2mM magnesium sulphate, except where specified.
dNTPS (200uM) and primers (0.5uM each, Invitrogen) were added at a final
concentration of 200uM and 0.5uM respectively. The final reaction volume was
50ul. PCR reactions were carried out using a Gene Amp 9600 thermal cycler
(Applied Biosystems, Warrington, UK). Each PCR reaction began with a Hot Start
step, whereby the polymerase was added after the reaction mix had achieved 95°C to
eliminate problems with non-specific binding. Forty cycles were carried out, each
consisted of denaturation (95°C) for 45 seconds, annealing (60°C) for 1 minute and
elongation (72°C) for 1 minute. An extra elongation step of 10 minutes was applied
after 40 cycles. Amplified products were visualised by 1% agarose gels containing
0.13ug/ml ethidium bromide (Sigma).

2.2.2 Cloning of flt-1(1-3) DNA into pCRII vector

Fl1t-1(1-3) cDNA was subcloned into the pCRII vector (Appendix 3.2) using the TA
cloning kit (Invitrogen, Paisley, UK). PCR product (~10ng) was ligated into the
pCRII vector (25ng/ul) using T4 DNA ligase (4 units) for 16 hours at 14.5°C. The
constructs were transformed into TOP10of E.coli (Invitrogen) according to the
manufacturer’s protocol. Successful ligation was indicated by disruption of a reporter
Lac Z gene in the multiple coding region of pCRII. Resulting loss of the -
galactosidase activity was assessed by addition of X-Gal (5-bromo-4-chloro-3-
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indolyl-B-D-galactoside, 20ul of 50mg/ml stock, Promega, Southampton, UK).
Selected colonies were seeded into 3 ml of LB broth (Appendix 1.2) containing
50pg/ml kanamycin (Sigma) and cultured for 16 hrs at 37°C. Glycerol (50%) stocks
were made up and stored at -80°C. Plasmid DNA was purified using the Wizard Plus
SV plasmid prep system (Promega, Madison, W1, USA) following the manufacturer’s
protocol.

2.2.3 Cloning of fit-1(1-3) into pCEP-Pu vector

The expression vector pCEP-Pu (donated by Neil Smyth, Institute for Biochemistry II,
Medical Faculty, University of Cologne, Appendix 3.1) and the pCRII/flt-1(1-3)
plasmid (40pul each) were digested with 20 units Hind III and 20 units Not I at 37°C
for 2 hours. To avoid recircularisation the 5°phosphate groups of pCEP-Pu were
removed by digestion with 1 unit calf intestinal alkaline phosphatase (New England
Biolabs) for 30 minutes at 37°C. Fresh phosphatase (1 unit) was added and the
reaction was incubated for a further 30 minutes at 37°C. The products were
visualised on a 1% agarose gel containing 0.13ul/ml ethidium bromide and extracted
using the QIAquick kit (Qiagen Inc., Chatsworth, CA) following the manufacturer’s
protocol. Equal quantities of flt-1(1-3) and pCEP-Pu (total of 6ul) were ligated with 4
units DNA ligase (Promega) for 16 hours at 14.5°C. The ligation product was
transformed into DHS« E.coli (Invitrogen) in accordance with the manufacturer’s
protocol. The transformed bacteria (100ul) were incubated for 16 hours on LB agar
plates (Appendix 1.2) containing 30ug/ml ampicillin (Sigma). Colonies were selected
and expanded in LB broth with 50ug/ml ampicillin, overnight. Glycerol (50%) stocks
were made up and stored at -80°C. Plasmid DNA was purified using the Wizard Plus

SV plasmid prep system (Promega) following the manufacturer’s protocol.

2.2.4 Confirmatory restriction digests

DNA (1ul) was incubated with 20 units of restriction enzyme and respective buffers
(New England Biolabs, Beverly, MA, USA and Promega), with 10mg/ml acetylated

bovine serum albumin (BSA). The reactions were incubated at 37°C for 2 hours and

visualised on a 1% agarose gel containing 0.13 ul/ml ethidium bromide.
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2.2.5 DNA Sequencing

Sequencing reactions were carried out using the dRhodamine dye terminator cycle
sequencing kit (Applied Biosystems) according to the manufacturer’s protocol, using
primers at a concentration of 1.5uM. Briefly, the reaction sequence was 20 seconds at
96°C, 10 seconds at 50°C, 4 minutes at 60°C for 25 cycles (Gene Amp 9600 thermal
cycler, Applied Biosystems, Warrington, UK). Excess dye-labelled terminators were
removed by ethanol/sodium acetate precipitation and the sequence acquired on an

ABI 310 automated sequencer (PE applied biosystems).
2.2.6 Transfection of flt-1(1-3) into 293 EBNA cells

Immortalised HEK 293 EBNA fibroblasts were expanded in Dulbecco’s Modified
Eagle Medium (DMEM) with 1:1 F-12 nutrient mixture. This was supplemented with
10% foetal bovine serum (FBS), 100 units/ml penicillin, 100ug/ml streptomycin and
292ug/ml glutamine. Geneticin was added to a final concentration of 250ug/ml to
select for the EBNA phenotype (all cells and reagents supplied by Invitrogen). Cells
were grown on 10cm? and 14cm? tissue culture dishes (Corning and Cellstar, Greiner
Bio-one, Kremsmuenster, Austria) and subcultured by trypsinisation with medium
changes every 2 — 3 days. Prior to transfection, cells were allowed to reach 80%
confluency in 35mm dishes (Greiner Bio-one). The flt(1-3)- pCEP-Pu plasmid
(1.25 pg or 2.5 pg) was mixed with 10 pg of lipofectamine (Invitrogen) in 200 pl of
serum-free DMEM and allowed to stand for 15 minutes at room temperature.
Meanwhile, the cells were washed twice with serum-free DMEM. An additional 800
ul of serum-free DMEM was added to the DNA-lipofectamine mixture, which was
then added dropwise to the cells and incubated for 5 hours at 37 °C in a 5% CO;
incubator. After 48 hours of culture in complete medium, the transfected cells were
selected by puromycin resistance (0.5 pg/ml, Sigma). Starting at 0.5ug/ml, the
concentration of puromycin was gradually increased to 10ug/ml over the next few

media changes, to select for highly expressing transfected cells.
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Separate 35mm wells were transfected by the above method with pcDNA3-Lac Z
(1.25ug) to determine transfection efficiency. After 48 hours the cells were washed
with PBS and fixed with 4% paraformaldehyde for 10 minutes. The following stain
was added to the cells (2ml per well).

e X-Gal (Promega), to 1.2 mg/ml

e Potassium ferrocyanide (Sigma), to 8.1 mg/ml

e Potassium ferricyanide (Sigma), to 6.3 mg/ml

e Magnesium chloride (Promega), to 2.4 mM
These were all made up in PBS (at the final concentrations stated). Cells were
returned to the incubator, and over the next few hours the extent of blue staining in
the Lac Z-transfected cells was assessed. This indicated successful transfection of the

plasmid and activity of 8-galactosidase arising from expression of the Lac Z gene.

2.2.7 Harvesting of conditioned medium

Once confluent, the cells were washed with PBS twice and incubated in serum-free
DMEM (including penicillin, streptomycin and glutamine, but no puromycin nor
geneticin added). Conditioned medium was collected over the next few days. At
each collection point, protease inhibitors were added (final concentrations of 2mM
phenylmethylsulphonyl fluoride (PMSF, made up in ethanol, Sigma), 2mM N-ethyl
maleimide (NEM, made up in water, Sigma) and 5SmM ethylenediaminetetraacetic
acid (EDTA, made up in water, Sigma)) and if the medium was not used

immediately, snap-frozen in liquid nitrogen before storage at -20°C.

2.2.8 Cell extraction

Cells were washed twice with PBS. Cells were extracted using an SDS based buffer
(Appendix 1.2) containing protease inhibitors, for 5 minutes. Debris was removed by

centrifugation at 15,000x g for 10 minutes at 4°C. The supernatant was processed for
analysis and the pellet stored at -20°C.
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2.2.9 Ultrafiltration of flt-1(1-3)

YM-10 Centriprep concentrators were used (MW cut off 10,000Da, Millipore,
Bedford, MA, USA), according to the manufacturer’s protocol. The resulting volume
of concentrated sample was typically 0.5ml — 1.0ml, depending on the number of
centrifugation steps. Concentrated protein was determined by measuring the optical

density at 280nm using a Beckman Coulter DU800 spectrophotometer.

2.2.10 Sodium dodecyl sulphate/polyacrylamide gel electrophoresis

An ethanol precipitation of samples was carried out by incubating the sample with 9
volumes of ethanol for 16 hours at 4°C, followed by centrifugation at 10,000x g for
30 minutes. Pellets were resuspended in 8M urea. Samples for sodium dodecyl
sulphate/polyacrylamide gel electrophoresis (SDS/PAGE) were mixed with an equal
volume of 2X sample buffer (Appendix 1.2) with -mercaptoethanol (1% v/v, Sigma)
and denatured by heating to 100°C for 5 minutes prior to loading. The addition of 8-
mercaptoethanol and heating steps were omitted when running under non-reducing
conditions. Samples were loaded onto a 4-20% polyacrylamide gradient gel
(Invitrogen) and run at 125V, 35mA for 2 hours in SDS-PAGE running buffer
(Appendix 1.2).

2.2.11 Western blotting

The gel from SDS/PAGE was transferred onto a nitrocellulose membrane (Protran,
Schleider and Schuell, Dassel, Germany) using blotting apparatus (Novex, Invitrogen)
with transfer buffer (Appendix 1.2), at 25V, 125mA for 2 hours. The membrane was
stained for protein by incubation in Ponceau S (Appendix 1.2) for a few seconds, and
excess removed with water. The stain was then removed by incubation with tris-
buffered saline (TBS, Appendix 1.2). The membrane was blocked with either 5%
non-fat dry milk (Marvel, Premier International Foods, Spalding, UK) in TBS for flt-
1(1-3), or with 5% casein (Sigma) in TBS for strep-tag detection. Blocking was
carried out for 16 hours at 4°C or 1 hour at room temperature. Incubation with
primary antibody was carried out at room temperature for 1 hour with one of the

following:
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e Anti-streptavadin tag polyclonal antiserum raised in rabbits (IBA), 1:2000

dilution in 5% casein in TBS.

e Anti-flt-1 monoclonal antibody from mice (Sigma), 1:500 dilution in 5% milk

in TBS.
After three S-minute washes with TBS/Tween (0.05% Tween-20 (Sigma)) the
membrane was incubated for 1 hour at room temperature with the appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody:

e Anti-rabbit-HRP, 1:3000 dilution in 5% casein in TBS (for anti-streptavadin,

Dako, Glostrup, Denmark).

e Anti-mouse-HRP, 1:1000 dilution in 5% milk in TBS (for anti-flt-1, Dako).
The membrane was washed as above followed by two washes in distilled water. The
immunological reaction was revealed using the enhanced chemilluminescence kit
(ECL Plus, Amersham Bioscience, Little Chalfont, UK) according to the
manufacturer’s protocol, and exposed to X-ray film (Hyperfilm, Amersham

Bioscience) for 5 minutes before development.

2.2.12 Slot blot

A nitrocellulose membrane (Protran, Schleider and Schuell) was soaked in TBS and
transferred to a slot-blot manifold (Hoefer PR 648, Amersham Bioscience). Sample
(100ul1) was loaded and vacuum applied across the membrane. Each slot was washed

3 times with 1.0ml TBS under vacuum.

Protein was visualised using Ponceau S, and the membrane was probed with

antibodies as described by the Western blot method.

2.2.13 Silver stain of polyacrylamide gels

The method described here is based on that of Nesterenko ez al.*”.
The following solutions were prepared immediately before use:
Fixative: 12ml of 50% acetone (Fisher)

300ul of 50% trichloroacetic acid (Sigma)

5ml of 35% formaldehyde (Sigma)
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Stain: 12ml distilled water

160ul of 20% silver nitrate (Sigma)

100ul of 35% formaldehyde
Developer:  2.4g sodium carbonate (Sigma) in 12ml water

5ul of 10% sodium sulphite (BDH)

5ul of 35% formaldehyde
Stop solution: 10ml of 1% acetic acid (Fisher)
The gel was placed in a 10cm plastic dish and fixed for 5 minutes. After 3 washes
with distilled water, the gel was placed in water for 5 minutes. The gel was then
washed a further 3 times. For the pre-treatment step, the gel was incubated in 50%
acetone for 5 minutes. The gel was then placed in 0.0167% sodium sulphite in
distilled water for 1 minute and washed 3 times with distilled water. The gel was
stained for 8 minutes and washed twice with water. The developer solution was
added and as soon as protein staining could be seen on the gel the reaction was
stopped. This was left on for at least 30 seconds, and the gel scanned (Umax
PowerLook II). The gel was finally dehydrated with 1% glycerol for 30 minutes.

2.2.14 Deglycosylation of flt-1(1-3)

An flt-1(1-3) sample (20ug) was treated with N-Glycosidase F (PNGase F, New
England Biolabs, Beverly, MA, USA) according to the manufacturer’s instructions.
Briefly, it was added to glycoprotein denaturing buffer (New England Biolabs) and
boiled for 10 minutes. After addition of G7 and NP-40 buffers (New England
Biolabs), 1025 units of N-Glycosidase F was added to the sample and incubated for 1
hour at 37°C.

2.3 Purification and binding affinity of flt-1(1-3
2.3.1 Strep Tag purification, method 1: Column
Strep-Tactin Macroprep slurry (IBA, Géttingen, Germany) was transferred to a HR5/5

column (Amersham Biosciences), to yield a 1ml bed volume, equilibrated with wash

buffer (Appendix 1.2). Flow rate was 1 ml/min and 0.5ml fractions were collected.
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Sample (10 column volumes, CV) was applied to the column and after 21 CV of wash
buffer a gradient up to 0.5mM desthiobiotin (in elution buffer, Appendix 1.2) was run
over 3 CV. The elution buffer (containing 2.5mM desthiobiotin) was passed through
the column for a further 80 CV. The column was regenerated according to the

manufacturer’s instructions.

2.3.2 Strep Tag purification, method 2: Slurry

Conditioned medium (25ml) was incubated with rolling in 1 ml StrepTactin
Macroprep slurry in wash buffer (Appendix 1.2) for 30 minutes at 4°C. The slurry
was pelleted by centrifugation at 1000xg for 5 minutes and the supernatant removed
for storage at -20°C. The slurry was washed by resuspending in 5ml wash buffer and
incubating at 4°C for 5 minutes followed by centrifugation at 1000xg, S minutes. The
supernatant was removed and stored at -20°C. This wash step was repeated to a total
of 3 washes, each wash collected. The slurry was incubated with elution buffer (see
above, also at 300mM Sodium chloride) overnight at 4°C (Appendix 1.2, also used at
300mM Sodium chloride). The slurry was pelleted by centrifugation and the
supernatant stored at -20°C. An additional 1.5ml of elution buffer was added and

after briefly mixing, was spun down and the supernatant collected.

2.3.3 Heparin affinity chromatography

Conditioned medium (200ml) was centrifuged at 5000xg for 5 minutes to remove cell
debris and loaded onto a HiPrep 16/10 Heparin FF column (Amersham Biosciences).
After removing unbound proteins with 2 CV washing buffer bound proteins were
eluted by increasing the sodium chloride concentration from 120mM to 1060mM in a
linear gradient. FIlt-1(1-3) was eluted between sodium chloride concentrations of
277mM and 571mM. The column was regenerated with buffer containing 2000mM
sodium chloride and equilibrated in washing buffer (Appendix 1.2 for recipes).

Fractions (2.5ml) were collected.

68



Chapter 2: Materials and Methods

2.3.4 Cation exchange chromatography

Heparin affinity chromatography fractions positive for flt-1 were pooled, concentrated
down to 1ml (Section 2.2.9) and dialysed against the Cation exchange start buffer
(Spectra/Por 2, Spectrum Labs, Rancho Dominguez, CA, USA, MW cut-off 12-
14,000Da). The sample (500ul) was then run through a cation exchange column
(Mono S 5/50 GL, Amersham Biosciences) and flt-1(1-3) eluted over a gradient of
100mM to 600mM sodium chloride (Appendix 1.2 for recipes). Fractions (500ul)

were collected.

2.3.5 Size exclusion chromatography

Heparin affinity chromatography fractions positive for flt-1 were pooled and
concentrated as above. Samples were applied (500ul) to a gel filtration column
(Superdex 75 HR10/30, Amersham Biosciences) and proteins separated over 1 CV,
using the heparin affinity chromatography washing buffer. Fractions (500ul) were
collected.

2.3.6 Protein concentration assays

The BCA protein assay kit (Pierce, Rockford, IL, USA) was employed, using a
microtitre plate method. Briefly, a series of bovine serum albumin (BSA) standards
were made between 50ug/ml and 2000ug/ml. To these and the test samples the
reaction mix was added and the colour reaction developed for 30 minutes at 37°C.
Colour intensity was measured at 540nm using a Microplate Autoreader EL311, Bio-
Tek instruments. To measure the levels of total flt-1 in the preparations the
Quantikine flt-1 immunoassay kit (R & D systems, Minneapolis, MN, USA) was
used, according to the manufacturer’s instructions, with a soluble flt-1 standard for
calibration. Briefly, this involved a sandwich ELISA-type assay. A monoclonal
antibody against flt-1 was coated onto the plate. The flt-1(1-3) was added, followed
by a polyclonal antibody, conjugated to peroxidase. Tetramethylbenzadine was used

to develop a colour reaction.
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2.3.7. Flt-1(1-3)/VEGF binding assay

The Biacore 3000 (Biacore, Uppsala, Sweden) and the CMS5 sensor chip (Biacore)
were used for this work. The system and chip were washed with HBS-EP buffer
(Appendix 1.3). Firstly, the optimum pH for interaction of vascular endothelial
growth factor (VEGF) with the chip was determined by injecting Sug/ml VEGF
(R&D Systems) dissolved in a number of acidic pH buffers into the system, and
satisfactory interaction was found with a 10mM sodium acetate buffer at pH4.5. The
VEGF (3pg/ml) was then immobilised onto the 2™ flow cell of the chip using 70ul of
100mM NHS (N-hydroxysuccinimide) and 70ul of 400mM EDC (N-ethyl-N'-(3-
diethylaminoprophyl) carbodiimide), with 1M ethanolamine (Biacore) as a block.
The 1* flow cell acted as a blank, having received the same treatment minus the
VEGF. Test samples were diluted to 82ug/ml in HBS-EP buffer and 20l passed over
the chip. The chip was cleaned with 50mM sodium hydroxide. Data was analysed

using the BiaEvaluation software.

2.4 Biological assays of hydrogel with flt-1(1-3)

3.4 Chick chorioallantoic membrane assay

White fertilised chicken eggs were obtained from Henry Stewart Ltd., Louth, UK and
incubated at 38°C for 3 days. At day 3 the eggs were windowed as follows: the
rounded end of each egg was pierced with a 0.8 mm gauge needle and 2 ml of
albumin drained off, care taken not to pierce the yolk sac. The CAM was allowed to
drop for 5 — 10 minutes, and a strip of sellotape placed on the upward facing side of
the egg. Using fine scissors, a window of approximately 1.5 cm? was cut through the
sellotape and underlying shell. Unfertilised eggs and those with damaged CAMs
were discarded. The window was sealed with a second strip of sellotape, as was the
hole in the rounded end of the egg. The eggs were returned to the incubator for a
further 4 days. At day 7 the test material was prepared. The test sample (or PBS)
was mixed with HAED and crosslinker to produce a hydrogel with final volume of
600ul. The components were mixed as described in Section 2.1.4 and allowed to set

for approximately 1 hour inside the syringe. The syringe containing the hydrogel was
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sliced into 50ul sections to yield hydrogel discs of diameter Smm and height 3mm.
Eggs were removed from the incubator and the sellotape® seal over the window cut
away. Any dead embryos were discarded. One hydrogel disc per egg was gently
placed on the CAM, with a negative control of no hydrogel. Images were taken using
a Tessovar (Zeiss) dissection microscope coupled to a Leica 35mm camera with
Velvia F100 (Fuji) film. The window was resealed with a strip of sellotape®. At day
10 the sellotape® was once again removed, and images taken using the above set-up.
A selection of hydrogels was removed from the CAM for histological processing.
These were fixed overnight at 4°C in 4% paraformaldehyde, followed by formulin
before paraffin wax embedding. The embedding and subsequent sectioning and
staining with haematoxylin and eosin were kindly carried out by Ms Kath Allsop.
The eggs were destroyed at day 10. Results were obtained from approximately 67%
of the originally incubated eggs. The 33% loss arose from unfertilised eggs, dead
eggs, damaged CAMs or breakages.

2.4.2 Rat metatarsal bone formation assay

A pregnant female Wistar rat was euthanased 19 days post-conception and developing
embryos removed. The hindlimbs of each embryo were excised and the three central
metatarsal bones removed to ice cold PBS and kept together. Hydrogels were
prepared by mixing the test sample (or PBS) with HAED and crosslinker, which were
mixed as described in Section 2.1.4. The hydrogel was allowed to set within the
syringe at 4°C 2 days prior to use. The syringe containing the hydrogel was sliced to
yield 50pl discs, diameter Smm, height 3mm. In a 12-well plate (BD Bioscience, San
Jose, CA, USA) the isolated metatarsals were placed onto the hydrogel disc, one disc
and three metatarsals per well. For each test sample or control six discs (up to 18
metatarsal bones) were set up. ¢-MEM containing 0.3 % FBS and 5ug/ml ascorbic
acid (all ingredients: Sigma, Poole, Dorset) was added at 2 ml per well. Images were
taken using an Olympus CK40 microscope attached to a Camedia C-3030 digital
camera (Olympus). The hydrogels were incubated at 37°C, 5% CO,. Every 1-3 days
fresh ascorbic acid was applied to each well, but otherwise the medium was not
changed. After 3 and 7 days further images were taken. Using Image-Pro Plus v
4.5.1.22 (Media Cybernetics, Inc.) the length of the calcified zone in each metatarsal
was measured for days 1, 3 and 7. At 7 days, one set of three metatarsals from each
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test group was fixed in 10% formulin (Fisher) and embedded in paraffin wax. An
aliquot of the medium was also collected. Some sections (4um) were made and
stained with Haematoxylin and Eosin, by conventional methods. This histology work
was kindly carried out by Ms Kath Allsop.

2.4.3 Immunohistochemistry of foetal rat metatarsals

Sections (4um) were taken of each wax-embedded metatarsal and deparaffinised
(incubated for 10 minutes in Xylene twice, 5 minutes in 100% ethanol twice, then 5
minutes sequentially in 90% ethanol, 70% ethanol, 50% ethanol and PBS). The
metatarsals were fixed in 4% paraformaldehyde (Fisher) and washed in PBS for 5
minutes. They were then digested with Protease XXIV (Sigma) for 10 minutes at
37°C and washed with PBS. The metatarsals were blocked for 16 hours in 10% FBS,
5% BSA, made up in PBS. The metatarsals were incubated in a 1:20 dilution (in 1%
BSA/PBS) of polyclonal anti-von Willebrand Factor antibody (Sigma) for 90 minutes
at 37°C and washed 3 times in PBS. They were then incubated in a HRP-conjugated
anti-rabbit secondary antibody for 90 minutes at 37°C and then washed 4 times in
PBS. The HRP substrate Diaminobenzadine (DAB) (10ul of 15mM) was diluted in
1.99ml] of 15mM sodium phosphate buffer, pH6.4, with 2ul of 30% hydrogen
peroxide. This substrate mixture was placed on each metatarsal and the reaction
allowed to continue for a few minutes until brown staining on the metatarsals could be
seen, at which point the reaction was stopped with distilled water. The sections were
counterstained with methyl green to enable visualisation of the nuclei of cells within
the tissue. Each section was incubated with 1% methyl green (Sigma) in 20% ethanol
for approximately one minute. The sections were thoroughly washed with distilled
water and the colour developed with 70% ethanol. Once the sections were dry, they
were mounted using Entellan (Merck) and analysed on an Olympus AX70

microscope.
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3.1 Hydrogel Characterisation Introduction

This chapter describes the construction of hyaluronan (HA)-based hydrogels. It assesses
any toxic effects of their formation in vitro and the suitability of the hydrogels for the

delivery of bioactive agents in vivo.

HA is an important constituent of cartilage, not only in a structural role in maintaining the
organisation of the tissue, but also as a signalling molecule. Furthermore, its viscoelastic
and biocompatible properties, along with its relatively simple structure make HA a good
candidate for new biomaterials (Section 1.1.4). HA has a repeating disaccharide structure
of D-glucuronic acid and N-acetyl-D-glucosamine residues (Figure 3.1), which can be
modified through the amide moiety on the D-glucosamine residues, the carboxyl group on

the D-glucuronic acid residues, or the hydroxyl groups®**#!°,

Auto-crosslinked polysaccharides (ACP) result from condensation of HA to achieve
esterification between the carboxyl and hydroxyl groups on the same or different
polymers. The hydrogel thus produced does not contain any different residues from
native HA*"'. Hylans arise from HA crosslinked with divinyl sulfone, which does not
affect the carboxyl or acetomido groups and represent a family of HA derivatives that can

be used in a range of applications (Section 1.6.4)***"!

. Esterification of the carboxyl
groups with an alcohol increases hydrophobicity to produce the group of biomaterials
known as HY AFFs, which exhibit different solubility and structural properties compared
to HA, despite not technically being classed as hydrogels, as there is no crosslinking
between strands®*. Barbucci et al.*® have reported on a modification to carboxyl groups
using tetrabutylammonium and 2-chloro-1-methylpyridinium iodide. To this attaches a
large diamine bi-functional crosslinker, which forms a crosslink by simultaneously
connecting to another modified carboxyl group and leading to hydrogel formation. This
group also revealed that sulphating the molecule further enhanced resistance to enzymatic
degradation. A method of crosslinking the hydroxyl groups with a diepoxide such as

PEG diglycidyl ether has been developed*’. This has the advantage of leaving the

73



Chapter 3: Hydrogel Characterisation

carboxyl groups intact for other modifications. This study coupled biotin to the carboxyl

groups, suggesting that other agents could be attached to promote a biological effect.

A material that crosslinks in situ can be injected as a liquid, to form into a solid in the
tissue. This minimises surgical invasion and allows penetration of the resultant scaffold
into fissures within the damaged tissue. Pre-prepared thiolated HA can be crosslinked
under physiological conditions via the carboxyl groups using esters or amides of
poly(ethylene)glycol (PEG)*'. Alternatively, the carboxyl groups on HA can be
modified to methacrylate esters, which upon exposure to the correct wavelength, can be

photopolymerised in situ***'2,

However, the altered physical characteristics of some of these biomaterials, or duration
time and harsh conditions required to crosslink HA derivatives into a hydrogel, limit the
applications of these products. Previous work by this laboratory has developed a method
whereby a pre-derivatised HA can be crosslinked under physiological conditions in
minutes, without the loss of other functional groups on the molecule, thus retaining many
of the original properties of HA*®. Moreover, this technique has the advantage of
allowing in situ hydrogel formation and the possible incorporation of cells or bioactive

agents during the crosslinking process.

This chapter describes the characterisation of these hydrogels as follows:

e The modification of HA to an ethylenediamine derivative (HAED) and hydrogel

formation.

e The structural and mechanical assessment of the hydrogels.

e Testing of the hydrogels for biological effects.
The derivatisation of HA (Figure 3.1B) was carried out using an established method*®,
with subsequent crosslinking (via a commercially available crosslinker) into a hydrogel
(Figure 3.2). The viscoelastic properties of HA and its derivatives have successfully been

Al4

investigated by rheology*® Therefore, this technique was applied herein after the

preliminary studies and the optimal concentrations of the hydrogel components were
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Figure 3.1: Chemical structure and derivatisation of HA. A: Structure of hyaluronan, indicating the
sites for subsequent derivatisation. B: Derivatisation of hyaluronan to HAED with ethylenediamine.
The intermediate was formed using a carbodiimide (EDC) / hydroxybenzotriazole (HOBt) - catalysed

reaction.
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Figure 3.2: Crosslinking of SPA;-PEG (structure A) with the derivatised side chain of HAED (structure
B) to produce a hydrogel (structure C).
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determined. Fourier-Transform Infrared Spectroscopy (FT-IR) has previously been
employed to detect differences in the functional groups brought about by
derivatisation*®. It was postulated that by measuring the change in the amine functional
groups of HAED to an amide as the crosslinking reaction proceeded, the actual, rather
than the calculated, extent of crosslinking could be deduced. This would provide
information on the average pore size within the resultant hydrogel, an important
consideration for in vivo applications involving cell delivery or infiltration into the

biomaterial.

The in vitro cytotoxicity of the crosslinking reaction on cells was assessed by means of a
fluorescent live/dead cell cytotoxicity kit, previously used to reveal the toxicity of
hydrogels®***”!, This principle was applied to further quantitatively examine cell survival
using flow cytometry. The in vivo tolerance of the hydrogel was confirmed with an
ectopic bone formation assay following subcutaneous implantation, an established model
in material testing*'®. It is of importance that the matrix scaffold supports infiltration of
mesenchymal stem cells so that growth factor-induced tissue transformation can occur. If
the scaffold is not well tolerated by the surrounding tissue, the presence of inflammatory
cells may disrupt infiltration and differentiation of stem cells, resulting in altered tissue

regeneration.

This chapter demonstrated that an elastic hydrogel can be formed upon crosslinking of
modified HA and the properties of the hydrogel may be manipulated through adjustment
of component concentration. Collagen can be incorporated into the hydrogel without loss
of crosslinking ability and that the crosslinking reaction is non-toxic to cells in culture.
The resultant hydrogel allows infiltration of cells in vivo and can induce bone formation

when an osteogenic agent is incorporated into the modified HA prior to crosslinking.
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3.2 Hydrogel Characterisation Results

3.2.1. Derivatisation of hyaluronan

Hyaluronan (HA, 1.5  million Daltons) was derivatised using a
carbodiimide/hydroxybenzotriazole-catalysed reaction to couple ethylenediamine to
the carboxyl moiety on the D-glucuronic acid of HA (Figure 3.1)*®. The
ethylenediamine derivative (HAED) formed was purified by ethanol precipitation,
following formation of the sodium salt. The concentration of the final HAED was
15mg/ml. A 2, 4, 6-trinitrobenzenesulphonic acid (TNBS) assay for the quantification
of amines was employed to determine the extent of derivatisation of the carboxylic
acid groups, which was 12.4% +5 (n=9)*'°. To confirm the findings from the TNBS
assay, the change in concentration of D-glucuronic acid was examined utilising the
reaction of hexuronic acids with carbazole, which lead to a colour change which could
be quantified spectrophotometrically*'’. The decrease in concentration was inversely

proportional to the extent of D-glucuronic acid modification to the derivative, and was

found to reflect the results of the TNBS assay.

3.2.2. Gross examination of hydrogels

The HAED was crosslinked into hydrogels by mixing with bi- or tetra-functional

active ester crosslinkers, which reacted with the derivatised side chains to form a

peptide bond (Figure 3.2). Four crosslinkers were investigated:

e 2 - arm polyethylene glycol - succinimidyl propionate (SPA,-PEG, MW 3.4kDa).

e 4 - arm polyethylene glycol - succinimidyl propionate (SPA4-PEG, MW 20kDa).

e SPA4-PEG, MW 10kDa.

e Succinimide ester of carboxymethylated 4 - arm polyethylene glycol (SC4-PEG,
MW 20kDa).
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Table 3.1: The effect of the different components on the gel-like quality of the material. For gel
score, see text. Each gel consisted of 9mg/ml HAED, 1:1 SPA,-PEG (20kDa) : HAED, with no
collagen, except where stated.

Gel score 0 1 2 3
6mg/ml HAED v

9mg/ml HAED v
12mg/ml HAED
15mg/ml HAED v
(No crosslinker) v

0.1:1 SPA4-PEG (20kDa) v

0.5:1 SPA4-PEG (20kDa) v
1:1 SPA4-PEG (20kDa)

1.2:1 SPA4-PEG (20kDa)

1.5:1 SPA4-PEG (20kDa)

2:1 SPA4-PEG (20kDa)

1:1 SPA,-PEG (3.4kDa)

1:1 SC4-PEG (20kDa)

1:1 SPA4-PEG (10kDa) v

<

AN NN N

Pepsinised collagen 6mg/ml v

<

Pepsinised collagen 9mg/ml
Pepsinised collagen 12mg/ml v
Telocollagen 0.5mg/ml v

Telocollagen 1mg/ml v
Telocollagen 1.5mg/ml v
Telocollagen 1.75mg/ml v
Telocollagen 2.5mg/ml v
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Hydrogel quality was defined as a material exhibiting elastic gel-like properties
noticeably firmer compared to the viscous non-crosslinked material. This was
initially assessed by its ability to retain its structure when smeared with a pipette tip
(smeared material indicated the presence of a viscous liquid), to return to its original
shape following manual downward pressure onto the hydrogel and to maintain
sufficient structural integrity to allow lifting of the whole material with forceps. The
material could be scored thus:

» 0: no hydrogel had formed. The material behaved as a viscous fluid, identical
to HAED. It could not be lifted with forceps.

» 1: some crosslinking had occurred, but the mixture could be smeared with a
pipette tip although some resistance was evident. It could not be lifted with
forceps without disintegrating.

> 2: a noticeable hydrogel had formed. The material could be lifted in one
piece with forceps and offered resistance to pressure. However, a little
smearing was still noticeable.

» 3:a good quality hydrogel, producing a rubbery-like material which could not
be smeared and returned to original shape upon depression. This could easily

be handled with forceps.

Table 3.1 shows a summary of the effect of each component concentration on the
resulting hydrogel. The HAED concentration was not increased above 15mg/ml as
this would have been above the physical limit of solubility. Although hydrogels
containing 9mg/ml were slightly weaker than with 12mg/ml or 15mg/ml, the lower
concentration meant that the fraction of HAED in the total volume of the hydrogel
was decreased, allowing other materials such as collagen to be incorporated without

affecting the overall volume of the hydrogel, with little compromise in hydrogel
quality.

Both the SC4-PEG (20kDa) and SPA,-PEG (3.4kDa) crosslinkers yielded firm, type 3
hydrogels after 5 minutes. The crosslinking reaction using SPA4-PEG (20kDa)
proceeded at a slower rate, reaching completion after 10 minutes. However, the
SPA4-PEG (10kDa) crosslinker failed to produce a noticeable hydrogel and it was

suspected that a problem with the manufacturing process had rendered this crosslinker
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inactive, so it was omitted from further experiments. Alternatively, the side chains of
this crosslinker may have been too short to enable crosslinking between HAED
molecules. The SC4-PEG crosslinker produced the best hydrogels, indicating that
these crosslinker groups were more reactive. However, this crosslinker was not freely
available due to patent protection, so its use was restricted.  Figure 3.3
macroscopically illustrates the effects of crosslinker on the properties of the hydrogel.
Hydrogel properties could be greatly influenced by changes in crosslinker
concentration. The ratio of 1:1 (crosslinker) : (HAED) functional groups resulted in
type 3 hydrogels without using as much material as higher concentrations, so was

selected for future work.

Two forms of bovine type I collagen were evaluated — pre-fibrillised telocollagen and
pre-fibrillised pepsinised collagen. The collagen was sheared through a 450um
diameter needle, to enable greater homogeneity when mixed with HAED. The
reasons for incorporating collagen were two-fold. Firstly, it retains collagen-binding
factors within the hydrogel, when used as a delivery system. Secondly, the presence
of collagen may facilitate the migration of cells into the hydrogel*®. As collagen was
incorporated into HAED prior to addition of the crosslinker, the influence of the
amine groups of collagen lysine residues on the crosslinking reaction was considered.
At the collagen concentrations used, it was deduced that the presence of lysine would
alter the Molar ratio of amine groups available for crosslinking by a maximum of
10%, which would change the total amine group to crosslinker ratio from, for
instance, 1:1 to 1.1:1. This change produced little discernable difference in the
properties of the hydrogel, and therefore was not taken into account on the inclusion

of collagen.

Hydrogels containing higher concentrations of fibrillised telocollagen (Table 3.1)
disintegrated when smeared. It was probable that the physical bulk of the collagen
disrupted the crosslinking reaction, leading to steric hindrance of the reactive groups.
Pepsinised collagen produced smaller and more homogenous fibrils, which could be
incorporated at higher concentrations without such disruption to the crosslinking
reaction. Telocollagen could not be added at these concentrations and achieve
fibrillisation. These hydrogels were very spongy and resistant to pressure. These

properties were probably caused by the additional physical properties of the collagen
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pipette tip 2 minutes after mixing (the protrusion seen in some images) and images taken afier 30 minutes.

Gels contain 9mg/ml HAED, a crosslinker : HAED ratio of 1:1, SPA,-PEG (20kDa) crosslinker, except

does not allow the smeared region to
crosslinked by 2 minutes, but is more resistant to smearing than 0.1:1 and at 30 minutes is much more

e. C: SPA,-PEG (10kDa), with a flattened shape as it behaves as a viscous liquid, and

domed and gel-lik
the smeared region flowed back into the rest of the material. D: SC,-PEG (20kDa), this cannot be smeared
at 2 minutes as a hydrogel has formed by this poini, resulting in a docmed profile. E: SPA;-PEG (3.4kDaj},
this can be smeared a little, but has begun to solidify by 2 minutes. F: 6mg/ml HAED, this is not as solid as
(A), the smear begins to flow back into material before crosslinking was complete. G: 1.5mg/ml fibrillised
telocollagen, the hydrogel is softer and easier to smear. H: 9mg/ml fibrillised pepsinised collagen, has a

rougher surface, the hydrogel is more dense and smearing is mere difficult. Scale bar = Smm.
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rather than any chemical interaction with the crosslinker. The macroscopic

appearance of hydrogels with collagen is illustrated in Figure 3.3.

In summary, the findings of these initial experiments were:

e HAED concentration had to be at least 9mg/ml to form firm hydrogels.

e A ratio of crosslinker : HAED reactive groups of between 0.5:1 and 2:1
produced the firmest hydrogels.

e The SPA4-PEG (10kDa) crosslinker was inactive, but SPA;-PEG (20kDa),
SC4-PEG (20kDa) and SPA,-PEG (3.4kDa) could all form hydrogels.

e The reaction reached completion within 10 minutes, although SCs;-PEG
(20kDa) and SPA,-PEG (3.4kDa) formed hydrogels more rapidly.

e The incorporation of collagen resulted in denser hydrogels that were more

brittle.

3.2.3. Rheology

The aforementioned method of hydrogel quality assessment had a number of
shortcomings, not least the subjective nature of evaluation and potential for operator
variation. Rheological analysis allowed the elastic and viscous characteristics of the
hydrogel to be determined, enabling more critical comparison between hydrogels. A
hydrogel would be expected to have considerable elastic properties, unlike the highly
viscous HAED. The elastic and viscous quantities determined by rheology are

described more thoroughly in Section 2.1.6.

The HAED concentration and crosslinker ratio selected yielded firm hydrogels, whilst
minimising reagent quantities. The final volume of each hydrogel was established to
550u1 with phosphate buffered saline (PBS), except in collagen-containing hydrogels
where the volume of each constituent was doubled (explained below). Immediately
after mixing, the setting hydrogel was loaded onto the theometer and the parallel plate
lowered to leave a gap of 300um, or 700um for collagen-containing hydrogels. For
each variable, hydrogels were tested in triplicate.

A plate-style rheometer can apply shear forces equally across a sample (Figure 3.4).

Either a coned plate or a parallel plate can be used. A parallel plate was used
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Coned plate

Hydrogel

N Bottom
(heated) plate

Parallel plate

Hydrogel

™~ Bottom
(heated) plate

Figure 3.4: Diagrammatic representation of the setup for the rheological measurement of hydrogels,

with the oscillation of the upper plate indicated. A: A coned upper plate, illustrating the decrease in

gap distance between the point of the cone and the bottom plate. B: A parallel plate, with a uniform

gap distance across the sample. The parallel plate setup was used in this study.
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in the present study, to avoid complications due to large collagen particles under the
point of the cone disrupting measurements*'®.  Although collagen was sheared
through a 450um needle before incorporation into a hydrogel, the gap distance
between the parallel plates was increased to 700um, with a relative increase in total
hydrogel volume. This increased the homogeneity of the collagen-containing

hydrogels.

Briefly, the quantities for studying elastic and viscous properties are as follows:

e (G’ is the “Storage Modulus”. This describes the elastic properties of the
hydrogel, expected to increase with hydrogel formation.

e G"is the “Loss modulus”. This relates to the viscous properties, anticipated to
decrease with hydrogel formation.

e Tan § is the phase shift caused by the response of a material to an applied
oscillatory force. This indicates whether the material is behaving in an elastic
or viscous manner, with a decrease in tan § indicating increasing elasticity.
Therefore, this value would be expected to decrease as the hydrogel formed.

The definitions of these quantities are discussed in more depth in Section 2.1.6. The

arithmetic mean was calculated from the triplicates at each time point.

Figure 3.5 shows the relationship between the three variables in two different
samples. Sample A contains HAED only (9 mg/ml), with no hydrogel forming.
There appears to be a very slight decrease in elasticity, shown by the drop in tan &
coupled with the increase in G’ (Figure 3.5A). This small change could have resulted
from slight dehydration of the hydrogel on the rheometer. In contrast, Figure 3.5B is
a hydrogel of crosslinker to HAED ratio of 2:1, showing a marked increase in
elasticity. Tan & decreased in value and although G” initially increased, it levelled off
as the hydrogel became more elastic. Explanations for this are discussed in Section
3.3.2. A sharp increase in G’ was observed as the material became more elastic, so
this parameter was selected to describe the characteristics of the hydrogels in

subsequent experiments.

Figure 3.6 shows hydrogel elasticity (G') under different conditions. Figure 3.6A

demonstrates the importance of crosslinker concentration in the production of a
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hydrogel. There was no increase in elasticity when no crosslinking had occurred (red
line), while the elasticity of the material increased with increasing crosslinker
concentration, up to 1.5:1. However, very high levels of crosslinker (5:1) led to a
reduction in hydrogel quality. The use of high levels of crosslinker was not pursued,
as the ability to form hydrogels at low crosslinker concentrations was of more
relevance to the study. The rheological data concurred with the previous observations
(Section 3.2.2.) that good quality hydrogels are attainable with crosslinker

concentrations above 0.5:1.

Predictably, increasing the HAED concentration also increased the elasticity of the
hydrogel, as more amine groups were located closer together to ameliorate
crosslinking (Figure 3.6B). The fluctuations in the graph at the HAED concentration
of 6mg/ml were considered to be caused by drying out of the material. The addition
of pepsinised collagen concurred with the observations in Section 3.2.2, with a very
firm, rubbery hydrogel formed, as demonstrated by Figure 3.6C. Telocollagen did not
have the same effect, in that there was a slight reduction in the quality of the hydrogel.
This correlated with the previous findings, where at higher telocollagen

concentrations, hydrogels were weaker and more fragile.

The choice of crosslinker also affected these properties of the hydrogels. As reported
in section 3.2.2 the SC4-PEG (20kDa) yielded the firmest hydrogels (Figure 3.6D).
The SPA4-PEG (20kDa) and SPA,-PEG (3.4kDa) hydrogels were similar, while the
SPA4-PEG (10kDa) did not form hydrogels. Figure 3.6E demonstrated that the
crosslinking reaction proceeded more rapidly at an increased temperature. The stutter
at approximately 700 seconds was attributed to the hydrogel dehydrating with
increased temperature and adherence to the apparatus. This was followed by a sudden

release with the next oscillation causing the observed drop in the reading.

Future clinical applications of HAED hydrogels may require the crosslinking reaction
to occur in situ, in a “wet” environment. The closest approximation to this attainable
with the rheometer was accomplished by surrounding the crosslinking hydrogel with
PBS prior to the rheometer plate making contact with the sample. During testing,
additional PBS was added to the exposed hydrogel around the sides of the plate.
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Figure 3.5: Rheological data for two HAED hydrogel preparations. A: HAED only (9mg/ml
HAED, no crosslinker added). B: A firm hydrogel (9 mg/ml HAED, crosslinker added (2:1)). This

data represents a single run.
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Figure 3.6: The storage modulus indicating elasticity as a function of time, for HAED hydrogels.
Conditions except where specified: 9 mg/ml HAED, crosslinker ratio 1:1, crosslinker SPA;-PEG
(20kDa), 25°C, no PBS around the hydrogel. The following conditions were altered: A:
crosslinker : HAED groups; B: HAED concentration; C: Collagen concentration; D: type of
crosslinker; E: reaction temperature; F: surrounding the hydrogel with PBS. Each plot represents

n=3, (Continued over the next two pages.)
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Figure 3.6F exhibited a drop in hydrogel elasticity and thus hydrogel formation, upon
addition of PBS. Although the previous assessment had implied that the crosslinking
reaction reached completion within 10 minutes (Section 3.2.2), the G’ value did not
level off as expected at this point (Figure 3.5). This was investigated further by
measuring hydrogel crosslinking over 90 minutes, as any longer led to deformation of
the hydrogel as a result of dehydration. To limit dehydration over the longer run time,
the outer edge of the sample was surrounded by PBS after the plate had been lowered.
A levelling off of tan § was demonstrated after 30 minutes (1600 seconds), indicating
that no further change in viscosity occurred within the hydrogel (Figure 3.7).

To further explore the characteristics of the hydrogel using an alternative
experimental approach, the “creep” response of the material was investigated. Once
the hydrogel had been allowed to crosslink for 15 minutes, a constant shear force was
applied and the resulting displacement, or creep, measured. After 10 minutes, the
force was removed and the movement of the material to its original position was
measured. A viscous material would be expected to show little resistance, allowing
the plate to move easily. Conversely, an elastic material would offer resistance with a
slower “creep” by the material in reaction to the applied force. However, upon testing
of the hydrogels, an interesting observation was made. Instead of a steady creeping of
the elastic hydrogel, a ringing-type response occurred (Figure 3.8). Even so, this
measurement can be correlated to the oscillation experiments already described
previously by the tan § parameter. The A, and A,+; values indicated in Figure 3.8

refer to the maximum displacement of each vibration of the hydrogel, and tan 6 can be

—mf A
A—ln(::) M

A=7wtanéd 2

deduced as follows:

Followed by:

At 15 minutes (900 seconds), the tan & value was already very small (Figure 3.5B).
The hydrogel shown in Figure 3.8 yielded a tan 6 value at 15 minutes of 0.059,
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Figure 3.8: The displacement (milliradians) in response to SOPa applied force, of hydrogel consisting of
9mg/ml HAED, 1:1 SPA4-PEG (20kDa), no collagen. A, and A,., indicate points for calculation of the
logarithmic decrement (see text).
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Table 3.2: Preparation of HAED samples containing different concentrations of carbodiimide to attain a

range of percentage modifications of carboxylic acid side chain.

Molar excess of | % Modification
carbodiimide

0X 2.5

025X 2.0

0.65 X 2.2

1.6 X 3.8

4X 7.0

10 X 18.9
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Table 3.3: The functional groups, with their respective spectrum peaks, of interest to determine the

extent of the crosslinking reaction occurring within HAED hydrogels.

Identifying spectrum peaks

Functional group ()
cm’

3500-3300
Amine 2700-2300
1650-1560

3000-2500
Carboxyl
1725-1700

3460-3400
Amide 1700-1670

1550-1510

98



Chapter 3: Hydrogel Characterisation

3.2.5. Cell viability assay

To examine any toxic effects of the crosslinking reaction on cells, HCA, fibroblasts
were incorporated into crosslinking hydrogels and incubated for 24 hours at 37°C,
with 5% CO,. The fibroblasts were stained with calcein AM and ethidium
homodimer-1. The cell-permeable calcein AM was converted by the esterase activity
of live cells to produce fluorescent calcein with a green fluorescence at excitation
495nm and emission 515nm. Ethidium homodimer-1 entered cells with damaged
membranes and bound to nucleic acids, producing a red fluorescence at excitation

495nm and emission 635nm. After staining, the cells were fixed and examined.

Figure 3.10 compared the effects of hydrogel density through crosslinker ratio, upon
cell viability. It has been previously determined that when very little crosslinker was
applied (0.1:1), no hydrogel formed (Section 3.2.2). This resulted in the diffusion of
fibroblasts through the HAED to the bottom of the well. The fibroblasts formed a
monolayer, with virtually no cells being suspended in the hydrogel (Figure 3.10).
There was little indication of cell death. With a firmer hydrogel (1:1), the cells were
embedded within the hydrogel matrix, indicated by blurring in the magnification
plane. Associated with this was a slight increase in cell death after 24 hours,
indicating a potentially toxic effect of the hydrogel. Within a denser hydrogel (2:1),
the cells were more dispersed within a three dimensional matrix, with a notable

increase in cell death.

For comparison, the SC4-PEG (20kDa) crosslinker was also tested and exhibited a
higher level of cell survival than SPA4-PEG (20kDa) (Figure 3.11). The SPA,-PEG
(3.4kDa) was not tested as it was proposed that the small pore size generated by the

smaller crosslinker would not support cell infiltration, as previously observed*®.

Collagen was incorporated into HAED prior to crosslinking, and the effect of collagen
on cell survival and spreading was investigated (Figure 3.12). Cells incubated in
hydrogels containing pepsinised collagen exhibited more cell death than those in the
absence of collagen, probably as a result of the increased density of the material.
Figure 3.12 demonstrated some simultaneous green and red staining by the same cells
following treatment with fibrillised telocollagen. This could indicate the early stages

of cell death, as the esterases required to trigger calcein fluorescence were still present
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but cell membrane integrity was being lost. This would cause the dual staining

observed.

As a future purpose of the hydrogels would be to provide a delivery vehicle scaffold
in cartilage lesions, the effects of crosslinking hydrogels on porcine chondrocyte
survival was investigated (Figure 3.13). It was demonstrated that the cell survival was
comparable to that of the HCA, fibroblasts, indicating that these hydrogels did not
have a particularly detrimental effect on chondrocytes.

In summary, this approach demonstrated that:
e The crosslinking reaction and hydrogel showed early signs of toxicity to
fibroblasts after 24 hours, even at relatively high concentrations of crosslinker.
e A lower crosslinker : HAED ratio allowed increased cell survival.
e The presence of collagen reduced cell viability.
e Chondrocytes were comparable with fibroblasts in tolerating the crosslinking
reaction.

e This method was not ideal for quantification of cell toxicity.
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Live Dead

0.1:1

Crosslinker : HAED ratio

Figure 3.10: Cell viability in HAED hydrogels. Calcein live cell stain (A, C, E) and ethidium
homodimer-1 dead cells stain (B, D, F) of 2x10° HCA, fibroblasts incorporated into hydrogels of
12mg/ml HAED, 12mg/ml pepsinised collagen, SPA4-PEG (20kDa) crosslinker at the crosslinker :
HAED ratios as shown. Scale bar = 200pym.
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Live Dead

SPA4+PEG
(20kD)

SC+PEG
(20kD)

Figure 3.11: Calcein live cell stain (A, C) and ethidium homodimer-1 dead cells stain (B, D) of
2x10° HCA, fibroblasts in hydrogels of 12mg/ml HAED, 12mg/ml pepsinised collagen, at the
crosslinker : HAED ratio of 0.5:1, the ratio selected as preliminary results showed a good response at

this ratio. The type of crosslinker used is indicated on the left. Scale bar = 200um.
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Live Dead

No collagen

Pepsinised
collagen
12mg/ml

Fibrillised
telocollagen
1.75mg/ml

Figure 3.12: Calcein live cell stain (A, C, E) and ethidium homodimer-1 dead cell stain (B, D, F) of
2x10* HCA, fibroblasts in hydrogels of 12mg/ml HAED, SPA4-PEG (20kDa) crosslinker at 0.5:1 ratio
with HAED. Scale bar = 200um.
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Live Dead

Figure 3.13: Calcein live cell stain (A) and ethidium homodimer-1 dead cell stain (B) of 2x10*
porcine chondrocytes in a hydrogel of 12mg/ml HAED, SPA,-PEG (20kDa) crosslinker at 0.5:1 ratio
with HAED. Scale bar = 200um.
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3.2.6. Flow cytometry
Flow cytometry was used as an alternative method to quantify cell survival in the
crosslinking hydrogels. HAED-based hydrogels were prepared to test cell toxicity, in
response to the following factors: crosslinker concentration, crosslinker type and
HAED concentration. Collagen was excluded from this set of experiments for reasons
given in Section 3.3.5. HCA,; fibroblasts were integrated into hydrogels during the
crosslinking reaction and incubated for 16 hours. Hyaluronidase digestion liberated
the cells from the hydrogel, as described previously’” and from preliminary
experiments in the present study. The cells were pelleted and stained with propidium
iodide (PI), as previously used**”.

DNA in dead cells, upon which its fluorescence increases 20 - 30-fold. The DNA-PI

This chromophore integrates into accessible

complex excites at 488nm with maximum emission at 615nm (supplier literature). A
positive control was prepared by placing a hydrogel containing cells into toxic
methanol, thus producing 100% toxicity. Fibroblasts grown as a monolayer under
normal tissue culture conditions provided a negative control with very little PI
staining, indicative of good cell survival. For each variable 5 hydrogel/cell complexes

were analysed in parallel.

Flow cytometry was performed on 5000 events (cells) per hydrogel. PI was detected
using the flow cytometer photomultiplier tube FL3. All HCA, fibroblasts naturally
exhibit autofluorescence, which was exploited by using the signal from the
photomultiplier tube FL1 (whose wavelength settings cannot detect PI) as the x axis
when plotting the intensity of the PI signal. Figure 3.14 demonstrates a selection of
typical data obtained. Parts A, C, and E show histograms of the intensity of the PI_
signal in the cells analysed (logarithmically transformed). The live cell control (A)
shows a peak of events at a low PI intensity, indicating live cells, with small numbers
of dead cells (high intensity). By contrast, part C represents the dead cell control,
showing peaks of high PI intensity. Part E represents a hydrogel example showing a
mixture of live and dead cells. The corresponding dot plots are of the FL1 readings

plotted against PI intensity (FL3).
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Figure 3.14: Histograms (A, C, E) and dot plots (B, D, F) following flow cytometry, for HCA, fibroblasts
stained with propidium iodide, to yield fluorescent dead cells. (A, B) Negative control (cells grown in a
monolayer). (C, D) Positive control (cells killed). (E, F) Fibroblasts cultured for 16 hours in hydrogel
(9mg/ml HAED, SPA4-PEG (20kDa) crosslinker ratio 1:1), showing both live and dead cells.
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The dot-plot depiction provided a more appropriate method to identify and quantify
the PI positive populations (in the upper half of the plots) than the histograms. This
was described as a percentage of the total events measured, from which the reciprocal
percentage of live cells was calculated. The results were statistically analysed to
reveal any significant change in cell survival in the hydrogels. The non-paired T-test
showed that there was a significant overall reduction in cell survival in the hydrogels
compared to those grown in a monolayer (p<0.05), although there was significantly
less cell death compared to the dead cell control (p<0.05) (Appendix 4).

The one-way ANOVA statistical test was employed to determine if there was any
difference with respect to cell survival for the following groups of variables:

e Crosslinker ratio — 0:1 to 2:1

e HAED concentration — 6, 9, and 12 mg/ml

o Crosslinker type — SPA4-PEG (20kDa), SCs;-PEG (20kDa), SPA,-PEG

(3.4kDa)

Figure 3.15 shows the percentage cell survival between hydrogels of different
crosslinker ratios. Also shown is the percentage survival of the positive (dead) and
negative (live) controls. There was no significant difference between the hydrogels
with different ratios of crosslinker (p>0.05). Changing the concentration of HAED to
alter the density of the hydrogel had no effect on cell toxicity, in that there was no
significant difference between the different concentrations (p>0.05) (Figure 3.16).

A comparison was made between the three different crosslinkers examined in this
study. Figure 3.17 demonstrated once again, no significant difference between the
different types of crosslinker, with no significant differences (p>0.05) in cell survival

between the different crosslinkers.

In summary, flow cytometry revealed:
e The crosslinking reaction was potentially toxic to cells.
e The concentrations of crosslinker and HAED had no effect on toxicity, nor did
the type of crosslinker used.
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% of live cells

0:1 0.1:1 0.5:1 1:1 1.5:1 2:1 Dead cells Monolayer

Crosslinker ratio

Figure 3.15: HCA, fibroblast survival incubated within HAED hydrogels with a range of crosslinker to
HAED ratios (9mg/m! HAED, SPA4-PEG (20kDa)). Percentage survival was calculated from propidium
iodide positive cells indicating cell death. The two hatched bars represent the positive (dead cells) and
negative (monolayer) controls. Error bars represent + standard deviation (n=5), (*) indicates a significant

difference from the dead cell control, (1) indicates a significant difference from the monolayer control.
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Figure 3.16: Comparison of HAED concentration in the toxicity of resultant hydrogels, (1:1 ratio of
SPA4-PEG (20kDa) to HAED), calculated from propidium iodide — stained HCA, fibroblasts. Hatched
bars represent positive (dead) and negative (monolayer). Error bars represent standard deviation (n=5),

(*) indicates a significant difference from the dead cell control, (1) indicates a significant difference

from the monolayer control.
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SPA4-PEG (20kD) SPA2-PEG (3.4kD) SC4-PEG (20kD) Dead cells Monolayer
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Figure 3.17: The effects of crosslinker on HCA, fibroblast toxicity, incorporated into HAED
hydrogels (9mg/ml HAED, 1:1 crosslinker to HAED ratio). Percentage survival was derived from the
percentage cell death as determined by propidium iodide staining followed by flow cytometry. The
hatched bars represent the positive (dead) and negative (live) cells. Error bars represent + standard

deviation (n=5), (*) indicates a significant difference from the dead cell control, (1) indicates a

significant difference from the monolayer control.
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3.2.7. Ectopic bone formation assay
The in vitro cytotoxicity of the crosslinking hydrogel was assessed in Sections 3.2.5
and 3.2.6, but to analyse the response to hydrogels in vivo, an ectopic bone formation

415
d

assay was employed” °. Hydrogels were prepared as before, however, each hydrogel

containing 250ug/ml recombinant bone morphogenetic protein-2 (BMP-2), as

previously described*®

. Table 3.3 shows the formulations of hydrogels tested. The
chemotactic role of BMP-2 would indicate the formulation requirements for
permitting cell infiltration into the hydrogel from the surrounding tissue, an important

consideration with respect to the long-term aim of any prospective product.

Six hydrogels of each formulation were implanted into 3 rats, by our collaborating
partners. At 10 days post implantation, the implants were analysed histologically for
cell infiltration and the presence of inflammatory cells. Figure 3.18 shows a typical
specimen from each group. Only hydrogel 1, with 1 mg/ml telocollagen, 9 mg/ml
HAED and crosslinker ratio of 1.2:1 showed substantial cell infiltration, (Figure
3.18(1)). This revealed the optimum concentrations of components required to
achieve cell infiltration. The infiltration into the hydrogel as a result of BMP-2
stimulation indicates that HAED hydrogels are suitable scaffolds to support tissue
regeneration. The pores in the hydrogel created by the large tetra-functional
crosslinkers were of a sufficient size to allow cell migration. After 10 days the
hydrogel is still present, which demonstrates that the cells did infiltrate into the
hydrogel, rather than the hydrogel degrading away.

No cell infiltration was observed with the other formulations, although BMP-2-
induced cartilage and bone formation was evident. The bone deposits evident in
Figure 3.18 did not only occur in direct contact with the hydrogel, but formed in the
surrounding tissue. This indicated that HAED hydrogels could deliver and release
growth factors that could influence the surrounding matrix, not only the tissue in

direct contact with the hydrogel.

The choice of crosslinker did not exhibit any effect. A fibrotic capsule was evident in
the majority of the hydrogels, indicated in Figure 3.18(4). Some preparations
exhibited some potential inflammation (for example 3.1(3)), although there was none

observed in the hydrogel supporting infiltration. This suggested that the HAED was
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hypo- or non-immunogenic, an important factor when inserting a biomaterial into a
potentially inflamed environment. The hydrogel had not been degraded within 10
days, allowing it to act as a scaffold for new tissue growth over a longer time scale
than that used here.

In summary, the ectopic bone formation assay revealed:
e The hydrogel was an effective delivery system for BMP-2.
e Atalow collagen concentration, cell infiltration into the hydrogel could occur.

e The hydrogel was not degraded by day 10.
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Table 3.3: Hydrogels implanted in the ectopic bone formation study. All hydrogels contained 250ug/ml
BMP-2.

Hydrogel HAED  Crosslinker to HAED Fibrillised Pepsinised
(mg/ml) ratio telocollagen  collagen (mg/ml)
(mg/ml)

1 9 1.2:1 (SPA,-PEG) 1

2 12 1.2:1 (SPA,-PEG) 1.75

3 9 1.2:1 (SPA,-PEG) 1.75

4 12 0.6:1 (SPA,-PEG) 1.75

5 12 1.2:1 (SC,-PEG) 1.75

6 12 1.75:1 (SPA,-PEG) 12

7 12 1.75:1 (SPA,-PEG) 9

8 9 1.6:1 (SPA,-PEG) 9

9 12 1.5:1 (SPA,-PEG) 6

10 12 1.75:1 (SC,-PEG) 12

11 12 0.9:1 (SPA,-PEG) 12
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Figure 3.18: Haematoxylin/Eosin staining of tissue following subcutaneous implantation of HAED
hydrogels containing 250ug/ml BMP-2. Numbers correspond to the hydrogel formulation in Table
3.3. H: position of hydrogel. B: BMP-2-induced bone formation. F: fibrotic capsule. Scale bars =
(a) 200pum, (b) 50um. (Continued over next two pages.)
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(Figure 3.18 continued)
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(Figure 3.18 continued)
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3.3 Hydrogel Characterisation Discussion

There have been extensive studies into the use of growth factors and cells in the repair
of articular cartilage. However, a major problem identified in the use of these factors
is the delivery and retention of these agents within the sites of interest. Such
difficulties have been countered in part, by the development of biomaterials to provide
the delivery of cells and growth factors within a three-dimensional environment in
which to lay down matrix*****!?*  Experimental work performed using artificial
cartilage lesions requires the creation of a neat excision of a section of cartilage into
which the sample is placed®***’°. However, during osteoarthritis, the damage tends to
resemble fissures and cracks'***'°. The importance of an injectible biomaterial to fill

such an irregular surface is outlined in Section 3.1.

Fibrin-based biomaterials have been utilised for their ability to be injected as liquid
precursors*****!.  However, fibrin is not endogenous to cartilage and can contract,
whereas HA plays a major role in the homeostasis of the tissue and has been used to

389

alleviate the symptoms of osteoarthritis (Section 1.6.4)"". Not only does HA provide

an opportunity to enhance cartilage repair, but the advantages of an injectable HA-

based hydrogel have been recognised by other groups**%,

3.3.1. Gross examination

HA was derivatised to HAED and crosslinked into hydrogels. Preliminary assessment
of the hydrogels was carried out by this method, which provided an indication of the
concentration range of components required for the formation of hydrogels.
However, this technique was subjective and could not detect subtle differences
between hydrogels. Therefore, a more objective, reproducible technique was

required.

3.3.2. Rheology
Rheological assessment provided more quantitative information as to the elasticity of
the hydrogels and enabled a more accurate comparison between hydrogels as well as

an indication of the extent of gelation. When analysing the chemical crosslinking of a
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polymer, the point at which a predominantly liquid material becomes a solid is
described as the Gel Point, which is the point at which the average molecular weight
diverges to infinity*?'. Although this can occur when the storage modulus (G,
describing elastic properties) equals the loss modulus (G”, describing viscous
properties), it is only the case under special cases of crosslinking**'****. Moreover, the
experimental design employed herein did not involve a frequency sweep, i.e., a range
of frequencies applied to the sample. As this measurement is a requirement for the
calculation of the Gel Point, the parameter could not be determined. As the Gel Point
would reveal the time taken to achieve a hydrogel, this would be very useful if the

material were to be injected. Therefore, a continuation of the work would be to
determine the Gel Points for HAED hydrogels.

The initial stages of the crosslinking process exhibited a slight initial increase of G”,
indicating increased viscosity. This could have arisen in the early stages of the
reaction, as the crosslinking of HAED molecules caused an increase in molecular
weight. Once the majority of the HAED molecules had crosslinked into a hydrogel,
the material would have crossed the Gel Point and behave as an elastic solid.
Furthermore, HA forms a loose network of tangled chains above lmg/mlm, which
would further enhance viscosity. G” did not decrease with the setting of the
hydrogel, although as the hydrogel is largely comprised of water, this would have a
significant effect on its rheology and may explain the constant level of viscosity
observed. Incomplete crosslinking may also explain why very high levels of
crosslinker (5:1) did not produce elastic hydrogels. The reduction in hydrogel quality
may have arisen from the 4-arm crosslinker molecule only binding to one or two
amine groups on HAED, as other HAED amine groups are effectively blocked by the
saturation with crosslinker. This led to optimum ratio range for the most elastic

hydrogels of between 0.5:1 and 1.5:1.

However, there were drawbacks with this rheological method for assessing hydrogel
strength. Dehydration of the hydrogel on the rheometer may have occurred in all test
conditions, but was more obvious at increased temperature or time. This led to
adherence to the parallel plates, with stuttering or inaccurate readings. Although the

addition of PBS around the sample would alleviate this, it could dilute the
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components prior to crosslinking. Indeed, during these PBS experiments, some
leakage of HAED into the surrounding fluid was evident, witnessed by an observed
increase in viscosity of the PBS. To avoid this, a humidity chamber was set up
around the parallel plates, but this did not alleviate the problem. The 1.5 hour
rheological assessment showed a steady increase in elasticity (G'). The crosslinking
would be expected to have reached completion by this point and may have been
reflected by the viscosity, also indicated by the phase shift (tand), approaching zero
after 30 minutes. This phenomenon could have been a result of partial dehydration.
The drop of the phase shift may be more indicative of the crosslinking reaction
reaching completion, at approximately 30 minutes. In the future, a comparison of the
final hydrogel with a preformed hydrogel kept in humid conditions would further
indicate if the reaction had reached completion after 30 minutes. If the hydrogel is to
be crosslinked in situ, as part of a delivery strategy, this potential for dilution with
surrounding fluid must be taken into account. However, this study has demonstrated
that the hydrogel can be formed even when bathed in PBS, indicating the ability to
crosslink under physiological conditions.

Rheological analysis has previously been applied to HA derivatives. Park et al.**
reported a more rapid gelation of HA with photopolymerisation than described in the
present study, with the reaction reaching completion at approximately two minutes.
Another group described findings with similarities to those in the present study*".
They reported an increase in the complex modulus with increased crosslinking of HA
and a reduction in the complex modulus with the incorporation of 0.19mg/ml
collagen. Although the present study focussed on the elastic modulus (G’) instead of
the complex modulus, the two parameters gave similar results in the present study,
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concurring with the study mentioned above. Interestingly, Barbucci et a also

revealed that sulphation of HA increased the elastic properties of HA.

3.3.3. Fourier-transform infrared spectroscopy

As this technique has previously been applied to the analysis of HA-based compounds
in order to detect structural modifications*®, it was utilised in these investigations. It
was anticipated that FT-IR would identify an increase in amine levels resulting from

the ethylenediamine modification, followed by a decrease in amines and an increase
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in amides due to crosslinking. This would allow for monitoring of the chemical
reaction over time, reveal the degree of crosslinking actually taking place and thus

provide information on the average pore size within the hydrogel.

To initially test this technique, lyophilised HAED preparations containing varying
degrees of derivatisation were analysed by FT-IR to identify any increases in the
amine peak levels. Unfortunately, no spectral differences were observed between
these. It is possible that a higher level of derivatisation of the carboxyl groups than
that used (20%) was required to detect any change in amine levels. Alternatively, the
long chains of HAED may have quenched the signal, although this may not be
significant, as HA has previously been successfully analysed by FT-IR and

demonstrated changes in peaks in response to hydrogel formation*%#!3,

Segura et
al*"® demonstrated the presence of PEG crosslinkers by IR, suggesting that the PEG
element of the crosslinkers used in the present study could be detected by this method.

This indicates an alternative for future work.

Further analysis would be required to determine if increasing the extent of
derivatisation resulted in increases in the amine signal, or if the degree of crosslinking
could be deduced from the levels of PEG groups contained in the crosslinkers used in
the present study. However, the latter approach could produce misleading data if the
crosslinking reaction is incomplete. Other workers have visualised HA-based

9413 suggesting that this technique

hydrogels using scanning electron microscop
could be applied to the present study, to provide information on the pore size and

overall structure of HAED hydrogels.

3.3.4. Cell viability assay

For the hydrogel to be used as a delivery system, it must be able to retain cells in a
three-dimensional matrix to allow for the space-filling reconstruction of tissue. It
must also be biodegradable to allow eventual replacement by new tissue and
biocompatible so as to minimise rejection of the implant and induction of an
inflammatory response. Both previous work and the present study have demonstrated
that these hydrogels are susceptible to degradation by hyaluronidase*®®. The cell
survival was assessed by means of a commercially available live/dead cytotoxicity kit.

Cells were incorporated into crosslinking hydrogels, incubated for 24 hours and
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fluorescent dyes added to reveal the status of each cell in the hydrogel.

The crosslinking reaction is vital to retain the cells in a 3D environment. This assay
indicated some cell tolerance to the hydrogels setting, including chondrocyte
tolerance. However, the 24 hour timescale was not sufficient to accurately assess
cytotoxicity in response to the materials. There were indications of a toxic effect,
demonstrated by some cells simultaneously fluorescing green and red. This pointed to
early cell death occurring. To fully elucidate toxic effects of the hydrogels, the cells
would need to be incubated for a longer time within the hydrogels. Other studies
assessing cytotoxicity of similar biomaterials, incubated cells with the material for 48
hours*'? to 28 days®!. However, at this stage, it is inconclusive if the HAED
hydrogels can be injected, either immediately after addition of crosslinker, or
simultaneously with the crosslinker, into a cartilage defect, with minimal cytotoxicity.
The density of the hydrogel is an important factor, as denser pepsinised collagen-
containing hydrogels would affect the remodelling capabilities of the fibroblasts. This
could have had a detrimental effect on their survival, especially in regards to build-up

of matrix fragments within the cell.

The three-dimensional nature of each sample made quantification by microscopic
means unfeasible. Preliminary work using confocal microscopy led to distorted cell
images caused by the surrounding hydrogel. This would require further trouble-
shooting, as confocal microscopy has previously been applied to the study of cells
within a hydrogel environment®!. The three-dimensional data generated by confocal
microscopy could further answer questions regarding the pattern of cell survival. For
instance, it would indicate if there was a difference in cell viability between the edges
and the centre of the hydrogel. Preliminary confocal microscopy work was carried
out, but it was decided that flow cytometry would provide a more quantifiable overall

assessment of the cytotoxicity of the crosslinking reaction.

3.3.5. Flow cytometry

Cells were incubated with crosslinking hydrogels and after 24 hours, the hydrogel was
digested with hyaluronidase. The cells stained with propidium iodide to highlight
dead cells, before analysis by flow cytometry. This alternative dead cell marker was

used as preliminary tests showed dual staining problems with the two fluorescent
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markers, calcein and ethidium homodimer, previously used in the cell viability assay.
The cell viability could be extrapolated from a count of dead cells, with positive and

negative controls being used to verify the accuracy of this staining technique.

The dead cell positive control would be expected to have 0% live cells, but according
to the flow cytometry data, had nearer 40% live cells. It was possible that the
methanol used to kill the cells did not achieve complete cell death. Alternatively, the
methanol may have fixed the cells and reduced cell permeability, to hinder interaction
between PI and the nucleic acids. This illustrates the disadvantage of the single dye
system over the dual dye system. Nonetheless, all the cells from the hydrogels and
the live control showed significant increases in cell survival compared to the
methanol-treated cells. There was approximately 10% increase in cell death of
fibroblasts in hydrogels compared to the monolayer control. This could have arisen
from the additional handling the cells underwent when being integrated into the
hydrogels. The pH (6.3) of the hyaluronidase buffer used in the digestion of the
hydrogel may have caused some toxicity. Therefore, the monolayer control provided
more of a control for the fluorescent label, rather than an indicator of the hydrogel
toxicity per se. Future work would require this control to be treated in a much closer

manner to that of the test samples.

There was otherwise no significant difference in cell survival in relation to the
crosslinker type, concentration or HAED concentration. It is interesting to note that
the crosslinker SPA,-PEG (3.4kDa) did not induce an increase in cell death,
demonstrating that the theoretically smaller pore size that would be generated by this
smaller crosslinker was not detrimental to the cell survival. As the cells were present
while crosslinking was taking place, the crosslinks would have formed around them,
thus not affecting the cell. However, it is possible that cell infiltration into an already
crosslinked hydrogel could be compromised by using the smaller crosslinker. The
concentration of crosslinker did not affect cell survival as much as anticipated. It was
hypothesised that an increase of amount of crosslinker would increase the hydrogel
density, making it less hospitable for cells. However, the crosslinker may not have
effected the overall hydrogel density as much as anticipated, discussed more

thoroughly in Section 3.3.6.
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It is conceivable that the crosslinker could have chemically reacted with the amine
groups on cell surface proteins. This did not appear to greatly affect the cell, as
metabolism of the calcein AM fluorescent marker by cells in the cell viability test
indicated that they were still active. It is possible that attachment of the crosslinker to
cells could result in membrane protein dysfunction, but as the crosslinker would not
target a particular class of proteins, loss of function of individual proteins may not
have much effect on the cell as a whole. However, it must be noted that the lysine
amine groups on proteins may have had a different pKa value than that on HAED,
indicating different reactivity at a different pH. In conclusion, the flow cytometry
data indicated that some cytotoxicity was evident, demonstrated by the significant
drop in cell viability compared to the monolayer control. As discussed in the cell
viability assay, the cells would need to be incubated in the hydrogels for a longer
period to deduce the extent of toxicity. The dual staining observed using calcein and
ethidium homodimer further confirms the findings of the cell viability assay, in that

early cell death may have been underway.

Other groups have reported good cell tolerance to HA-based biomaterials, as assessed
by similar in vitro assays™ "2, These studies demonstrate that HA-based
biomaterials can be non-toxic to cells and provide good candidates to support cell
delivery. The hydrogel characterised in the present study could potentially have
advantages over other in situ crosslinkable hydrogels. Photocrosslinking of modified
macromolecules into hydrogels allows in situ gelation*”*, but photoinitiators can be
cytotoxic. Indeed, in 2002, Trudel and Massia*!? reported a cytotoxic effect of an
HA-based hydrogel formed by photocrosslinking, with only approximately 15% cell
survival from fibroblasts cultured on the hydrogel compared to the no-hydrogel

control.

3.3.6. Ectopic bone formation assay

The in vitro cytotoxicity of the hydrogels did not reveal if the hydrogels are suitable
for the delivery of bioactive factors and what conditions were required to support cell
infiltration. To allow tissue remodelling in a void, the introduced material must either
contain cells or attract cells from the surrounding area to infiltrate into the material,
differentiate into chondrocytes and synthesis new matrix. The present study
addressed this by incorporating BMP-2 into hydrogels of different compositions.
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These were placed subcutaneously into rats, explanted after 10 days by our

collaborating partners, and assessed by histological analysis.

BMP-2 induced tissue remodelling to cartilage and subsequent bone formation around
the implant. Moreover, one hydrogel formulation (9mg/ml HAED, 1.2:1 SPA4-PEG
(20kDa) to HAED ratio of crosslinker, 1mg/ml fibrillised collagen) demonstrated cell
infiltration into the hydrogel. It is of note that the hydrogel which allowed infiltration
had the lowest collagen concentration of all the prepared samples, but not the lowest
crosslinker concentration. This was in agreement with the findings from the flow
cytometry, which demonstrated that crosslinker concentration had little effect on
toxicity. These results suggest that the extent of crosslinking has more effect on the
elasticity than on the density of the material. Theoretically, at a higher crosslinker
concentration the density would be affected, but this would fall outside the optimal
range of crosslinker concentration and result in a less elastic hydrogel. In contrast, the

bulky fibrils of collagen could contribute significantly to the density of the material.

The inclusion of collagen in this experiment was required for the delivery of the
collagen-binding BMP-2. A control hydrogel without collagen would have been
inappropriate as it was hypothesised that the BMP-2 would have diffused away too
rapidly. As cells migrated into the hydrogel at the lowest collagen concentration used,
the amount of collagen could be reduced further to below 1mg/ml, which may
promote cell infiltration. However, the importance of collagen to the scaffold is two-
fold. Firstly, it provides a binding site for BMP-2. Secondly, other studies have
shown that cell infiltration and proliferation is increased in HA/collagen matrices,
compared to each material on its own****, Further work is required to determine the
optimal concentration of collagen to achieve cell infiltration. Moreover, the type of
collagen used may influence the tissue generated. Buma et al®™® revealed that

although a type I collagen matrix induced greater progenitor cell migration into a

cartilage defect, these cells were more chondrogenic with a type II collagen matrix.

As mentioned above, BMP-2 — induced bone formation was observed. However, the
present study did not include a negative control (no BMP-2) to assess the effect of the
hydrogel itself. Previous work in our laboratory has demonstrated that HA-based
hydrogels using a SPA,-PEG crosslinker to a similar hydrazide derivative of HA did
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not induce osteogenesis nor cellular invasion in the absence of BMP-2*®. This
suggests that the bone formation and cellular infiltration observed in the present study
were due to BMP-2.

Although the ectopic bone formation assay indicated the optimal conditions to allow
cell infiltration, the cartilage lesion is a very different environment. A partial defect
would not enable migration progenitor cells from the subchondral bone, although
progenitor cells have been identified in articular cartilage®’. Furthermore, factors
such as pH and the presence of degradative enzymes in OA cartilage, may affect the
rate of degradation of the hydrogel and components. The role of the HAED hydrogel
as a three-dimensional scaffold during tissue remodelling could be compromised.
However, HA-based hydrogels have been applied to OA cartilage and supported
cartilage repair’”’, suggesting that exogenous HA-based materials can enhance

chondrogenesis in OA.

Importantly, after infiltration, there did not appear to be a significant inflammatory
response. However, this was not the case with some of the hydrogels that did not
support infiltration. Although cartilage is an avascular tissue, there is potential for
inflammation from the underlying bone in a full thickness defect, or from the

318,425

synovium, as apparent during osteoarthritis . This underlines the importance of

introducing a material that does not encourage inflammation.

In conclusion, we have demonstrated that biocompatible hydrogels can be generated
from ethylenediamine-derivatised HA with large tetra-functional crosslinkers. The
properties of the hydrogel can be controlled by altering the crosslinker concentration
and type and by incorporating collagen. This study has demonstrated that the
crosslinking reaction is non-toxic, can be performed in situ and under suitable
conditions, cell infiltration into the material can be achieved. This also shows that

cells can be embedded in a crosslinking hydrogel, either in culture or in vivo.
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4.1. Production of Fms-like Tyrosine Kinase-1 Domains 1-3

Introduction

This chapter describes the expression and purification of an angiogenesis inhibitor, to
function as a decoy receptor for vascular endothelial growth factor (VEGF). This
growth factor has an important role in many developmental and pathogenic
processes’®. Its pro-angiogenic role has made it a target for inhibition in
angiogenesis-dependent conditions, such as malignant tumours, diabetic retinopathy
and osteoarthritis (OA) (Section 1.4.5). Furthermore, growth factors, such as BMP-2,

can induce bone formation under angiogenic conditions (Section 1.1.8).

Investigators have approached the issue of VEGF inhibition in several ways.
Neutralising antibodies against either a ligand or the ligand binding site on the
corresponding receptor have been shown to inhibit VEGF-induced mitogenesis of
endothelial cells?’02883%0,

both based on VEGF**, the VEGF-binding region of one of its receptors, KDR*¢ or

Small length peptides, typically fewer than 50 residues,

from random phage libraries®®”*274%4 have been demonstrated to attach to the
receptor-binding site on VEGF. Each of these approaches has demonstrated an
inhibition in the mitogenicity or proliferation of endothelial cells. Work by Siemeister
et al.**® showed that VEGF mutants could also disrupt the interaction between ligand
and receptor. This was achieved by mutating one of the two binding sites of VEGF, so
the mutant bound to the receptor, but prevented receptor dimerisation. Expression of
VEGEF itself has been blocked by the transfection of an antisense VEGF construct into

a highly tumourigenic cell 1ine®®.

This led to a significant reduction in VEGF
secretion and decreased tumour growth, therefore confirming the role of VEGF in
tumour development, although this may be unsuitable as a treatment tool. The
administration of VEGF conjugated to a tumour toxin (gelonin) has been found to

reduce tumour growth in vitro and in vivo® ",

An endogenous potent inhibitor of VEGF-mediated angiogenesis has been identified,

consisting of the extracellular Ig-like domains of the VEGF receptor fms-like tyrosine
kinase-1 (flt-1)*'°, termed sflt-1 (Section 1.4.9). Administration of recombinant sflt-1
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has been shown to reduce the severity of induced arthritis in animal models®>'®. This
inhibitor provides a means of VEGF inhibition with advantages over the above
approaches. As it is naturally occurring, toxicity concerns are reduced. Unlike
antibodies or peptides, it can act in a dominant negative fashion, by binding VEGF

and interacting with full-length receptors.

This chapter aimed to develop a modified form of sflt-1, as the flt-1 receptor has a
higher affinity for VEGF than KDR***®!, The first three extracellular domains have
been identified as a requirement for VEGF binding and have been demonstrated to
inhibit VEGF-mediated endothelial proliferation®®”***#*2, More relevant to this study,
these regions have been demonstrated to halt VEGF-mediated endochondral
ossification''2. For this reason, the research described in the present study aimed to
design a ‘decoy receptor’ based on the first three extracellular domains in an attempt
to inhibit the activity of VEGF.

By incorporating this truncated form of flt-1 into a hydrogel and injecting the
hydrogel into osteoarthritic cartilage, this ‘decoy receptor’ could act by two
mechanisms. The first would be to bind and thus sequester the VEGF present,
minimising the interaction of VEGF with endogenous receptors. The second would
be to form heterodimers with native receptors in the presence of VEGF, as sflt-1 has
been shown to inhibit VEGF by this mechanism®"®>. The decoy was chosen over the
full six domains of sflt-1 for two reasons. Firstly, for easier incorporation into the
hydrogel, and secondly, because peptides consisting of only the first three domains
have been found to have a longer half-life in vivo than the larger sflt-1''2, The
advantage of this approach rather than receptor-specific antibodies or peptides is that
VEGF interaction with both KDR and flt-1 receptors can be inhibited”*’.

The sequence of flt-1 has been reported*> and the boundary between the third and
fourth domain has been deduced from crystallographic data®®***. For the purpose of
this investigation, the end of domain three was deemed to be 341 amino acids (1023
base pairs) downstream from the methionine (ATG) start site, between two glutamine

residues.
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To produce the recombinant flt-1(1-3), a cDNA construct was generated and
transfected into a human embryonic kidney cell line. As the gene encodes for the
extracellular region of the receptor, conditioned medium from the cell culture was
collected and partially purified. Affinity of flt-1(1-3) with VEGF was established

using Surface Plasmon Resonance technology.
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4.2. Production of fms-like tyrosine kinase-1 domains 1-3 (flit-1(1-3

Results

4.2.1. Isolation and amplification of flt-1(1-3) cDNA

Total RNA was obtained from human umbilical vein endothelial cells (HUVECs) and
reverse transcribed into cDNA using an oligo dT oligonucleotide method. The cDNA
sequence of the first 3 extracellular domains of the receptor flt-1 (flt-1(1-3)) was
amplified by PCR. Primers containing restriction sites were used to incorporate these
sites at each end of the amplified flt-1(1-3) sequence (Figure 4.1). This allowed
subsequent directional in frame insertion of the flt-1(1-3) sequence into the expression

vector. These restriction sites were Hind III (5’ end) and Not I (3’ end).

However, an initial polymerase chain reaction (PCR) using these restriction site
primers did not yield a product visible by agarose gel electrophoresis, possibly due to
low copy numbers, indicating that the primers were not very efficient. The presence
of flt-1 cDNA was confirmed using primers P2 and P5, which yielded the expected
300bp fragment (Figure 4.2). To increase the number of copies of the flt-1(1-3) target
sequence prior to amplification with the restriction site primers, an additional PCR
step was undertaken beforehand with completely complementary primers located
slightly outside the target sequence (represented by P3 and P4 in the Figure 4.1
schematic). A second, nested, PCR from this reaction using the restriction site-
containing primers yielded an amplicon of ~1030bp in length. This was ligated into
the cloning vector pCRII using the A overhang generated by the Taq polymerase,
expanded in Top10aoF E.coli.

Sequencing of the purified DNA was carried out using primers from the pCRII vector
to ensure that flt-1(1-3) was the amplification product and the restriction sites were
incorporated correctly (see Appendix 3.2 for vector map). The results indicated that
flt-1(1-3) had been amplified, but by coincidence the P1 primer was complementary
to a short sequence in the reverse primer binding region at the 3’ end of the flt-1(1-3)

sequence and had out-competed the P2 primer. This resulted in the PCR product
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A
Primer Sequence (5’ - 3') Position from ATG Description
start site
P1 [ATTAAGCTTGCGCTC| -9 (5' end of primer, | Forward primer, with a Hind
ACCATGGTCAGCTA | plus restriction site | III site, start site indicated in
C extension) bold.
P2 | TAAGCGGCCGCCTGT 998 (3’ end of Original reverse primer with
ITTCGATGTTTCACA primer) Not I site. Region annealing
GTGATG with sequence is towards the
3" end of the primer.
P2a | AACCCGGCTCGAGC 1021 (3’ end of Optimised reverse primer
GGCCGCTACGGTTTC primer) with Not I site.
AAGCACCTGCTG
P3 CAGGCCACGTCGCG -19 (5' end of Forward first round primer.
CTCACCA primer)
P4 |CTACGGTTTCAAGCA 1023 (3’ end of Reverse first round primer.
CCTGCTG primer)
P5 |CACTCCCAGTCAAAT 710 (5' end of Forward internal primer.
TACTTAGAGGC primer) Substitution to avoid hairpins
indicated in bold.
B

S P2 P4

Figure 4.1: Primers used for flt-1(1-3) amplification. A: the primer sequences (restriction sites are

underlined). B: schematic showing the relative position of the primers. The flt-1 (1-3) cDNA sequence

encoding the 3 N-terminal IgG domains is shown in grey.
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flt-1(1-3) —» - — 03

Figure 4.2: Analysis of PCR product by agarose gel electrophoresis. PCR product visualised by 1%
agarose gel electrophoresis, visualised with ethidium bromide staining, calibrated with 1 kb ladder (lane
2). Lane 1 shows a control PCR using primers P2 and P5 to yield a ~300bp fragment. This provided

early confirmation of the presence of flt-1.
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containing a new introduced Hind III site at the 3’ end, instead of Not I. This product
could not be used for digestion and ligation into the expression vector, as the construct
downstream of flt-1(1-3) would have been out of frame. Several approaches were
undertaken to eliminate this problem. The annealing temperature and magnesium
chloride concentration were adjusted to improve P2 attachment, but was found not to
reduce the binding of P1 to the sequence in question. A restriction digest was carried
out on the template, to remove the complementary sequence on flt-1(1-3), but failed to
remove this sequence. An alternative first round primer was designed, to prevent the
amplification of the complementary sequence. This did not alleviate the problem, due
to low levels of the original template in the starting material coupled with very
efficient binding by the P1 primer. A subsequent dilution of the starting material did
not remove these low levels of original template. A re-design of the primer P2 solved
the problem and the new primer P2a (Figure 4.1) successfully incorporated a Not I
site at the 3’ end of the flt-1(1-3) sequence. In summary, the first round of PCR was
carried out with primers P3 and P4, followed by a second round using P1 and P2a.
This resulted in successful amplification of flt-1(1-3) (Figure 4.3) with the correct
insertion of the restriction sites. The final PCR product was ligated into pCRII and

expanded in E.coli.

DNA sequencing highlighted up to 5 mutations per clone, which had occurred during
the second PCR, using a Taq Polymerase enzyme. This PCR step was repeated using
Expand Hi-Fidelity and VentR polymerases, both of which have exonuclease (proof-
reading) activities. Again, several mutations occurred at different locations, probably
as a result of repetitive motifs within the sequence. Ironically, the sequence with the
least mutations was from a Taq Polymerase reaction, which contained only three.
Two were silent and a third substituted a histidine residue for a glutamine at position
864 that was deemed to be conservative enough to use this sequence for further

investigations.

The expression vector pCEP-Pu was selected to allow for episomal expression of flt-
1(1-3), described in more detail in Section 4.3. It included a sequence between the
Not I and Xho I restriction sites of the multiple cloning region coding for a
Streptavadin-based tag, or strep tag, which would be added to the C-terminus of the
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gcg gec geca tgg age cat cca caa ttc gaa aag tag gcc gect cga ggc cgg caa ggc cgg atc cag

ala ala ala trp ser his pro gln phe glu lys STOP ——
R{_} S—— I R/_/R/—/
g Xho 1
Not 1 Sfi1 BamH]1
Strep-tag

Figure 4.4: Sequence of part of the pCEP-Pu vector, showing the strep tag, Not 1 site used for ligating
flt-1(1-3) and the downstream components. The Hind III restriction site is approximately 1000bp

upstream from the Not 1 site in the vector.
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Hind III Not I

Hind Il o, o 0 51 Not
1 Flt-1(1-3) i Strep-tag
pCRIT
Digest with
Hind III and
Not 1
. ®
ind I1T NotI
@E@ pCEP-Pu
Flt-1(1-3)
Flt-1(1-3) o l Phosphatase
ind 111 Not1 Ligation
R

/ pCEP-Pu

Figure 4.5: Schematic demonstrating the insertion of flt-1(1-3) cDNA into the expression vector pCEP-Pu
for transfection into 293 EBNA cells.
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A
Primer Sequence Position Description
from insert
P6 | CACTGCATTCTAGTTGTGG 92 For sequencing Hind I1I join
with insert
P7 | GGTAGGCGTGTACGGTGGG 76 For sequencing Not I join
with insert
Hind I1I Not I
|_ fit-1(1-3) |
B PG/ \P7
pCEP-Pu

Figure 4.6: Design of primers primers (A) and their position on the vector (B) for sequencing of

the junction between vector and insert.
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expressed protein to aid in future identification and purification (Figure 4.4, Appendix
3.1 for vector information). The flt-1(1-3) sequence was digested from the pCRII and
ligated into pCEP-Pu as detailed in Figure 4.5, and expanded in DH5« E.coli.
Sequencing with the primers in Figure 4.6 confirmed the correct integration of the flt-
1(1-3) into pCEP-Pu, and that the Strep-tag downstream from the flt-1(1-3) sequence
was in frame (Appendix 5).

4.2.2. Expression of flt-1(1-3)

The pCEP-Pu/flt-1(1-3) construct was liposomally transfected into human embryonic
kidney 293 EBNA cells. Efficiency of transfection was assessed by a parallel
transfection of a LacZ gene-containing vector. Detection of 3-galactosidase activity
led to a cell colour change to blue upon addition of its substrate X-Gal (5-bromo-4-
chloro-3-indolyl-B-D-galactoside). The transfection efficiency was determined to be
5% (data not shown). Optimum concentration of the selection antibiotic puromycin
was 0.5ug/ml, as determined previously*>. Therefore, puromycin was included at

this dosage for selection and verified to kill wild-type cells within 10 days.

As flt-1(1-3) is part of the extracellular N-terminal region of the receptor and
contained the signal peptide, it was expected to be excreted into the cell culture
medium. This was confirmed by carrying out a cell extraction of the cell layer
followed by Western blotting. No flt-1(1-3) was detected (data not shown). Prior to
collection of the conditioned medium, confluent cells were transferred into serum-free
medium to reduce purification difficulties arising from excess serum derived protein.
Presence of flt-1(1-3) in the medium was detected by Western blotting using two
different commercially available antibodies. Anti-flt-1 was a polyclonal antibody
raised against the first three domains of the extracellular region. Anti-strep tag was a
polyclonal antibody raised against the strep tag incorporated onto the C terminal of
flt-1(1-3). The primary antibodies were detected with horseradish peroxidase-
conjugated secondary antibodies and visualised by chemiluminescence using the

ECL+ system.

The anti-strep tag antibody failed to specifically detect any flt-1(1-3) in conditioned
medium (discussed in Section 4.3), but the anti-flt-1 revealed flt-1(1-3) at

approximately 50kDa, as shown in Figure 4.7. The faint larger band observed was
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A
Primer Sequence 5’ position Description
from Not I
site
P8 | GAAATAGGGCTTCTGACCTGTG 440 Flt-1(1-3) forward primer in the middle of the
sequence
P9 GATTTGAATGATGGTCCACTCC 79 Flt-1(1-3) reverse primer towards 3’ end of insert
P10 CTGCATTCTAGTTGTGGTTTGTC 108 Reverse primer aimed at pCEP-Pu sequence
downstream from flt-1(1-3) insert
Hind 111 v 1(1-3 Not I
gty
Py

B P10

pCEP-Pu

Figure 4.8: Design of the primers (A) and their approximate location (B) within the vector that were used in

PCR reactions, for determination if the vector had been lost.
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proposed to be low levels of endogenous soluble flt-1, which has previously been
identified at 85-90 kDa following expression in Sf9 cells’’. The smaller bands (C)
may have been the result of variable glycosylation of the protein or degradation
products. Western blotting of conditioned medium from wild-type (WT) cells did not
reveal any flt-1(1-3) (Figure 4.24).

However, the expression levels of flt-1(1-3) were low and an ethanol precipitation
step was required to increase protein concentration ten-fold, to visualise the protein
by Western blotting. To increase expression, the puromycin concentration was
increased to 10ug/ml for more stringent selection, allowing only highly expressing
cells to remain alive. Furthermore, the conditioned medium was collected at different
time points to increase flt-1(1-3) and cells were grown on insulin/transferrin/selenite
(ITS) to increase expression. Culturing cells with 10pg/ml puromycin and collection
of medium from 100% confluent cells every 2 days for up to 12 days (no ITS)
produced the most flt-1(1-3). However, after approximately 4 months there was a
complete loss of flt-1(1-3) expression, although the transfected cells were still
resistant to puromycin. To reveal if the pCEP-Pw/Alt-1(1-3) construct was still
retained within the cells, cDNA from transfected cells and wild-type (WT) cells were
subjected to PCR using the primers listed in Figure 4.8. In addition, cell stocks
prepared immediately after transfection were tested. Figure 4.9 shows that the flt-1(1-
3) primers P8 and P9 produced the expected fragment of 361 base pairs (A) and the
flt-1(1-3) primer P8 with pCEP-Pu primer P10 produced a fragment that was
calculated to be 556 base pairs in size (B). The presence of a band in the first 4 lanes
of the gel may have been due to endogenous flt-1, either full-length or as the truncated
soluble form (Section 1.4.9). Lanes 5 to 8 show PCR products that should have only
arisen in the presence of the pCEP-Pu/flt-1(1-3) construct, as the DNA amplified
straddled the join between insert and vector. The absence of a band in lane 5
indicates that the plasmid may have partially integrated into the genome, or lost part
of its original sequence, which explained why no expression was detected. Frozen
stocks made shortly after the original transfection of the construct into the 293 EBNA
cells still contained the intact plasmid. These cells were expanded and used for
subsequent expression work. Figure 4.10 confirms expression of flt-1(1-3) in the

restored cell population by Western blotting. The fibroblasts could maintain flt-1(1-3)
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a2 3 ARLIS T 6 7 8

Figure 4.9: 1% agarose gel electrophoresis visualised with ethidium bromide, following PCR of

cDNA of flt-1(1-3)-transfected 293 cells. Lanes 1 — 4: Primers P8 and P9, to amplify flt-1(1-3), or

endogenous flt-1. Lanes 5 — 8: Primers P8 and P10, to amplify a sequence composed partially of
vector and flt-(1-3) (Figure 4.8), to confirm the presence of the construct in the cells. Lanes 1, 5:
Transfected cells. Lanes 2, 6: Transfected cells (cells frozen after S passages following transfection).
Lanes 3, 7: WT cells. Presence of bands suggested potential contamination. Lanes 4, 8: construct

control. A: 361bp flt-1(1-3) fragment. B: 560bp flt-1(1-3) fragment.
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1 2 3 4 5 6 7 8

Figure 4.10: Western blot assessing loss of flt-1(1-3) expression. Proteins in conditioned medium
{100ul) were concentrated by ethanol precipitation and run on a 4-20% PAGE gel (reducing conditions).
It was iransferred onto nitrocellulose membrane and probed with anti-fli-1 antibody, followed by
visualisation by chemiluminescence. Lanes 1 — 4: transfected cells, frozen stocks made after 5 passages
from transfection. Lanes 5 — 8: the cells that lost expression after 4 months. Media were collected from
cells 2 days (lanes 4, 8), 4 days (lanes 3, 7), 6 days (lanes 2, 6) and 8 days (lanes 1, 5) after transfer onto

serum-free medium.
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Figure 4.11: Western blot, comparing glycosylated and deglycosylated flt-1(1-3). Samples (100ul)
were concentrated by ethanol precipitation and run on a 4-20% PAGE gel (reducing conditions),
followed by transfer onto nitrocellulose and probed with anti-flt-1. Visualised by chemiluminescence.
Lane 1: conditioned medium from transfected 293 cells subjected to deglycosylation. Lane 2: the

same conditioned medium not treated.
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expression for up to 13 days after transfer onto serum-free medium (in preparation for

medium collection) after which the cell viability decreased.

Figures 4.7 and 4.10 illustrate flt-1(1-3) migrating on an SDS/PAGE gel as a band at
50kDa. This size was determined based on a standard curve from the distance
travelled by molecular weight markers run simultaneously (not shown). The
calculated molecular mass deduced from the amino acid sequence was 40kDa, but the
sflt-1 protein is also known to contain 11 putative N-linked glycosylation sites®™,
which may account for the difference in molecular mass. To confirm that this size
difference was due to glycosylation, conditioned medium was treated with N-
Glycosidase F. The deglycosylated protein was detected at 40kDa, compared to the
glycosylated form (50kDa), shown in Figure 4.11. This indicated that the extra mass
was indeed due to glycosylation. The band at 50kDa actually migrated as 2 very close
bands, perhaps due to differential glycosylation, as indicated by the fact that only a

single band is obtained after deglycosylation.

4.2.3. Purification of flt-1(1-3)

4.2.3.1. Strep tag affinity purification

The first purification strategy utilised the incorporated carboxyl terminal strep tag.
Conditioned medium (300ml ultrafiltrated to 3ml) was centrifuged to remove any
particular matter and passed through a strep-Tactin - affinity column. This
streptavadin-based resin has a strong affinity for the strep tag. Bound samples were
eluted by competition with desthiobiotin and the fractions collected were tested for
flt-1(1-3) by Western blotting. Lanes 1-8 in Figure 4.12 show no evidence of flt-1(1-
3) in the elution fractions. It appeared that flt-1(1-3) did not bind effectively to the
column, as some flt-1(1-3) was detected in the wash step prior to elution (lane 9).
This approach was performed three times, with changing the elution gradient, but with

the same conclusions drawn from each run.

As the strep tag did not appear to be binding the strep-Tactin column with high
affinity, conditioned medium was incubated for 30 minutes with the strep-Tactin
matrix using a batch incubation approach to ensure maximum contact between
proteins and the affinity matrix. After washing, desthiobiotin was added to remove

the tagged protein from the matrix. A second elution step was carried out to increase
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Figure 4.12: Detection of flt-1(1-3) folio ns (0.5ml) were
collected and proteins in each fraction (1004 followed by

running on a 4-20% PAGE gel {reducing conditicns). They were transferred to nitrocellulose, probed with
anti-flt-1 and visualised by chemiluminescence. Lanes 1 — 8: fractions eluted from the column. Lane 9:
fractions from wash step prior to elution step. Lane 10: conditioned medium from flt-1(1-3) — transfected
cells. Lane 11: conditioned medium loaded onto the affinity column (after centrifugation). Putative bands

at 30kDa could represent a breakdown product, but were not visible in other fractions as the same
p by
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Figure 4.15: Slot blot probed with anti-flt-1 antibodies and visualised by chemiluminescence,
of fractions (2.5ml) from heparin affinity chromatography. A: wash through step — unbound

fle-1(1-3). B: elution of flt-1(1-3). Starting material: conditioned medium loaded onto column.
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Figure 4.16: SDS/PAGE followed by silver stain, to assess purity of heparin sepharose
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membrane in the centriprep cartridge did not leak any protein over 10 kDa through, although some
contamination 1s evident possibly caused by albumin, which is 66kDa. Lane 4: ultrafiitration-
concentrated pooled flt-1 positive fractions, following heparin affinity chromatography, with
putative fli-1{1-3) indicated. A number of proteins were present in the concenirated sample and

appeared o be co-purifying with fli-1(1-3).
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not yield pure flt-1(1-3). To achieve better separation from co-eluting proteins, the
salt gradient during the chromatography run was flattened but this caused flt-1(1-3) to
elute over more fractions and did not increase purity. Comparison of lanes 2 and 4 in
Figure 4.16 shows successful concentration of the protein, so this technique was
applied to all subsequent material eluted from heparin affinity chromatography. A
total of sixty such runs confirmed the reproducibility of this approach.

4.2.3.3. Cation exchange chromatography

Amino acid sequence analysis of flt-1(1-3) revealed the isoelectric point (pI) to be
9.73, not taking glycosylation into account. This indicated that at low pH the protein
would become increasingly protonated, therefore positively charged. A flt-1(1-3)
sample that had been semi-purified by heparin affinity chromatography was dialysed
for 16 hours against 2-(N-morpholino) ethanesulphonic acid (MES) buffer, pH6.0
(Appendix 1.2), with 3 changes of buffer. This ensured an overall positive charge on
flt-1(1-3). A cation exchange column (MonoS) containing negatively charged
sulphate groups coupled to the matrix was equilibrated with the same buffer. The
sample was loaded (Iml) and the sodium chloride concentration increased via a
gradient up to 600mM to elute bound protein. The fractions were assessed for the
presence of flt-1(1-3) by slot blot. The majority of the protein in the sample did not
adhere to the column and eluted straight through (Figure 4.17), including some flt-
1(1-3) (Figure 4.18 fraction 3). Positive staining in fractions 10-15 indicate that some
flt-1(1-3) did interact with the column, although this was substantially less than the
flt-1(1-3) loaded onto the column (Figure 4.17A, Figure 4.18). This suggested that
some of the protein may be retained on the column after elution. Fractions that
potentially contained flt-1(1-3), which had eluted over the salt gradient from three
such runs were pooled, further concentrated by ultrafiltration and analysed by
Western blotting. However, no flt-1(1-3) could be detected in these fractions by
Western blotting (Figure 4.19). Cation exchange was attempted seven times, using
different flt-1(1-3) preparations and elution gradients, with the same result. Following
these runs, the column was washed with 2M salt, which did not remove any flt-1(1-3)
from the column (Figure 4.20). A subsequent wash with 8M urea resulted in elution
of flt-1(1-3) from the column (Figure 4.20), demonstrating that flt-1(1-3) had
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Figure 4.17: Chromatogram of cation exchange purification of concentrated heparin affinity fractions

affinity fractions positive for flt-1(1-3). The salt gradient and absorbance at 280nm is shown. A: region

where low levels of flt-1(1-3) were detected. B: clean out of the column with 1M sodium chloride. C: re-

equilibration of the column.

5






Chapter 4: Production of Fms-like Tyrosine Kinase-1 Domains 1-3 (flt-1(1-3))

97.0 -
66.0 e
1)
kDa 45.0 —_—
30.0 e \
20.1 ooy \
144 — i

1 2

Figure 4.19: Western blot of cation exchange fractions. Proteins (100ul) were concentrated by
ethanol precipitation and run on a 4-20% PAGE gel (reducing conditions). They were transferred to
a nitrocellulose membrane, probed with anti-flt-1 and visualised by chemiluminesensce. Lane 1:
concentrated positive cation exchange fractions. Lane 2: the sample that was loaded onto the cation

exchange column.
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Figure 4.20: Slot blot of fractions (50ul) collected after cleaning the cation exchange column with 2M

sodium chloride followed by 8M urea, probed with anti-flt-1. Visualised by chemiluminescence.

Retention of flt-1(1-3) on the column is confirmed by the denaturing conditions (M urea) required to

remove it.
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remained bound to the column. This may be due to non-specific adsorption rather
than specific interaction. As the denaturing properties of 8M urea were deemed to be

too harsh to yield functional flt-1(1-3), this purification method was abandoned.

4.2.3.4. Size exclusion chromatography

Study of lane 4 of Figure 4.16 shows that some of the contaminating proteins are of
different molecular sizes as compared to flt-1(1-3). To exploit this, concentrated flt-
1(1-3) from heparin affinity chromatography was separated on a high resolution gel
filtration column (Superdex-75, fractionation range 3-70kDa) and the presence of flt-1
(1-3) in the collected fractions was assessed by slot blot. Figure 4.21 demonstrates 2
peaks (A and B) and slot blot analysis revealed that flt-1(1-3)-positive fractions were
identified in both of these, as labelled in Figure 4.22. This was consistent across
thirty such runs. It is possible that the earlier peak A contained the endogenous
soluble flt-1 due to its larger mass and flt-1(1-3) was believed to be contained in the
second peak B. To confirm this, the two sets of positive fractions were separately
pooled with the corresponding fractions from 4 other runs, ultrafiltrated and separated
on a SDS/PAGE gel, followed by Western blotting and a silver stain. The Western
blot shown in Figure 4.23a demonstrated that flt-1(1-3) was present in peak B. It was
hypothesised that flt-1(1-3) was forming a precipitate at the top of the column,
causing a drop in recovery and the later elution. It was also proposed that the peak A
may have been the void volume (Vy), and peak B may be the total volume (Vy), of the

column. However, this would need further work to confirm this.

Due to time limitations, subsequent testing of fit-1(1-3) activity was undertaken using
ultrafiltrated partially purified flt-1(1-3) from the heparin affinity chromatography.
To take into account possible effects of the other proteins present, medium from non-
transfected (wild-type) cells was also purified and concentrated by the same method,
to act as a negative control. Western blotting verified that no flt-1(1-3) was present in
the WT control (Figure 4.24), although expression of other proteins remained the
same (Figure 4.25). There was no evidence of endogenous soluble flt-1 in either the
WT or flt-1(1-3) preparations. The levels of this protein may have been too low to
detect.
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Figure 4.21: Chromatogram of size exclusion purification of fractions from heparin affinity purification
positive for flt-1(1-3), showing the absorbance by proteins at 280nm. Sample (5004ul) was loaded on a

Superdex 75 column and 5004l fractions were collected.
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Figure 4.23; Western blot (a) (probed with anti-flt-1, visualised by autoradicgraphy) and silver stain of SDS-
PAGE (b), of concentrated flt-1 positive fractions following size exclusion chromatography. Proteins were
concentrated by ethanol precipitation and run on a PAGE gel (reducing conditions). For Western blotting,
they were transferred to a nitrocellulose membrane and probed with anti-flt-1, visualised by
chemiluminescence. Silver stain was carried out on the PAGE gel. Lanes 1: Fractions of peak A (Figure
4.21), fraction 42 {Figure 4.22). Lanes 2: Fraciions of peak B (Figure 4.21), fraction 12 (Figure 4.22). Lanes
3: Starting material loaded onto the gel filtration column. The asterisk indicates an unidentified proiein of
similar molecular mass to tlt-1(1-3). The extra, smaller band in lane 3 of the Western blot was assumed to be

a result of degradation.
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Figure 4.25: SDS/PAGE and silver stain of concentrated heparin affinity chromatography fractions. Proteins
(100u]) were concentrated by ethanol precipitatation and run on a 4-20% PAGE gel, followed by silver
staining. Lane 1: fractions originating from WT (non-transfected) conditioned medium. Lane 2: fractions

from flt-1(1-3) transfected cell medium.
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It is noticeable, however, that there was no visual difference in the pattern of bands
following silver staining of WT and flt-1(1-3) preparations, which suggests that the
levels of flt-1(1-3) were either too low to be detected in a silver stain, or ran to the
same point as other proteins. The low level of expression probably exacerbated the

difficulties experienced with purification.

In summary, expression and purification approaches revealed that:
e Flt-1(1-3) could be expressed using the pCEP-Pu vector and 293 EBNA
fibroblasts, although expression was not as high as anticipated.
o The affinity of flt-1 for heparin could be exploited to partially purify flt-1(1-
3).

4.2.4. Concentration of flt-1(1-3)

A Quantikine immunoassay kit was employed to determine the concentration of flt-
1(1-3) in the partially purified flt-1 preparations tested in biological assays (Chapter
5). The calculated concentrations also included endogenous forms of flt-1, but by
comparison with the WT control, these levels were too low to exert a significant
influence. In addition, a BCA protein assay revealed the total protein concentration

of these fractions.

Eight concentrates (corresponding to 1.6L conditioned medium) were pooled and the
average concentrations summarised in Table 4.1. This was carried out a total of
three times. From this the average flt-1(1-3) concentration in the conditioned
medium was calculated at 0.335ug/L, although some flt-1(1-3) may have been lost
during fraction selection, following heparin affinity chromatography. Individual
preparations of flt-1(1-3) were prepared for each of the biological assays (Chapter
5).

4.2.5. Flt-1(1-3)/VEGF binding assay

Surface plasmon resonance, using Biacore technology, was used to examine the
affinity of fit-1(1-3) to VEGF. Recombinant human VEGFes (2.98ug/ml) was
immobilised by amino-coupling to a Biacore CMS5 chip at a density of 3593 response

units (RU). A WT negative control, of 82ug/ml total protein, was passed over the
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chip. This was followed by a flt-1(1-3) preparation, consisting of 109ng/ml fit-1(1-3)
in the same total protein concentration. A polyclonal anti-VEGF antibody (10xg/ml)
was passed over the chip and provided a positive control to confirm the activity of
VEGF. A rise in the response units indicated interaction of the sample with the
immobilised VEGF on the chip, as an increase in immobilised protein size was
detected by the refraction of light applied to the sensor chip. This was carried out 3

times, and Figure 4.26 shows one of these runs.

Figure 4.26 demonstrates the change in response units following the application of
each sample to the chip containing immobilised VEGF. At point 1, the WT negative
control was injected, leading to a decrease in response units (pale blue region), until
the injection finished (point 2) and the baseline levelled off. This drop demonstrated
that there was no interaction between the negative WT control and VEGF. The flt-
1(1-3) sample was injected at point 3 and the injection finished at point 4 (dark blue
line). The increase in response of approximately 40 units shows that there was
specific interaction with the immobilised VEGF. Furthermore, when compared to the
baseline at point 3, the elevated plateau after point 4 demonstrates that flt-1(1-3) was
retained on the chip after injection, denoting that specific binding of flt-1(1-3) to
VEGF took place. After cleaning the chip, a similar pattern was observed when the
antibody against VEGF (positive control) was injected (point 6). This also exhibited
specific binding after point 7 (brown line), indicated by the elevated plateau. There
did not appear to be interactions from other proteins in the samples, highlighted by the

lack of reactivity of the negative control.

In summary, surface plasmon resonance demonstrated that:
o Partially purified flt-1(1-3) bound to VEGF.
e This observation was not caused by contaminating proteins, as no similar

response was observed in the WT negative control.
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Table 4.1: Concentrations of the test and WT control samples analysed by surface plasmon
resonance, as determined by a BCA protein assay (total protein concentration) and by flt-1
immunoassay (flt-1 concentration). The samples were obtained by partial purification by heparin
affinity chromatography and ultrafiltration. The 370-fold increase in flt-1 from transfected cells
indicates that the flt-1 concentration stated correlates to flt-1(1-3).

) Flt-1 Increase in flt-1(1-3)
Total protein
Sample ) concentration  expression compared
concentration (ug/ml)
(ug/ml) to WT
Flt-1(1-3) 446.6 + 235 0.31+0.15 370 x

(below detection
WT control 446.6 + 235
limit)
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Figure 4.26: BlAcore analysis of binding of partially purified fit-1(1-3), a WT contrcl and anti-VEGF

to VEGF immobilised on a sensor chip. 1: start of injection of the WT __egative control (82ug/ml total
protein) onto the chip. 2: end of injection of the WT negative control. 3: start of injection of flt-1(1-3)
(109ng/ml flt-1(1-3), 82ug/ml total protein} onto the chip. 4: end of injection of flt-1{1-3}, the incre

in RU indicating interaction with VEGF. 5. a brief cleaning step of 50mM sodium hydroxide. 6: start
of injection of the polyclonal antibody ag VEGF (10pg/ml) onto the chip. 7: end of injection of

the antibody.
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4.3 Production of fms-like tyrosine kinase receptor domains 1-3

Discussion

The cDNA of the 3 N-terminal extracellular domains of flt-1 (flt-1(1-3)) was
successfully isolated from human umbilical vein endothelial cells (HUVECs) and
expressed in human embryonic kidney 293 EBNA fibroblasts. The recombinant flt-
1(1-3) was capable of binding VEGF.

4.3.1. Expression of flt-1(1-3)
A mammalian expression system was selected because flt-1(1-3) contains important
sulphur bridges and is glycosylated, although it appears that glycosylation is not
required for successful VEGF binding®®. An episomal (extrachromosomal)
expression approach was taken using the pCEP-Pu vector**

Pu/flt-1(1-3) plasmids could be sustained in the nucleus of the host cell without

, whereby several pCEP-

incorporation into the host genome. Theoretically, this would allow stable, high
expression of protein*’. To achieve constant episomal maintenance of viral DNA in
the cell, viral elements of the Epstein-Barr Virus (EBV) were required, namely the
EBV origin of replication (OriP) and the Epstein-Barr Nuclear Antigen-1 (EBNA-
1)*’. The 293 EBNA cells used for transfection already contained a pPCMV/EBNA
vector, which conferred resistance to geneticin, supplemented to the culture
medium*®>*’, The OriP component was supplied by the pCEP-Pu vector (Appendix
3.1) and in conjunction with EBNA-1, ensured that the pCEP-Pu/flt-1(1-3) construct
was retained by the host cell. The pCEP-Pu/flt-1(1-3) was retained by selection with
puromycin. Continual selection was important because there have been reports of a

slow loss of vector over time*.

However, despite the selection of puromycin-
positive cells, after a few months there was a loss of flt-1(1-3) expression in this
study. It is possible that the vector lost part of its sequence or became partially

integrated.
Bacterial expression of truncated flt-1 has yielded a product capable of binding

kVEGF29°’438 with bacterially expressed flt-1 domains 1-3 showing a comparable
binding affinity to its equivalent expressed in insect cells’. In both these studies,
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procedures were performed to ensure the correct folding and formation of disulphide
bridges within the protein, as these bridges are integral to the tertiary structure of flt-1
(Figure 1.8 in Section 1.4.6). It was anticipated that bacterial expression of flt-1(1-3)
would achieve greater expression and increased purity through a His tag. However,
ligation of the flt-1(1-3) ¢cDNA into the vector proved unsuccessful. Future work
would concentrate on further optimising the restriction digest conditions using
different restriction sites, such as the Hind III sites incorporated in flt-1(1-3) cDNA
and in the vector. Alternatively, a different bacterial expression vector would be
selected.

The purification of expressed flt-1(1-3) was important, for future assessment of the
ability of flt-1(1-3) to block VEGF-mediated events, with minimal interference from
contaminating proteins. For this reason, several different approaches were taken to

achieve this. Figure 4.27 summarises the purification approaches used.

4.3.2. Strep tag purification

Fusion tags have been successfully applied in the purification of proteins, consisting
of a short amino acid sequence to either act as an affinity ligand or as an epitope for
an antibody. The His tag has previously been used in the purification of flt-1 and
VEGF***%_ In this study, a strep tag of 8 amino acids was used, which exhibits high
affinity binding to streptavadin in the same region as biotin, previously termed Strep
I1***, This was contained in the pCEP-Pu vector and by the controlled insertion of the
flt-1(1-3) cDNA, the strep-tag was incorporated onto the C-terminal end of the flt-1(1-
3). The strep tag was selected as it has enabled the purification of proteins under

gentle conditions following expression using 293 EBNA cells*’.

Western blots showed that the strep-tag could not be detected with a polyclonal anti-
strep-tag antibody, known to be active during other work in our laboratory. To
eliminate other sources of biotin that may have interfered with the interaction, casein
rather than milk powder as a blocking agent was implemented during Western
blotting. Furthermore, a Strep-Tactin matrix, failed to bind the flt-1(1-3) (Strep-
Tactin being a variant of streptavadin, but with greater affinity for the tag**®). This
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Production of a pCEP-Pu/flt-1(1-3) construct for transfection

) 4

Expression of flt-1(1-3) in 293 EBNA cells

v

Strep tag Incubation with Heparin affinity
purification (3 step tag slurry (3 chromatography (60 runs),
runs) runs) achieved partial purification
Cation exchange Size exclusion
chromatography chromatography
(7 runs) (30 runs)

Surface plasmon resonance,
showing flt-1(1-3) binding to VEGF

v

Angiogenesis and bone formation assays (Chapter 5)

Figure 4.27: A flow diagram summarising the steps taken in this Chapter, to produce and
purify flt-1(1-3), with subsequent assays to assess the VEGF-binding activity of flt-1(1-3).
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suggested that either the tag was internalised, out of frame, or cleaved. The reducing
conditions under which the SDS/PAGE prior to the Western blot was performed
would have revealed any internalised strep-tag, and the strep tag cDNA in pCEP-
Pu/flt-1(1-3) was still in frame. Therefore, it is likely that the strep tag was cleaved
by limited proteolysis. This implies that the strep-tag must have been lost during

expression and therefore an alternative approach was adopted.

4.3.3. Heparin affinity chromatography

Flt-1 is known to have a high affinity for heparin®'® and this property has previously
been exploited when purifying truncated flt-12°*!>®, Workers have reported the
elution of truncated flt-1 at sodium chloride concentrations above 0.4M, whereas the
present study could detect a fraction of flt-1(1-3) eluting at low salt concentrations
(from 0.28M). The long elution range of the flt-1(1-3) suggests that there may have
been heterogeneity in the tertiary structure of the protein leading to different degrees
of availability of the heparin-binding region to interact with the column. Previously
reported purification methods have used heparin affinity chromatography to purify
conditioned medium from insect or mammalian cell lines of at least 1 litre over a
heparin affinity column®'®*'®) whereas this method only used 200ml. Interestingly,
other groups have also stated that only a partially pure sample of truncated flt-1 was
obtained by this method®***!%4*!_ This indicates that truncated flt-1 may be difficult
to purify and that the results obtained in the present study were in fact successful and
comparable to other published data.

4. Cation exchange chromatography

Although ion exchange chromatography has previously been applied to flt-1
purification®’®, it was unsuccessful in the experiments described here due to the
retention of flt-1(1-3) on the column. The flt-1(1-3) amino acid sequence has a high
isoelectric point of 9.73, but this could be influenced by the 11 glycosylation sites in
flt-1(1-3)**. It was speculated that the interaction of flt-1(1-3) with the anionic
matrix was too strong for it to be eluted with 1M sodium chloride. However, some
flt-1(1-3) remained on the column, even after elution of 2M sodium chloride (Figure
4.20, Section 4.2.3.3). The chromatogram obtained showed peaks before the start of,
and during, the elution gradient, probably caused by other proteins present (Figure
4.17, Section 4.2.3.3). Faint flt-1(1-3) staining was observed in the same fractions of
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the salt gradient using slot blot. It is conceivable that the apparently positive fractions
were caused more by background staining of other proteins and not by specific
detection of flt-1(1-3). This would also explain why no flt-1(1-3) was detected in
subsequent Western blots after the proteins were separated by SDS/PAGE (Figure
4.19, Section 4.2.3.3), compared to slot blots, which had no such separation (Figure
4.18, Section 4.2.3.3).

4.3.5. Size exclusion chromatography

This method, in combination with the cation exchange chromatography strategy, has
previously yielded a high (90%) purity of sflt-1*** and was therefore applied here to
further purify flt-1(1-3). The size exclusion column was selected as it provided good
resolution between 3kDa and 70kDa (supplier literature).

Fractions eluting close to the void volume of the column contained flt-1(1-3), as
demonstrated by slot blotting (Figure 4.22, Section 4.2.3.4). The elution position was
not consistent with the molecular weight of flt-1(1-3) and fractions at this stage
contained high molecular weight proteins. Sflt-1 can form heterodimers with KDR in
the absence of VEGF, albeit not to the same extent as when VEGF is present’'S.
VEGF could not be detected in conditioned medium nor concentrated heparin affinity
fractions by Western blotting (data not shown). However, it was possible that flt-1(1-
3) was binding to itself, in the absence of VEGF. Alternatively, the overall shape of

flt-1(1-3) may have affected the rate of elution.

Similar to the cation exchange separation attempt, there was significantly less flt-1(1-
3) detected in the fractions compared to the sample loaded onto the column. Despite
careful analysis of each handling step we were unable to identify the reason for this
apparent loss of recombinant protein. If flt-1(1-3) was interacting with other proteins,
it may have eluted over a longer period. This could have meant that the amount flt-

1(1-3) in each fraction was too diluted to detect.

The purification approaches used in the present study were likely to be partially
hampered because of the low expression level of flt-1(1-3). The selection antibiotic
was increased 20-fold in a bid to raise protein expression, ensuring that only cells

containing a higher number of plasmids remained viable. This did, indeed, increase
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production. Other groups producing truncated flt-1 have used a baculovirus
transfection and expression system in an insect cell line and achieved higher yields of
truncated flt-1 than in the present study, which suggests an alternative future

approa ch290,3 15,318,432,438,441

. However, the expression system used in the present study
has been previously shown to achieve high levels of expression with some proteins**,
Moreover, post-translational modification of the expressed protein in the HEK
fibroblast cell line used here would represent that of the endogenous protein in

humans more closely than an insect cell line.

6. Concentration of flt-1(1-3)

Following partial purification by heparin affinity chromatography, flt-1(1-3) was
concentrated by ultrafiltration and measured (Table 4.1, Section 4.2.4). The level of
flt-1 detected in non-transfected cells may have been due to the endogenous soluble
receptor. The increase in concentration of flt-1(1-3) in transfected cells (in
comparison to total protein) clearly showed that the transfected cells were expressing
the protein. The approximate concentration of flt-1(1-3) in the conditioned medium
was calculated at 0.335ug/L. Miotla et al.*>'® reported achieving 2-10mg/L of sflt-1 in
conditioned medium using the baculovirus expression system in highS$ insect cells, but
required SL of conditioned medium. This suggests that the yield of flt-1(1-3) in the
present study could be increased by purifying an increased volume of conditioned

medium.

4.3.7. Flt-1(1-3)/VEGF binding assay

Previously, binding of truncated flt-1 to VEGF has been assessed using 151.VEGF
complexes in competition or ELISA-type assays>*?267290297315426482  qurface
Plasmon Resonance (SPR) has been used here as this technology provides a more
rapid, sensitive method for studying the binding kinetics of VEGF with its
receptors®*42’,

carboxymethylated dextran and gold — coated sensor chip, followed by passing the

The technique immobilises either the receptor or ligand on a
corresponding ligand or receptor in solution over the chip. Interaction of a protein

with the immobilised protein is detectable as a change in the size of immobilised

protein, as determined by the refraction of a directed light beam.
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SPR demonstrated successful binding of flt-1(1-3) to VEGF (Figure 4.26, Section
4.2.5). This finding is consistent with other published work?®***2. It demonstrates
that the expression system used here can produce active flt-1(1-3). Moreover, the
binding of flt-1(1-3) to VEGF suggests that although the extracellular domain 4 of flt-
1 is required for dimerisation, it may not be required for stable binding. Ma et al.**
demonstrated that the first 3 extracellular domains of flt-1 block VEGF-mediated
blood vessel formation in vivo, indicating that domain 4 of flt-1 is not required to bind
VEGF with high affinity.

The contaminating proteins in the flt-1(1-3) preparation did not block the interaction,
which indicates that flt-1(1-3) retains binding affinity to VEGF in the presence of
other proteins. This is of importance for the potential application of flt-1(1-3) as a
decoy receptor for VEGF in biological assays. The presence of other proteins in the
flt-1(1-3) preparation meant that further kinetic analyses were not feasible, as these
proteins may have influenced flt-1(1-3) binding to VEGF. For instance,
contaminating proteins could have non-specifically coated the dextran strands on the
surface of the chip, thus partially blocking the immobilised VEGF from the soluble
flt-1(1-3). A purer preparation of flt-1(1-3) would reduce this issue and reveal if flt-
1(1-3) has a comparable affinity for VEGF as full-length flt-1. Furthermore, a
comparison of the binding affinity of flt-1(1-3) with full-length flt-1 would indicate
any differences in VEGF-binding. The dissociation constant (Kg) value for the full-
length receptor has been reported as 10-30pM>”, with a similar affinity with the
truncated form sflt-1 containing all 7 extracellular domains®®’*'>*!6,  Furthermore,
domains 1-3 of flt-1 exhibited only a slight change in Ky, to around 26pM>*". This
truncated form has been reported to block VEGF-mediated DNA synthesis?®"*2,
inhibit blood vessel formation in vivo*? and halt endochondral ossification''>. These
studies suggest that the expression of flt-1(1-3) described herein may be capable of
inhibiting angiogenesis and VEGF-induced bone formation, as part of a treatment
strategy in OA. Chapter 5 describes work carried out to further evaluation this.

In conclusion, we have successfully used an episomal expression system to produce
an partially pure recombinant flt-1(1-3) that is capable of binding to its ligand, VEGF.
However, more work is necessary to improve purity of the expressed protein by the

methods used in this study. Preliminary work has been conducted in the use of a
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bacterial expression system for flt-1(1-3), as Baerleon et al.?*® have reported high-
affinity binding of truncated flt-1 expressed in a bacterial system. Furthermore,
preliminary experiments using a bioreactor have been carried out, as this enables a
higher yield of protein and cell density in a relatively small volume of medium. The
commercially available antibody used to probe the Western blots in this Chapter could
be utilised to purify flt-1, either by immunoprecipitation or by an affinity
chromatography approach. However, the relatively harsh conditions that would be

required to elute the protein may cause loss of activity.
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S.1 Biological Assays Introduction

A three-dimensional matrix as a delivery system has been used in a number of studies to
investigate wound healing and cartilage repair (Section 1.6). Further to the delivery of a
bioactive agent, such a matrix can interact with the surrounding tissue or support cell
infiltration and thus, enhance void-filling tissue regeneration. Generally, it is preferable to
use a material that is biodegradable that can be broken down by normal metabolic

pathways, thus avoiding a potential accumulation and subsequent toxic effects.

Endogenous macromolecules have received much interest due to their inherent
biocompatibility and biodegradability. For example, fibrin-based matrices have been
applied to the delivery of basic fibroblast growth factor (bFGF), via heparin sites
incorporated into the matrix>’s. This reproduces the retention of growth factors by
extracellular matrix (ECM) components in vivo. Hyaluronan (HA) is a natural candidate
as a delivery system in cartilage, as it is abundant in this tissue and contributes to tissue
integrity (Section 1.1.4). As such, HA-based materials have been used alone®*, or for the

delivery of cells*®.

Chapter 3 describes an injectable HA-based hydrogel using an
ethylenediamine derivative of HA (HAED). This was shown to crosslink under
physiological conditions and was used to deliver active bone morphogenetic protein-2
(BMP-2). The density and elastic properties of this hydrogel could be modified easily,

contributing to the hydrogels versatility.

The overall hypothesis of this project is that a matrix that supports angiogenesis will, in
the presence of, for example, BMP-2, induce rapid osteogenesis, while a matrix that
inhibits angiogenesis will only undergo chondrogenesis (Section 1.7). It has been
demonstrated that the inhibition of angiogenesis by suramin allowed the transforming
growth factor-g; (TGF-Bl) and bone morphogenetic protein-2 (BMP-2)-induced
formation of cartilage, with no bone invasion**?. Indeed, the subcutaneous implantation

of recombinant human bone morphogenetic protein-2 (thBMP-2), in the presence of an
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angiogenesis inhibitor, has been reported to decrease bone formation, but to enhance

cartilage formation***.

Vascular endothelial growth factor (VEGF) is a potent angiogenic agent with a
pathological role during osteoarthritis (OA), outlined in Section 1.4.5. Chapter 4
describes the expression and partial purification of a decoy receptor based on the VEGF-
binding domains of fms-like tyrosine kinase-1 (flt-1), termed flt-1(1-3). It is speculated
that by sequestering VEGF and interfering with the interactions between VEGF and
endogenous receptors, chondrocyte differentiation will be arrested and vascular ingrowth
prevented. This method of angiogenesis inhibition would provide a more precise
mechanism than suramin and avoid the potentially toxic side effects associated with
suramin***, Furthermore, a truncated form of flt-1 is endogenously expressed and inhibits
angiogenesis®'’. This lends further support to the viability of this approach as it mimics a
physiological process.

This Chapter describes the combination of the delivery system of the HAED hydrogel
with the flt-1(1-3) decoy receptor, as a method of inhibiting angiogenesis and reducing
bone formation. VEGF;65 and suramin were used as positive and negative controls for

the angiogenesis assay, respectively.

Several in vitro and in vivo angiogenesis assays have been applied to investigations of
VEGF and its receptors. To study VEGF-mediated effects on cells in vitro, incorporation
of radiolabelled thymidine as a marker of cell proliferation, in response to VEGF has
been used extensively?*>267290:294315427.430 " a)though this technique does not indicate
angiogenesis per se. As it has been observed that endothelial cells cultured in vitro can
form tubules to indicate angiogenesis**, this has also been used to study VEGF-mediated

angiogenesis*6*7.

However, angiogenesis does not arise solely from endothelial cell
proliferation, but also involves other cell types (Section 1.3.1). To address this, organ
culture assays have been developed, such as the rat aortic ring assay*. To study

44,267,446

angiogenesis in the organism, the corneal pocket assa; and the Matrigel plug

assay449 have been developed. A less technically demanding assessment of angiogenesis
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is the chick chorioallantoic membrane (CAM) assay, a tissue used for years by
embryologists before being applied to angiogenesis studies. However, inter-species
differences in response to agents and morphological changes in the developiné embryo
must be taken into account, when studying angiogenesis by this method. Quantification
of this technique has further been a challenge, but image analysis software and

biochemical methods have addressed this problem*®. The foetal rat metatarsal assay has
 received much attention, since it provides a whole organ culture approach for the study of
endochondral ossification*®®. The foetal metatarsal provides a useful model for the
present study, as OA cartilage seems to share characteristics with the foetal growth plate,

such as chondrocytes entering hypertrophy (Section 1.2).
HAED hydrogels containing flt-1(1-3) were assessed for anti-angiogenic activity in the

CAM assay. They were assessed for inhibitory effects on bone formation, using the

foetal rat metatarsal bone formation assay.
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5.2 Biological Assays Results

5.2.1. Chick chorioallantoic membrane assay

This assay was employed to determine if flt-1(1-3) could block angiogenesis. Flt-1(1-
3) was partially purified from transfected 293 EBNA cells medium by heparin affinity
chromatography, and the total protein and flt-1 concentrations were determined, as
described in Chapter 4. To account for any effects of contaminating proteins, an
additional sample was prepared in an identical manner from non-flt-1(1-3)-transfected
cells. This was termed the ‘WT preparation’.

Hydrogels were prepared to 9mg/ml hyaluronan ethylene diamine derivative (HAED),
with a ratio of 1:1 (functional groups) SPA4-PEG (20kDa) crosslinker to HAED, with
no collagen included. The bioactive agents were incorporated in place of phosphate-
buffered saline (PBS), when diluting the hydrogel components to the correct
concentration (20ul added). This small volume of sample that could be incorporated
by this method placed limits on the final concentrations obtainable. An alternative
method of lyophilising the hydrogel and rehydrating it with a larger volume of test
sample did not produce homogenous hydrogel discs, as the lyophilisation step
damaged hydrogel shape and structure. Another method involving the injection of
test sample into a pre-existing hydrogel merely resulted in loss of sample through
seepage and a weakened, more dilute hydrogel. Both methods were aborted, in favour
of the PBS replacement method, described above.

Table 5.1 summarises the quantities of bioactive agents that were incorporated into
each hydrogel disc placed on the CAM. As VEGF has been shown to stimulate
angiogenesis in the CAM*’, it was included as a pro-angiogenic control. VEGFi¢s
(100ng) was incorporated into hydrogel discs, as previous work has reported that a

tenth of this amount can elicit a strong angiogenic effect*”’

, thus ensuring that an
effect would be observed in the present study. As an anti-angiogenic control, suramin
(500ug) was added to a 50ul hydrogel, as this level had been previously shown to

inhibit angiogenesis*®’.
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Windows were cut into the shells of chicken eggs at developmental day 3, and re-
sealed with sellotape®. The hydrogels were added onto the CAMs at day 7 of
development and angiogenesis assessed at developmental day 10, as illustrated in
Figure 5.1. Eight hydrogels for each variable were placed on the corresponding
number of CAMs. An additional 8 CAMs did not receive any hydrogels, to detect any
potential effects of the hydrogels themselves. Figure 5.2 shows an example from each

group.

As, expected, there was an increase in general blood vessel diameter over the three
days and the hydrogel itself did not affect the blood vessel formation. VEGF;s-
containing hydrogels did not produce an observable angiogenic effect in any of the 8
eggs and consequently failed as a positive control. However, the clouding of the
hydrogel in Figure 5.2 implies that there was a biological response to VEGF. Perhaps
the concentration was too high to elicit a recognisable angiogenic response. However,
2 of the 8 CAMs treated with suramin-containing hydrogels contained a ring around
the hydrogel, which was absent in new blood vessel growth, just visible in Figure 5.2.
No such ring formed around the hydrogels with flt-1(1-3), indicating that no inhibition
of angiogenesis occurred. In addition, there is no difference between the flt-1(1-3)
and WT preparation responses. The HAED hydrogels did not appear to influence
angiogenesis. However, as VEGF did not produce an angiogenic effect, further
experimentation is required to assess any influence the hydrogels may have on

angiogenesis.

The movement of the embryo within each egg caused distortions in the CAM and
caused the hydrogel to shift from its original position on the membrane. These factors
made comparisons of blood vessel formation, between eggs and from day 7 to day 10
difficult. Furthermore, histological examination of the hydrogels showed no blood

vessel invasion into the biomaterials (data not shown).

In summary, the CAM assay demonstrated that:
e The HAED hydrogels can deliver active agents that influence angiogenesis.
e The concentration of flt-1(1-3) used in this study did not effect angiogenesis.
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Table 5.1: Hydrogels with test samples investigated in the CAM assay. Compounds were
incorporated immediately prior to crosslinking of the hydrogel.

Test sample Final amount in each 50ul hydrogel
VEGF ;s 100ng
Suramin 500ug
Flt-1(1-3) preparation 2.3ng flt-1 and flt-1(1-3) (in 2.74pg total protein)
WT preparation 0.02ng flt-1 (in 2.74pg total protein)
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Egg placed in 37°C
incubator

Window cut in egg
to expose CAM

Hydrogel placed
onto CAM

3 days

Assessment of
angiogenesis

Figure 5.1: Schematic diagram of the CAM assay.
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5.2.2. Foetal rat metatarsal bone formation assay

5.2.2.1. Preparation of test materials

This assay was used to assess any potential chondrogenic and anti-osteogenic effects
of flt-1(1-3). Due to time constraints, this assay could only be carried out once. Flt-
1(1-3) was partially purified as described in Chapter 4. To take into account
impurities in the test sample, a parallel sample was prepared from non-transfected WT
293 EBNA fibroblasts, which was expected to have an identical protein content when

used at the same total protein concentration, but with no flt-1(1-3).

Hydrogels were prepared in the same manner as those for the CAM assays, to a final
concentration of 9mg/ml HAED, 1:1 SPA4PEG (20kDa) to HAED ratio, with no
collagen added. The factors listed in Table 5.2 were added. The VEGF concentration
in hydrogel 2 was the highest quantity that could be incorporated for such a small
volume, when following the supplier’s instructions, regarding resuspension of the
lyophilised compound provided. The lower level of VEGF in one of the hydrogels
served as a comparison for hydrogels with flt-1(1-3) or WT preparations. The
suramin quantity used was previously reported to inhibit angiogenesis*”’. The soluble
flt-1 standard was comprised of the 7 Ig-like extracellular regions of flt-1, was
obtained from the supplier of the immunoassay kit that had been used to determine flt-
1 concentration. This was included as an additional control and the low level was

incorporated due to availability.

5.2.2.2. Preparation of metatarsals

The central 3 metatarsals were dissected from rat foetuses 19 days after conception
and were kept in their groups of 3 upon placement onto the hydrogel discs. There
were between 13 and 18 metatarsals per treatment group listed in Table 5.2, as some
metatarsals were damaged during handling. The metatarsals were cultured and
assessed after 3 and 7 days.

Western blotting was carried out on the metatarsal culture medium at day 7 and no flt-

1(1-3), nor VEGF, was detected. This indicated that the concentration of any factor

that may have been released from the hydrogel was too low to detect.
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Table 5.2: Hydrogels with test samples investigated in the rat metatarsal bone formation assay. Samples
were incorporated immediately prior to crosslinking of the hydrogel.

Test sample Final amount in 50yl hydrogel
VEGF 100ng
Flt-1(1-3) 8.02ng flt-1 and flt-1(1-3) (12.14pg total protein)
27.8ng VEGF and

VEGF + Flt-1(1-3) 8.02ng flt-1 and flt-1(1-3) (12.14pg total protein in flt-
1(1-3) preparation)

Suramin 500ug
WT control 0.01ng flt-1 (12.14pg total protein)
VEGE +WT control | 1 ng fit-1 (12.14ug2ti>1:fl\;i(t:;l:n in WT preparation)
Soluble flt-1 standard 0.2ng
VEGF 27.8ng
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5.2.2.3. Observations and measurement of calcified zone

The length of calcified zone in the centre of each metatarsal was measured using
image analysis software, at these time points and assessed for signs of change. Figure
5.3 illustrates the metatarsals over the 7 days. The calcified zone is visible as a band
in the centre of each metatarsal. At day 7, the paler zones either side of the calcified
zone show expansion following VEGF treatment and the hydrogel alone, but no such
expansion in the metatarsals treated with partially purified conditioned medium (ie.
flt-1(1-3) and WT). This indicated an overall arrest in growth of the metatarsal. The
measurement of the calcified zone provided an indication as to the extent of
endochondral ossification. In some cases the calcified zone had shrunk by day 3, to
increase again by day 7, as observed in Figure 5.4. This phenomenon has been
observed by other workers in the laboratory of Smith & Nephew, although the precise
reason for this remains unknown. In metatarsals treated with hydrogel 5 (suramin),
swelling of the epiphysis region of the metatarsal was observed, with the calcified
zone appearing ‘pinched’. This phenomenon could have influenced the calcified zone

length by constricting expansion and is discussed in Section 5.3.

Statistical analysis

The paired T-test was selected to test for significant changes in calcified zone length
from day 0 to days 3 and 7 of each metatarsal (Appendix 6). Figure 5.4 shows the
changes in calcified zone length over 3 and 7 days. Over 7 days, hydrogels containing
suramin and the WT control demonstrated a significant reduction in calcified zone
length. The WT control with VEGF showed an increase. Although the hydrogels
with flt-1(1-3) and flt-1(1-3) with VEGF initially exhibited a decrease in calcified
zone length, this difference had disappeared by day 7. The increase in calcified zone
length with the WT control and VEGF did not appear to be caused solely by VEGF,
as the VEGF '(100ng) control did not cause a statistically significant increase in
calcification. The decrease in calcified zone length from the suramin—containing
hydrogel was accompanied by swelling of the cartilaginous regions towards the ends

of the metatarsal, which appeared to be increased by suramin.

The percentage change in calcified length in response to hydrogels from the treatment
groups, compared to that of the hydrogel only, was statistically analysed using the
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<
2]

Hydrogel only

dissected from rat foet

Figure 5.3: The central 3 metatarsals
i;rr_':riet_uatr;-.ly after removal. Days 3, 7: after spending 3 or 7 days on a hydroge
factors listed in Table 1. The pale pink/white band (with dark image background) or dark band (with

pale image background) in the centre of each metatarsal is the calcified zone, the length of which was

measured. * = A significant difference in the length of the calcified zone compared to the metatarsals

from the same treatment group at day 0. T = A significant difference in the change of calcified zone
length compared to the ‘hydrogel only’ control over the same time period. These are illustrated
graphically in Figure 5.4. The different colours were caused by different illumination settings and did

not affect the results. Scale bar = Imm. (Coniinued on next page.)
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non-paired T-test (Appendix 6). Figure 5.4A shows that although flt-1(1-3) treatment
showed an initial decrease in metatarsal length, only suramin and the WT control
demonstrated a decrease over 7 days (Figure 5.4B).

5.2.2.4. Haematoxylin & Eosin staining and Immunolabelling of metatarsals

The most intact metatarsals from each treatment group were paraffin wax embedded
after day 7, followed by sectioning and immunostaining. Haematoxylin and Eosin (H
& E) staining gave an overview of the differentiation stages of chondrocytes within
the metatarsals and the calcified hypertrophic zone, which is macroscopically visible
(Figure 5.5). Immunostaining was carried out using a polyclonal antibody raised
against von Willebrand Factor (vWF), a plasma glycoprotein®’. Positive staining
would highlight the presence of blood vessels, illustrated by a brown stain. The tissue
was counterstained with methyl green to visualise cell nuclei. The presence of blood
vessels in the perichondrium was revealed by brown staining. This confirmed that the
staining was specific, as this membrane is known to be vascularised'®’. Interestingly,
positive VWF staining is evident around the hypertrophic chondrocytes, although
blood vessels are not visible in this zone. Metatarsals treated with no bioactive agents
and VEGF (27.8ng) demonstrated bone growth (Figure 5.5A and F). Angiogenesis
appears to be further advanced following VEGF treatment, indicated by vascular
invasion into the primary ossification centre and more intense staining in Figure 5.11.
This is accompanied by early signs of trabicular bone formation (Figure 5.5F). These
observations are consistent with the measurements of the calcified zone, which
demonstrated a slight (albeit not statistically significant) increase in bone formation
(Figure 5.4). Moreover, the metatarsal treated with VEGF demonstrates putative
secondary ossification of the epiphyseal regions, indicated by the areas of brown
staining around hypertrophic chondrocytes (Figure 5.11). Interestingly, the metatarsal
treated with 100ng VEGF did not show such a pronounced response as that treated
with the lower amount of VEGF (Figure 5.12). However, sections of the whole
metatarsal would need to be studied to verify this.

In contrast, the metatarsals incubated on hydrogels containing flt-1(1-3) or the WT
control did not show expansion of the hypertrophic zone towards the epiphyseal
regions, nor progressive ossification (Figures 5.5B-E, 5.7-5.10). Furthermore, vVWF
labelling was limited to the hypertrophic region in these metatarsals, indicating that
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there was no metatarsal growth. The presence of VEGF did not counteract this effect
(Figures 5.8 and 5.10). The flattened chondrocytes in columns evident in metatarsals
treated with VEGF or the hydrogel only were not as organised in the samples treated
with conditioned medium. These observations could not be attributed to flt-1(1-3), as
they occurred in the metatarsal treated with the WT control (Figure 5.9), suggesting
that other factors in the preparation may have been involved. The addition of the
soluble flt-1 standard to a hydrogel did not prevent endochondral ossification, as bone
formation is apparent in Figures 5.5H and 5.13. However, the hypertrophic zone did
not spread outwards to the same extent as that of the metatarsal incubated on a
hydrogel containing no agents, suggesting a soluble flt-1-mediated effect. Figure 5.14
shows that suramin severely disrupted the cellular and structural organisation of the
metatarsal, with only the calcified hypertrophic zone retaining an identifiable structure
(Figures 5.51 and 5.14). It is likely that these cells were already hypertrophic at the
point of dissection (day 0). No intense VWF labelling was present outside the
hypertrophic zone. This suggests that suramin at this concentration compromises

chondrocyte viability.

The effects of VEGF and suramin on the metatarsals demonstrated that the HAED
hydrogels could deliver these agents without compromising their activity. As the
agents were not anchored into the matrix, they may have slowly diffused out to elicit a
biological effect. Moreover, the hydrogels did not degrade or dissolve after 7 days in
culture medium. A technique to assess the diffusion of agents out of the hydrogels is
discussed in Chapter 6.

In summary, the foetal rat metatarsal assay revealed that:

o VEGF stimulated endochondral ossification.

e The preparations from 293 EBNA fibroblasts, purified by heparin affinity
chromatography, had the ability to prevent further metatarsal growth, possibly
through an anti-angiogenic mechanism, although it was doubtful that this was
mediated by flt-1(1-3).

e The HAED hydrogels released bioactive factors, to induce a biological

response.
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Hydrogel with WT control

Figure 5.5: Haematoxylin and Eosin staining of foetal rat metatarsals explanted at day 19 after

conception and cultured on HAED hydrogels (each of which contained one of the test samples listed in

netatarsals. BF: bone formation, BC:

—

one collar, HZ: hypertrophic zone, FC: flattened chondrocyte
zone, ER: epiphyseal region, with most proliferation, Pe: perichondrium. A decrease in ossification,
progression of hypertrophy and proliferation are evident in metatarsals cultured on hydrogels containing

the fit-1(1-3) and WT control preparations. Scale bars = 300um. {Continued on the next page.)
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el with WT control and VEGF i
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Hydrogel with suramin

(Figure 5.5 contmued.)
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Hydrogel with no bioactive agents

Figure 5.6: Immunostaining of a foetal rat metatarsal with anti-von Willebrand Factor (brown),
counterstained with methyl green. The metatarsal was cultured for 7 days on a hydrogel that did not
contain any additional substances. Selected areas of the hypertrophic zone (B), proliferating zone (C)
and epiphyseal region (D) are shown at a higher magnification. The zones formed during
endochondral ossification are illustrated in the corresponding image in Figure 5.5A. Scale bars =

300um (A) and 50um (B-D).
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Hydrogel with flt-1(1-3)

igure 5.7: Immunostaining of a foetal at metatarsal with anti-von Willebrand Factor (brown),
counterstained with methyl green. The metatarsal was cultured for 7 days on a hydrogel containing
flt-1(1-3) (8.02ng). Selected areas of the hypertrophic zone (B), proliferating zone (C) and
epiphyseal region (D) are shown at a higher magnification. The zones formed during endochondral
ossification are illustrated in the corresponding image in Figure 5.5B. Scale bars = 300um (A) and

50um (B-D).
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Hydrogel with flt-1(1-3) and VEGF

Figure 5.8: Immunostaining of a foetal rat metatarsal with anti-von Willebrand Factor (brown),
counterstained with methyl green. The metatarsal was cultured for 7 days on a hydrogel containing flt-
1(1-3) (8.02ng) and VEGF (27.8ng). Selected areas of the proliferating zone (B), hypertrophic zone
(C) and epiphyseal region (D) are shown at a higher magnification. The zones formed during
endochondral ossification are illustrated in the corresponding image in Figure 5.5C. Scale bars =

300um (A) and 50pm (B-D).
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Hydrogel with WT control

Figure 5.9: Immunostaining of foetal rat metatarsals with anti-von Willebrand Factor (brown),
counterstained with methyl green. The metatarsals were cultured for 7 days on a hydrogel containing the
WT control (0.01ng flt-1(1-3)). Selected areas of the hypertrophic zone (B), proliferating zone (C) and
epiphyseal region (D) are shown at a higher magnification. The zones formed during endochondral

ossification are illustrated in the corresponding image in Figure 5.5D. Scale bars = 300um (A) and 50um
(B-D).
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counterstained with methyl green.

the WT control (0.01ng flt-1(1-3)) and VEGF (27.8ng). Selected areas of the hypertrophic zone (B),
proliferating zone (C) and epiphyseal region (D) are shown at a higher magnification. The zones

formed during endochondral ossification are illustrated in the corresponding image in Figure 5.5E.
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Hydrogel with VEGF (27.8ng)

Figure 5.11: Immunostaining foetal Tat metatarsal with anti-von Willebrand Factor (brown),

counterstained with methyl green. The metatarsal was cultured for 7 days on a hydrogel containing
VEGF (27.8ng). Selected areas of the proliferating zone (B), hypertrophic zone (C), bone collar (D)
and epiphyseal region (E) are shown at a higher magnification. The zones formed during
endochondral ossification are illustrated in the corresponding image in Figure 5.5F. Scale bars =
300um (A) and 50pm (B-E).
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Hydrogel with VEGF (100ng)

counterstained with methyl green. The metatarsal was cultured for 7 days on a hydrogel containing

VEGF (100ng). Selected areas of the hypertrophic zone (B), proliferating zone (C) and epiphyseal
region (D) are shown at a higher magnification. The zones formed during endochondral ossification are

illustrated in the corresponding image in Figure 5.5G. Scale bars = 300um (A) and 50um (B-D).
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the soluble flt-1 standard (0.2ng). Selected areas of the hypertrophic zone (B), proliferating zone (C)
and epiphyseal region (D) are shown at a higher magnification. The zones formed during
endochondral ossification are illustrated in the corresponding image in Figure 5.5H. Scale bars =

300pm (A) and 50um (B-D}.
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assess this and is discussed in Chapter 6. VEGF has been reported to induce

angiogenesis in the CAM assay at levels of 200ng (via Sephadex G-200 beads™

) or by
drying 10ng of VEGF onto a cover slip, which was subsequently placed on the CAM?**,
This cover slip approach could be applied to the application of flt-1(1-3) alone to assess

anti-angiogenic properties.

There was no noticeable difference between hydrogels containing flt-1(1-3), the WT
control, and PBS alone. The concentration of flt-1(1-3) may have been too low to elicit a
response. Other workers have reported that soluble forms of flt-1 inhibit VEGF-induced
proliferation of cells at concentrations of 25ng/m1***#2, Although 2.3ng of flt-1(1-3) was
added in the present study, it was added in a hydrogel, rather than directly, unlike the
studies referred to. Furthermore, the concentrations with which inhibition of VEGF is
observed are likely to be different between in vitro cell proliferation studies and the in
vivo CAM assay, undertaken in the present study. In vivo intraperitoneal administration
into mice®'® or intramuscular administration into rabbits**? of soluble flt-1 required much
higher levels of 300ug and 1000ug, respectively. Although the flt-1(1-3)-containing
hydrogel was applied directly onto the CAM, it was possible that the concentration of flt-
1(1-3) used in the present study was too low to block VEGF-mediated effects. It was
anticipated that there would be minimal interference from contaminating proteins in the
flt-1(1-3) preparation, as this did not prevent flt-1(1-3) binding to VEGF (Section 4.3.7).
However, it is possible that the other constituents in the preparation may have partially
hindered the action of flt-1(1-3) on the CAM.

It could be argued that the recombinant human flt-1(1-3) used herein did not interact with
high affinity with avian growth factors due to species difference. However, both
Zilberberg et al.?’* and Bae et al.**’ reported angiogenic responses in the CAM assay
using recombinant human VEGF, suggesting that there is species cross-reactivity.
Moreover, a VEGF inhibition study using the CAM assay involved mixing a peptide
inhibitor with VEGF, prior to the addition of both agents onto the CAM*2. Future work
could involve an adaptation of this approach, by combining VEGF and flt-1(1-3)
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beforehand. This would bypass any species specificity issues of flt-1(1-3), to establish if
flt-1(1-3) can inhibit VEGF-mediated angiogenesis.

Methods for quantifying blood vessel formation in this assay have received attention*®.
A method developed by our collaborating laboratory involves analysis of the images of
the CAM. Briefly, the number of pixels deduced to form part of a blood vessel is
calculated, to provide an indication of a change in the area occupied by blood vessels
compared to a control. This method was applied to the images obtained in the present

study, but further optimisation of data acquisition is required to utilise this technique.

An alternative in vitro assay previously mentioned is the endothelial cell tubule forming
assay. It was anticipated that flt-1(1-3) would be tested for angiogenesis using this

approach, but time constraints meant that only preliminary studies were carried out.

5.3.2. Foetal rat metatarsal assay

This organ culture technique has been applied to the study of several factors involved in
bone growth, as it provides a microenvironment similar to the in vivo setting, as it allows
intercellular interactions between the different types of cell in the developing
bone*1954%0455 - Eor this study, it provided a useful model of endochondral ossification
to test the hypothesis that a matrix inhibiting angiogenesis, will also block bone
formation. VEGF is known to promote endochondral ossification''?, which has been
formerly blocked in this model*!. Previously published work have cultured metatarsals
for 3 or 4 days and measured the length of the entire metatarsal®>'%4%4%  Cyurving of
the metatarsals over the longer time course of the present study meant that this not
feasible. Furthermore, some of the metatarsals still had proximal phalanges attached,
which would have provided false measurements. Therefore, measurement of the
calcified zone indicated the extent of bone formation. However, this method did not

indicate expansion of the metatarsals due to chondrocyte proliferation.

Blood vessel invasion into the proliferating chondrocytes and mineralisation were

detected in both VEGF-stimulated and non-stimulated metatarsals, demonstrating that the
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metatarsals were metabolically active after dissection. Metatarsals treated with flt-1(1-3)
or the WT control exhibited no mineralisation compared to the hydrogel-only control and
the VEGF-treated samples. There was reduced angiogenesis into the cartilage and the
band of hypertrophic chondrocytes did not advance towards the epiphysis. Furthermore,
there was no evidence of a secondary ossification centre, further confirming that

angiogenesis is a prerequisite for this process.

These observations occurred in metatarsals incubated with both flt-1(1-3) and WT
control-containing hydrogels, which suggest that the agent responsible was derived from
the other protein(s) that had co-purified with flt-1(1-3) from the conditioned medium.
Several growth factors that regulate different stages of endochondral ossification contain
heparin-binding domains, such as TGF-8°¢, BMP-2*¢, bFGF*’, platelet-derived growth
factor-BB (PDGF-BB**®) and IGF-1 binding protein, responsible for the modulation of
IGF-1 action and increasing the half-life of IGF-1*°, outlined in Section 1.1.8. A role of
heparin in the ECM is to bind these growth factors, enabling the tightly controlled,
location-specific, release and limits growth factor diffusion®®. However, as the flt-1(1-3)
and WT control were partially purified by heparin affinity chromatography, the
preparations would have contained heparin-binding proteins. The introduced proteins
may have competed with endogenous growth factors for heparin in the cartilage matrix,
or provided such a high concentration of growth factors to overload biological responses.
This would have interfered with the regulation of endochondral ossification, which may

account for the observed effect.

The observations reported from the inhibition of single growth factors were not in
accordance with the present findings. For instance, inhibition of VEGF or matrix
metalloproteinases (MMPs) exhibited an increase in the number of hypertrophic
chondrocytes, as progression to apoptosis and vascular invasion were blocked'%!!112,
This was not observed in the present study. Moreover, inhibition studies with
parathyroid hormone-related protein (PTHrP) resulted in shrinkage of the epiphyseal
region and an increased number of non-hypertrophic chondrocytes amongst hypertrophic

chondrocytes®. In this study, there did not appear to be such a specific response.
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These preliminary results have shown that an agent or combination of agents in the
applied treatments, other than flt-1(1-3), caused an arrest in metatarsal growth. To
confirm this would require assessment of other metatarsals from the same treatment
group, which could not be evaluated in the present study due to time constraints. Gerber
et al.® demonstrated inhibition of ossification using a decoy receptor consisting of the
first 3 extracellular domains of flt-1. This implies that the flt-1(1-3) produced in the
present study should exhibit a similar effect. A preparation containing a more pure,
higher concentration of flt-1(1-3) is required to confirm this. In addition, a future
approach could involve incubating the metatarsal between two hydrogels. This would
increase metatarsal exposure to the bioactive factors and prevent metatarsals drifting

away from the hydrogel during culture.

Limitations of an anti-vWF antibody to detect invading blood vessels was evident, as
labelling appeared throughout some metatarsals. The polyclonal antibody was raised
against the whole protein, which would include the “A” domains. These are found in a
number of extracellular molecules present in epiphyseal cartilage, including matrilins and

collagens®**7

. It is probable that the antibody cross-reacted with these to generate the
effect observed. A continuation of this study would utilise an antibody raised against the
cell surface receptor CD31 (platelet endothelial cell adhesion molecule-1, PECAM-1),

expressed on the cell surface of vascular cells*’”.

The metatarsals treated with suramin exhibited extensive disruption of the cartilage, and
no bone formation (Figure 5.14, Section 5.2.2.4). Suramin has been shown to be anti-
angiogenic*. Furthermore, it inhibits the action of growth factors, such as TGF-g,
PDGF and bFGF, by inhibiting interactions with their respective receptors, in addition to

disrupting proteoglycan catabolism**!

. Inhibition of proteoglycan catabolism in the
ECM may explain the swelling and distortion observed in suramin-treated metatarsals, as
a higher level of polyanionic glycosaminoglycans (GAGs) would cause movement of
water into the tissue. The loss of the overall form of the metatarsal indicated that

collagen breakdown had occurred, thus losing the structure and strength of the tissue.
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This would also explain the disordered ECM observed. In addition, suramin has been

462

reported to inhibit the proliferation and division of osteosarcoma cells™”, which may

have contributed to the prevention of ossification by osteoblasts.

The apparent shrinkage of the calcified zones was unexpected, as it was rather unlikely
that the metatarsals would actually de-calcify. This phenomenon may have arisen from
handling, but to determine the cause of this, microscopic analysis would have to be

conducted on metatarsals around 3 days after explantation.

In conclusion, the studies carried out in this Chapter have demonstrated the suitability of
HAED hydrogels in the delivery of growth factors. To assess the biological activity of
flt-1(1-3), a more concentrated preparation is required. However, previous studies
suggest that flt-1(1-3) provides inhibition of VEGF-mediated angiogenesis, with
prevention of subsequent bone formation. This is of relevance in the treatment of OA,
where angiogenesis, accompanied by new bone growth, is one of the contributing factors

to cartilage degradation (Section 1.3.2).
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6. Overall Discussion

The limited capacity of cartilage to self-repair following injury has led to the
development of cartilage repair strategies (Section 1.5). Such an approach may require
bioactive factors to stimulate matrix synthesis or cell proliferation, or an inhibitor of a
pathological pathway. A space-filling scaffold has been shown to enhance cartilage
repair>®. Cells are an important component of the repair response and can be either

introduced*?’ or attracted from surrounding tissues by chemotactic agents**'.

The present study was based on the hypothesis that a matrix which supports angiogenesis,
will, in the presence of bioactive factors such as bone morphogenetic protein-2 (BMP-2),
induce rapid bone formation, while a matrix that inhibits angiogenesis, will promote
chondrogenesis. Chapter 3 describes the characterisation of a hyaluronan (HA)-based
hydrogel to deliver growth factors and provide a three-dimensional scaffold to support
cartilage remodelling. Chapter 4 describes the production of a decoy receptor to inhibit
vascular endothelial growth factor (VEGF)-mediated angiogenesis and subsequent bone
formation. Chapter 5 evaluates the combination of hydrogel and decoy receptor as an

anti-angiogenic material and as an inhibitor of ossification.

Previously, this laboratory has developed a hydrogel based on an ethylenediamine
derivative of HA (HAED), which exhibited potential for tissue repair applications*®.
The present study revealed the optimum component concentrations required to achieve a
hydrogel with appropriate viscoelastic properties. The hydrogels supported the delivery
of bioactive agents, either incorporated into the crosslinking hydrogels, or via collagen
that was included in the hydrogels. Moreover, cell infiltration into the material indicated
the suitability of this hydrogel in tissue remodelling. However, potential cytotoxicity of
the hydrogels requires further investigation. If non-toxic, these HAED hydrogels can be
used in other applications, such as bone growth, skin treatments or eye surgery. Indeed,
the Hylan biomaterials have shown potential in soft tissue augmentation®'. HA-based
biomaterials have been developed for delivery of drugs in the eye*”®. Furthermore, HA

and collagen matrices have been shown to promote bone healing*®*.
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Tbusuki ez al.**® defined nine essential requirements important for scaffolds in cartilage
repair. These are injectability; rapid solidification in situ; no subsequent shrinkage of the
scaffold; biodegradability; non-toxicity; ability to withstand mechanical force in
cartilage; high cell viability; support of cell re-differentiation and resulting in phenotypic
expression of chondrocyte markers, such as collagen type II. The present study has
demonstrated that the HAED hydrogel fulfils many of these requirements, although it
was not designed as a cartilage replacement per se and therefore, does not match cartilage
for mechanical strength. It is anticipated that administration of this hydrogel in a clinical
setting would be followed by minimal weight bearing for a few weeks, until tissue
remodelling is complete. This raises the question as to the quality of the replacement
tissue that would be synthesised in a non-weight bearing environment. One solution to
this could be the use of ultrasound, which has been shown to promote proteoglycan

synthesis463.

To block angiogenesis, the present study describes the expression of a decoy receptor,
consisting of the first 3 extracellular domains of the VEGF receptor, fms-like tyrosine
kinase-1 (flt-1), termed flt-1(1-3). It was proposed that this would be incorporated into
the hydrogel to sequester endogenous VEGF. Flt-1(1-3) was shown to bind VEGF, but
the low concentration of flt-1(1-3) meant that anti-angiogenic activity could not be
confirmed. Furthermore, a purer and more concentrated preparation is required to
demonstrate inhibition of ossification. Previous work has identified pro-angiogenic

effects of HA oligosaccharides’".

This is a potential factor regarding degradation
products of the hydrogel. However, the HAED hydrogel did not appear to induce
angiogenesis in the present study, althoﬁgh this requires confirmation. Moreover, other
studies involving HA-based biomaterials in cartilage remodelling have not reported
angiogenic effects as a consequence of HA degradation in cartilage partial- and full-
thickness defects®>’**%46*, However, Peattie et al.*®® reported a synergistic effect between
high molecular mass HA-based hydrogels and vascular endothelial growth factor (VEGF)

in neovascularisation, following subcutaneous implantation into rats. As advanced OA
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chondrocytes express VEGF?>*, these findings would be a consideration when applying
the HAED hydrogel to OA cartilage.

In a cartilage repair strategy following on from the present study, a HAED hydrogel
containing collagen, BMP-2 and flt-1(1-3) would be injected into a cartilage lesion
immediately after the crosslinker was supplemented, whereupon it would form a space-
filling three-dimensional scaffold. It is anticipated that the presence of BMP-2 would
stimulate the migration of mesenchymal stem cells (MSCs) from the surrounding
synovium, periosteum or subchondral bone into the scaffold. It is believed that the MSCs
would then undergo differentiation into chondrocytes with associated matrix synthesis
further enhanced by the HA-based hydrogel. Meanwhile, flt-1(1-3) would block the
pathogenic function of VEGF. MSCs have been demonstrated to migrate from synovial

l.470

tissues into a partial-thickness cartilage defect**. Furthermore, Iwata et a reported

that BMPs can induce MSCs to differentiate into chondrocytes. As chondrocytes have

very limited capacities for migration**!

, the migration and differentiation of MSCs would
be required for matrix synthesis. Inhibition of angiogenesis has been shown to prevent
bone invasion into a cartilaginous repair tissue following implantation of a matrix
containing IGF-1, BMP-2 or TGF-81**>. This study used suramin in the matrix to block
angiogenesis and further demonstrated that slow release of the angiogenesis inhibitor
promoted cartilage growth more effectively than rapid diffusion. This is in agreement

with the future objectives of the present study.

The cartilage model for hydrogel assessment requires some consideration. A partial
defect in otherwise healthy cartilage may not represent the osteoarthritic state, as VEGF
would be at much lower levels. In contrast, advanced OA exhibits inflammation of the
synovial membrane, with increased VEGF activity in the synovial membrane and within
cartilage itsel”**. Animal models which exhibit the spontaneous development of OA*®’

provide a means of investigating at which stage of injury the material is most effective.

The potential inhibition of angiogenesis to promote cartilage repair has been illustrated
by Takita et al*®, who combined BMP-2 and an anti-angiogenic polyphenol,
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epigallocatechin 3-gallate, into scaffolds of fibrous glass membranes. The study revealed
that in the presence of BMP-2 and the angiogenesis inhibitor, cartilage was still produced
with decreased bone formation, whereas in the presence of BMP-2 alone, bone formation
was predominant. This supports findings in the present study, which demonstrated BMP-
2-induced bone formation following subcutaneous implantation. Kim et al*’
demonstrated that a BMP-2-containing Hyaff-11 biomaterial induced osteogenesis of
seeded fibroblasts. , Interestingly, the group also revealed that Hyaff-11 maintained a
more prolonged, slc;wer release of BMP-2 than collagen gels, which was proposed to be
caused by electrostatic interactions between the basic N-terminus of BMP-2 and the
carboxyl groups on HA. This suggests that the incorporation of collagen may not be
required for delivery of BMP-2. In addition, synergy between administered growth
factors can be exploited for cartilage repair. An in vitro study*®® demonstrated that a
combination of BMP-7 and IGF-1 achieved greater proteoglycan synthesis than each
individually, which could be a consideration in a continuation of the present study. In
addition, the more chondrogenic BMP-7 may be more applicable to cartilage repair than
the osteogenic BMP-2. It does not induce cell proliferation, which may be considered a
drawback, but this does risk proliferating chondrocytes progressing to hypertrophy and

subsequent osteogenesis®.

A study conducted by Diefenderfer et al.* revealed that adult human MSCs did not
respond to BMP-2, BMP-4 and BMP-7 as effectively as rat MSCs in culture. These
findings present obvious issues regarding a BMP-2 approach. An alternative growth
factor, platelet-derived growth factor-BB (PDGF-BB), has received much interest, as it
can promote proteoglycan synthesis, but does not induce chondrocyte differentiation*®.
However, one study found that the pre-treatment of chondrocytes with PDGF-BB led to
the formation of fibrous connective tissue, rather than hyaline cartilage following

implantation373.

The rate of diffusion of bioactive factors from the hydrogel may have influenced the

biological responses observed in this study. Time constraints meant that methods of

coupling flt-1(1-3) to the HAED hydrogel could not be addressed. Stable attachment of
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flt-1(1-3) may result in an accumulation of VEGF within the hydrogel until it were
degraded, which could also allow slow, sustained release of flt-1(1-3). The rate of
scaffold degradation would thus influence the biological response. A stable attachment
within the hydrogel may also provide some protection against metabolic inactivation®®.
Alternatively, a hydrolysable link may enable a more rapid diffusion of flt-1(1-3), which
would enable the.inhibitor to interact with surrounding tissue. However, this could have
the added risk of diffusion away from the target site. Enzymatic cleavage offers a more
tissue-specific mechanism and oligopeptide links between the scaffold and attached agent
have been used to achieve this*'°. The method of coupling should take into account the
nature. of the bioactive factor. For instance, a permanent bond would not be suitable for
the delivery of intracellular signalling molecules*’®. The rate of diffusion could be
assessed by the use of radiolabelled proteins and the measurement of radioactivity in

fluid surrounding a range of HAED hydrogels of different component concentrations.

Modification of the carboxyl moiety of HA could introduce a peptide link to couple flt-
1(1-3), with enzymatic release. However, there is the potential risk of enzymatic
degradation of flt-1(1-3). Heparin immobilised on a fibrin scaffold has also been
successfully used to deliver growth factors, such as basic fibroblast growth factor
(bFGF)*"8, which suggests a mechanism for not only the delivery of the heparin-binding
flt-1(1-3), but also for the sequestering of VEGF. However, many growth factors have
heparin-binding sites and cartilage repair may be affected if chondrogenic growth factors
are trapped within the delivery scaffold.

Assessment of the HAED hydrogel (with BMP-2 and flt-1(1-3)) in a cartilage lesion,
would reveal if the anti-angiogenic signal is only required while a cartilaginous matrix is
being synthesised, or if sustained inhibition is required to prevent bone invasion, after the
hydrogel has been degraded. @ BMP-2 induces chondrocyte proliferation during
endochondral ossification, where the end result for these chondrocytes is hypertrophy and
cell death, accompanied by angiogenesis (Section 1.1.8). The role of VEGF in
endochondral ossification''? suggests that inhibition of VEGF action may be required

long-term. There has been considerable interest in the delivery of MSCs transfected with
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chondrogenic agents to regenerate cartilage’’'. The transfection of MSCs in vitro with
flt-1(1-3) cDNA, followed by implantation, may provide a slow release over a longer
time, especially if the MSCs are retrovirally transduced. In combination with the HAED
hydrogel and BMP-2, this would provide progenitor cells for matrix synthesis and offer
long-term inhibition of VEGF activity. Moreover, transfection of MSCs with BMP-2
c¢DNA has resulted in increased biological response compared to administration of the
BMP-2 proteinm. However, future results from the effectiveness of coupling of flt-1(1-
3) to the HAED hydrogel would reveal if flt-1(1-3) inhibits VEGF more efficiently in a

free state, or immobilised on a scaffold.

In conclusion, the application of an inhibitor to VEGF, in a BMP-2-containing HAED
hydrogel, into damaged cartilage, offers a potential solution to cartilage degradation.
This study characterised the HAED hydrogels and demonstrated their suitability in the
delivery of growth factors. It was also shown that the hydrogels could support cell
infiltration, although the toxicity of the materials remains to be elucidated. The
development of a VEGF inhibitor can bind this growth factor, but further work is

required to reveal if it can block VEGF-induced angiogenesis and osteogenesis.
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Appendix 1

APPENDIX 1: Recipes

Al.1 Hydrogel Characterisation

Hyaluronidase buffer:

30mM citric acid, 150mM Na,HPO,4, 150mM NaCl

Al.2 Expression and purification of flt-1(1-3)

LB broth:

LB agar:

TBE buffer:
TAE buffer:

10g/1 tryptone, Sg/l yeast extract, 340 mM sodium
chloride, 2mM sodium hydroxide.

10g/1 tryptone, 5g/1 yeast extract, 15g/1 agar, 85SmM
sodium chloride, 1mM sodium hydroxide.

0.089M Tris, 0.089 M Borate, 0.002M EDTA.

27mM Tris, 2mM EDTA, 0.11% (v/v) acetic acid. pH
8.5.

Glycoprotein denaturing buffer (10X): 5% sodium dodecyl sulphate, 10% (-

Cell extraction buffer:
PBS:

Immunoblotting

Sample buffer (2X):

SDS-PAGE running buffer:
Transfer buffer:

Ponceau S:

TBS:

Stripping buffer:

mercaptoethanol.

0.25M sucrose, 1% Triton X-10.

1 mM potassium dihydogen orthophosphate, 3mM
disodium hydrogen orthophosphate, 155 mM sodium

chloride.

200mM Tris/HCl, pH 6.8, 4% SDS, 10mM EDTA, 30%
glycerol, 0.3% bromophenol blue, 2% mercaptoethanol.
25mM Tris, 192mM Glycine, 3.5mM SDS.

25mM Tris/HCl, 192mM glycine, 20% (v/v) methanol.
0.1% (w/v) ponceau S, 5% (v/v) acetic acid.

50mM Tris/HCl, 200mM NaCl pH7.4.

0.7% B-mercaptoethanol, 2% sodium dodecyl sulphate,
62.5mM Tris.



Purification

Strep-Tactin wash buffer:

Strep-Tactin elution buffer:

Heparin Sepharose washing buffer:

Heparin Sepharose elution buffer:

Cation exchange start buffer:

Cation exchange elution buffer:

Appendix 1

100mM Tris (pH8.0), 150 mM NaCl, 1 mM
EDTA.

100mM Tris (pH8.0), 150mM NaCl, ImM
EDTA, 2.5mM desthiobiotin.

0.45mM sodium dihydrogen orthophosphate,
0.5mM disodium hydrogen orthophosphate,
120mM sodium chloride, pH 7.4.

0.45mM sodium dihydrogen orthophosphate,
0.5mM disodium hydrogen orthophosphate, 2M
sodium chloride, pH 7.4.

20mM MES (2-(N-morpholino) ethanesulfonic
acid), 100mM sodium chloride, pH 6.0.

20mM MES, 1M sodium chloride, pH 6.0.

Al.3 Flt-1(1-3)/VEGF binding assay

HBS-EP buffer:

0.01M HEPES, 0.15M NaCl, 3mM EDTA,
0.005% polysorbate 20 (v/v).

Xi



Appendix 2: HUVEC medium supplements

Endothelial cell growth supplement
Foetal bovine serum

Epidermal growth factor
Hydrocortisone

Basic fibroblast factor
Ampbhotericin B

Gentamicin

Supplied by Promocell (Heidelberg, Germany)

0.4%
2%
0.1ng/ml
1pg/ml
Ing/ml
50ug/ml
50pug/ml

Appendix 2
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Appendix 3

Appendix 3: Vectors

A3.1. Vector map of pCEP-Pu
Derived from pCEP-4 vector (Invitrogen).

This vector contains a Strep-tag where indicated.

e CMYV: Cytomegalovirus immediate early gene enhancer-promoter: drives
expression of recombinant protein.

e Puromycin N-acetyltransferase gene for selection.

e Contains Epstein Barr virus (EBV) origin of replication. Sensitive to action of
EBV nuclear antigen, which is expressed in 293 EBNA cells. This leads to
maintenance of plasmid extrachromasomally, thus the plasmid replicates
independent of host cell division. Episomal plasmid, with possibly higher

protein production.
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Appendix 3

A3.2. Vector map of pCRII

Used in the TA cloning kit (Invitrogen)

facZa ATG

M13 Reverse Primer Promoter
CATGATTACGCCAAG: AT TTA GGT GAC ACT ATA
Gore Gl e C TAGTAC TAA TGC GGT TCOG ATA AAT CCA CTG TGA TAT T

Nslil liﬁldlll Kpnl Suil BamH| Spe |

| |
TAC TCA AGC TAT GCA TCA AGC TTG GTA COG AGC TCG GAT CCA CTA GTA ACG GCC
ATG AGT TCG ATA CGT AGT TCG AAC CAT GGC TCG AGC CTA GGT GAT CAT TGC CGG

BstX| EcoRlI EcoR | EcoRV

GCC AGT GTG'CTG GAA TTC GGC TT GAA TTC TOC AGA TAT
CGG TCA CAC GAC CTT AAG CCG T

CTT AAG ACG TCT ATA
BuX| Not | Xhol| Nsi | Xbe | Apal

1 | 1
GA(IICTGEGI:CUQCTC@G&TGIATCTAGA@(I:ICMT TCG [CCC TAT
AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC ATA

-

—>»
->»

&8

-

T7 Promoter M 13 Forward (-20) Primer
AGT GAG TCG TAT TACAAT TCA[CTG GOC GTC GTT TTA CJAACGT CGT GAC TGG GAA AAC
\TCA CTC AGC ATA AT|GTTA AGT AAT GTT GCA GCA CTG ACC CTT TTG /

+1

Comments for pCR®l
3871 nucleotides

LacZa gene: bases 1-587

M13 Reverse priming site: bases 205-221

Sp6 promoter. bases 239-256

T7 promoter. bases 404-423

M13 (-20) Forward priming site: bases 431-446
f1 origin; bases 588-1025

Kanamycin resistance ORF: bases 1359-2153
Ampicillin resistance ORF: bases 2171-3031
pUC origin: bases 3176-3849

Information courtesy of Invitrogen.
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Appendix 4: Statistical analysis of flow cytometry data

All statistical analysis was undertaken using SPSS software, and a 5% significance level was used
throughout.

Descriptive statistics for each variable in the study, values refer to the percentage of live cells, deduced

from the flow cytometry data:
Std. 95% Confidence Interval for
N | Mean Deviation | Std. Error_| Mean Mini A
Lower Bound Qgem' Bound
0:1XL 5 822600 | 369833 | 165394 | 77.6679 86.8521 78.17 86.67
0.1:1 XL s | 806860 | 256068 | 114517 | 77.5065 83.8655 76.38 $3.08
05:1 XL 5 | 704160 | 1117732 | 499865 | 56.5375 84.2945 55.90 81.58
L1XL 5 83.5640 | 321468 | 143763 | 79.5725 87.5555 80.80 88.88
15:1XL s | 823000 | 261673 | 117024 | 79.1409 85.6391 78.30 85.58
z1XL s | 815660 | 807555 | 361150 | 715389 91.5931 72.79 90.12
bmg/mlHAED |5 | 580500 | 392435 | 175502 | 74.0773 83.8227 7382 83.14
R2mg/mlHAED | o | g7560 | 558670 | 249845 | 73.7892 87.6628 71.94 86.67
SPA2G4D) | 5 | 802280 | 553159 | 247380 | 73.3596 87.0964 7124 84.58
§C4 (20kD) 5 | so.1a60 | 304087 | 135992 | 76.3703 £3.9217 7530 83.14
dead cells 5 | 41590 | 1774203 | 793448 | 19.5604 636196 18.04 59.67
wonolayer 5 | 920267 | 112358 | s0248 | 906316 93.4218 90.79 9384
Total 60 | 778791 | 1362338 | 175877 | 743598 81.3983 18.04 93.84

A. Changes in cell death and survival compared to controls.

For the comparison of test samples against the positive (dead) and negative (monolayer) control, an

independent samples t-test was conducted of the test samples against each control.

1. Ratio of 0:1 crosslinker : HAED

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emor | 95% Confidence Interval
F Significance | t df tailed)... Difference | Diff... of the Difference
Lower Upper
% of PI Equal
ve cells . 1.200 .305 -6.336 8 .00022 -10.4760 1.65337 ~14.28867 | -6.66333
Not  Eq
: -6.336 6.765 .00045 -10.4760 1.65337 -14.41323 | -6.53877

b. Comparison with the positive (dead) control:
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b. Comparison with the positive (dead) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emor | 95% Confidence Interval
F Significance | t df tailed)... Difference | Diff.. of the Difference
Lower Upper
% of PI Equl 988 | 014 4842 |8 00128 453400 | 936370 | -66.93272 | -23.74728
+ve cells variances ...
Not  Equal 4842 | 4983 [ 00475 453400 | 936370 | -69.43531 | -21.24469
‘variances

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in 2:1 HAED hydrogels and both controls.

7. Hydrogels containing 6mg/ml HAED

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff... of the Difference
Lower Upper
% of Pl +ve  Equal 199 | .196 5437 |8 00062 102100 | 187796 | 587942 | 1454058
cells variances ...
Not  Equal 5437 | 6111 | o015 102100 | 187796 | 563495 | 14.78505
‘variances ...

b. Comparison with the positive (dead) control:

| Levene Test ... t-test for Equali
Sig(2- Mean Std. Error | 95% Confidence Interval of
F Significance t df tailed)... Difference | Diff.. the Difference
Lower Upper
% of PI Equal 17.012 .003 -4.724 8 .00149 -42.4380 8.98320 -63.15330 | -21.72270
+ve cells variances ...
Not  Equal 4.724 4.281 00773 -42.4380 8.98320 -66.74632 | -18.12968
variances ...

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in hydrogels containing 6mg/ml and both controls.

8. Hydrogels containing 12mg/ml HAED

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance | t df tailed)... Difference | Diff... of the Difference
Lower Upper
% of Pl Equal variances § 5500 | 155 3270 |8 01136 8.7360 267185 | 2.57470 14.89730
+ve cells
Not Equal
Vaanoes 3270 | 4971 | 02240 8.7360 267185 1.85561 15.61639

b. Comparison with the positive (dead) control:

Levene Test ... t-test for Equality.
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance t df tailed)... Difference Diff... of the Difference
Lower Upper
% of PI +ve  Equal
cells vari 12.385 .008 -4.782 8 .00139 -43.9120 9.18205 -65.08584 | -22.73816
Not  Equal 4.64
vari -4.782 8 00599 -43.9120 9.18205 -68.06318 -19.76082

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant
difference between cells cultured in hydrogels containing 12mg/ml and both controls.
9. Hydrogels crosslinked with SPA,-PEG (3.4kDa)
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a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff... of the Difference
Lower Upper
% of PI  Equl 2353 | .164 3226 |8 01213 7.9900 247662 | 227889 | 1370111
+ve cells variances ...
NOF T 3.226 5.146 02237 7.9900 2.47662 1.67760 14.30240
varances ...

b. Comparison with the positive (dead) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emor | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff.. of the Difference
Lower Upper
% of PI Equal 13.448 .006 -4.893 8 .00120 -44.6580 9.12715 -65.70524 | -23.61076
+ve cells variances ...
No! Equal -4.893 4.547 00580 -44.6580 9.12715 -68.84169 | -20.47431
variances ...

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in hydrogels crosslinked with SPA,-PEG (3.4kDa) and both controls.

9. Hydrogels crosslinked with SC+PEG (20kDa)

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff... of the Difference
Lower Upper
% of P Equal
+ve cells jances .. 417 | 536 6.542 8 .00018 8.9560 1.36892 5.79926 12.11274
Not  Equal 6.542 7.789 .00020 8.9560 1.36892 5.78435 12.12765
variances ...

b. Comparison with the positive (dead) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance | t daf tailed)... Difference | Diff... of the Difference
Lower Upper
L Eq‘.‘a
f:, of 2I . 20.508 002 -4914 8 00117 -43.6920 8.89073 -64.19407 | -23.18993
e cells variances ...
Not  Equal
vari -4914 4.112 .00742 -43.6920 8.89073 -68.11385 | -19.27015

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in hydrogels crosslinked with SC4-PEG (3.4kDa) and both controls.

B. Comparison within variable groups to reveal effects of different hydrogels.
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An unrelated one-way ANOVA test was performed to test between different variables within the

variable groups.

1. Comparison of crosslinker ratios.

a. Levene statistic to determine if variances are equal:

Levene
Statistic dfl df2 Significance
2.758 s 24| 004
b. One way Anova:
Sum of Squares [ df MeanSqu_axg F Significance
Between Groups | 504 933 5 118.187 3116 | .026
Within Groups | ¢4 55 2 | 37927
Total 1501.185 29
c. Contrasts: 1 and -1 indicate the two variables being compared for differences for each
contrast.
Contrast Crosslinker ratio
0:1 0.1:1 0.5:1 1:1 15:1 21
1 0 1 1 0 0 0
2 0 0 0 A 1 0
3 0 0 0 0 1 1
d. Compare of contrasts: as the Levene statistic had a significance level below 0.05, we do not
assume equal variances in the below table.
Significance
Contrast Value of Contrast | Std. Error | t df (2-tailed)
%livecells  Assume  equal 1 -10.2700 389498 | -2.637 2 014
variances
2 -1.1740 389498 | -.301 24 766
3 -8240 389498 | -212 24 834
Does not assume 1
ool varh -10.2700 512815 | -2.003 4419 | 109
2 -1.1740 185371 | -633 7684 | 545
3 -8240 379636 | -217 4831 | 837

Conclusion: the significance level is above 0.05, therefore there are no significant differences between

the variables compared above.

2. Comparison of concentrations of HAED in the hydrogels.

a. Levene statistic to determine if variances are equal:

Levene Statistic dfl a2
627 2 12

Significance
551

b. One way Anova:

XX



Sum of Squares df Mean Square F Significance
Between Groups 54.162 2 27.081 1.427 278
Within Groups 227.782 12 | 18982
Total 281.945 14

Appendix 4

c. Contrasts: 1 and -1 indicate the two variables being compared for differences for each

contrast.
HAED
Contrast
6 mg/ml HAED | 9 mg/ml HAED 12 mg/ml HAED
1 -1 1 0
2 0 1 1
d. Compare of contrasts: as the Levene statistic had a significance level above 0.05, we
assume equal variances in the below table.
Contrast Value of Contrast Std. Error t df Significance (2-tailed)
% live Assume 1
cells equal 4.6140 2.75549 1.674 12 120
variances
2 -2.8380 2.75549 -1.030 12 323
Does not 1
assume equal 4.6140 2.26867 2.034 7.701 .078
variances
2
-2.8380 2.88254 -.985 6.387 361

Conclusion: the significance level is above 0.05, therefore there are no significant differences between

the variables compared above.

3. Comparison between crosslinker types.

a. Levene statistic to determine if variances are equal:

Levene Statistic

dfl df2

Significance

1.195

2 12

336

b. One way Anova:

Sum of Squares | df Mean Square | F Significance
Between Groups | 35 49 2 19.021 1137 | 353
Within Groups [ 530717 12 16.726
Total 238.759 14

c. Contrasts: 1 and -1 indicate the two variables being compared for differences for each

contrast.
Crosslinker type
Contrast SPA2 (3.4kD) SPA4 (20kD) SC4 (20kD)

-1

0

1

-1

0

1
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d. Compare of contrasts: as the Levene statistic had a significance level above 0.05, we

assume equal variances in the below table.

l l Contrast | Value of Contrast Std. Error t gf Significance (2-tailed
% of cells Assume equal 1
with PT +ve ances 3.3360 2.58661 1.290 12 221
2 34190 258661 am | n 211
Does mnot assume 1
1 vari 3.3360 2.86120 1.166 6.425 .285
2 -3.4190 1.97893 -1.728 7975 122

Conclusion: the significance level is above 0.05, therefore there are no significant differences between

the variables compared above.
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Appendix 5: DNA sequencing of pCEP-Pu/flt-1(1-3) construct

Raw data from DNA sequencing of pCEP-Pw/flt-1(1-3) construct, showing the 3’
sequence of flt-1(1-3) at the top left, followed by the sequence for the primer P2a,
with the Not I site indicated. The Strep-tag is shown in frame. The brackets

correspond to the codons.

% / G C PEEEGUIA - F © E T & 7 . ¢ Al
Flt-1(1-3) &0

c 1 TG % i) @ T A W ceEse & TS R
L. . .
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Appendix 6: Statistical analysis of foetal rat metatarsal assay

Statistical analysis was performed on the length of the calcified zone of foetal rat metatarsal to establish

if there was a significant difference between (a) the length of calcified zone over 3 and 7 days and (b)

the lengths following different treatments. All analyses were tested to a 5% significance level. The

data was confirmed beforehand as having a normal distribution (not shown). Analysis was carried out

using SPSS software.

A. Change in metatarsal length after 3 days of culture

The paired T-test was performed to determine this.

1. Descriptive statistics of each sample.

Mean N Std. Deviation Std. Error Mean
Pair 1 Hydrogel only day 0 197411306 17 0438076622 10106249187
Hydrogel only day 3 1203295935 17 10532275630 10129095803
Par2  Hydrogel + VEGF 100ng day 0 1182926454 13 10462790711 10128355049
Hydrogel + VEGF 100ng day 3 1183385723 13 0537286845 10149016559
Pair3  Hydrogel + fit-1(1-3) day 0 1166055192 12 10429319997 10123934008
Hydrogel + fit-1(1-3) day 3 .147835433 12 .0408182807 0117832227
Pair4  Hydrogel + VEGF 28ng + fit-1(1-3) day 0 | .175120273 15 0465318124 0120144623
Hydrogel + VEGF 28ng + flt-1(1-3) day 3 154204367 15 0481646698 10124360643
Pair § Hydrogel + suramin day 0 169051225 16 0584255569 0146063892
Hydrogel + suramin day 3 159411531 16 10626322638 0156580659
Par6  Hydrogel + WT control day 0 .160934613 15 0406327722 0104913367
Hydrogel + WT control day 3 1134372547 15 10333689581 .0086158279
Pair7  Hydrogel + VEGF 25ng + WT control day 0 | 207633975 16 0745371615 10186342904
Hydrogel + VEGF 25ng + WT control day 3 | .208023263 16 0896190372 10224047593
Pair§  Hydrogel + std sfit-1 day 0 270921043 14 0467828251 10125032359
Hydrogel + std sflt-1 day 3 268255564 14 10504317435 0134784504
Pair9  Hydrogel + VEGF 28ng day 0 267801356 18 0557154155 10131322494
Hydrogel+ VEGF 28ng day 3 1254407844 18 0377744357 .0089035199
2. Paired samples test.
Sig. (2
Paired Differences t df tailed)
Std. 95% Confidence Interval of the
Mean Deviation Std. Error Mean | Difference
Lower Upper
Pair 1 Hydrogel only day 0 -
Hydrogel only day 3 -005884629 | 0335988851 | .0081489266 -023159582 | 011390323 | -722 |16 | 481
Pair 2 Hydrogel + VEGF 100ng
day 0 - Hydrogel + | _ - -
VEGF 100ag day 3 000459269 | .0256929500 | .0071259422 015985363 | .015066825 064 12 950
Pair 3 Hydrogel + flt-1(1-3) day
0 - Hydrogel + fit-1(1-3) | .018219758 | .0237054815 | .0068431831 .003158014 033281503 | 2.662 11 022
day 3
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Pair 4 Hydrogel + VEGF 28ng
+ fit-1(1-3) day 0 -
Hydrogel + VEGF 28ng
+ flt-1(1-3) day 3

Pair 5 Hydrogel + suramin day
0 - Hydrogel + suramin
day 3

020915907 .0327248109 | .0084495099 002793510 .039038303 2.475 14 .027

009639694 0263351726 | .0065837932 -.004393329 023672717 1.464 15 .164

Pair 6 Hydrogel + WT control
day 0 - Hydrogel + WT [ 026562067 0167154375 0043159074 .017305366 035818767 6.154 14 .000
control day 3

Pair 7 Hydrogel + VEGF 25ng
+ WT control day 0 -
Hydrogel + VEGF 25ng
+ WT control day 3

Pair 8 Hydrogel + std sfit-1 day
0 - Hydrogel + std sflt-1 | .002665479 0645993554 0172649040 -.034633079 039964036 154 13 .880
day 3

Pair 9 Hydrogel + VEGF 28ng
day 0 - Hydrogel+ VEGF | .013393511 0391400840 .0092254063 -.006070395 .032857417 1452 17 165
28ng day 3

Conclusion: only three metatarsals exhibited a significance levels of less than 0.05, indicating a

-.000389287 0389613918 | .0097403480 -.021150348 020371773 -.040 15 969

significant change in metatarsal length. These were:
e Pair 3: Hydrogel + flt-1(1-3)
e Pair 4: Hydrogel + flt-1(1-3) and VEGF
e Pair 6: Hydrogel + WT

B. Change in metatarsal length after 7 days of culture
The paired T-test was performed to determine this.

1. Descriptive statistics of each sample.

Mean N Std. Deviation Std. Error Mean
Pair]  Hydrogel only day 0 197411306 | 17 10438076622 0106249187
Hydrogel only day 7 200429547 | 17 10385100987 10093400709
Par2  Hydrogel + VEGF 100ng day 0 182838036 | 14 10444647240 0118836974
Hydrogel + VEGF 100ng day 7 185281721 | 14 0450264068 0120338134
Pair3  Hydrogel + fit-1(1-3) day 0 171455708 | 13 0405465963 0112456025
Hydrogel + fit-1(1-3) day 7 184361323 | 13 10470980244 0130626417
Pair 4 zyyd('fgd *+ VEGF 28ng + f-10-3) | 17500073 | 15 10465318124 0120144623
?a’;d;"gd * VEGF 280g + f-103) | 177613060 | 15 10468630298 10120999823
Pair5  Hydrogel + suramin day 0 165762175 | 16 0583545614 10145886404
Hydrogel + suramin day 7 128824313 | 16 0275124332 0068781083
Par6  Hydrogel + WT control day 0 160934613 | 15 0406327722 0104913367
Hydrogel + WT control day 7 1140661780 | 15 0355975424 0091912459
Pair 7 iy:?gel * VEGF 25ng + WT comtrol | 0633975 | 16 0745371615 0186342904
g"fﬁgﬂ *+ VEGF 25ng + WT control | 530341375 | 16 10992467273 0248116818
Par8  Hydrogel +stdsfit-1 day 0 270921043 | 14 0467828251 0125032359
Hydrogel + std sflt-1 day 7 280478550 | 14 10526520584 0140718545
Pair9  Hydrogel + VEGF 28ng day 0 267801356 | 18 0557154155 0131322494
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Hydrogel+ VEGF 28ng day 7 | 284998072 | 18 ) 0429732615 10101288949 |
2. Paired samples test.
Sig(2-
Paired Diffe t daf tailed)...
Std. Std. Error | 95% Confidence Interval of the
Mean Deviation Mean Difference
Lower Upper

f”" ?nyl‘)'fgf;lf‘“y day O - Hydrogel | 19018041 | 0323580648 | 0078479835 | -028655223 | 004618741 | -1.531 | 16 145
Pair  Hydrogel + VEGF 100ng day 0 - | B N
) Hydrogel + VEGF 100ag day 7 002443686 | .0469274839 | 0125418976 | -.029538808 | .024651437 195 13 849
Pair  Hydrogel + fit-1(1-3) day 0 - | ) B
3 Hydrogel + fit-1(1-3) day 7 012905615 | 0419890958 | 0116456798 | -038279372 | .012468141 1108 | 12 289

Hydrogel + VEGF 28ng + fit-1(1-
4 3) day O - Hydrogel + VEGF | -.002492987 | .0248182978 | .0064080569 | -.016236902 | .011250929 | -.389 14 703
28ng + fit-1(1-3) day 7

Pair  Hydrogel + suramin day 0 -

5 Hydrogel + suramin day 7 036937862 0563242720 | 0140810680 | .006924777 066950948 2.623 15 .019
Pair Hydrogel + WT contro! day 0 -
6 Hydrogel + WT control day 7 .020272833 0266958965 | .0068928508 | .005489139 .035056528 2.941 14 011
Pair Hydrogel + VEGF 25ng + WT
7 control day 0 - Hydrogel + VEGF | -.022707400 | .0419991142 | .0104997785 | -.045087148 | -.000327652 | -2.163 15 047
25ng + WT control day 7
Pair  Hydrogel + std sfit-1 day 0 -
g Hydrogel + std sfit-1 day 7 -.009557507 | .0611688196 | .0163480547 | -.044875332 | .025760318 -.585 13 569
Pair  Hydrogel + VEGF 28ng day 0 -
9 Hydrogel+ VEGF 28ng day 7 -017196717 | .0499601731 | 0117757257 | -.042041326 | .007647893 -1.460 17 162

Conclusion: only three metatarsals exhibited a significance levels of less than 0.05, indicating a
significant change in metatarsal length. These were:

e Pair 5: Hydrogel + suramin

e Pair 6: Hydrogel + WT

e Pair 7. Hydrogel + WT + VEGF (27.8ng)

C. Comparison of the % changes in length over 3 days of metatarsals cultured on hydrogels

containing different agents.

The percentage change over 3 days of the calcified zone of each metatarsal was calculated, 100% being
the starting length, <100 indicates shrinkage and >100 indicates expansion. Each treatment group of
metatarsals was compared to metatarsals that had been cultured on hydrogels containing no additional

substances. To determine statistical significance, the non-paired T-test was performed.

1. Hydrogels with VEGF (100ng)

a. Descriptive statistics:

Std.
Sample N Mean Dev;m_:ion Std. Error Mean
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%ofstartlength  Hydrogel only 17 103.0713 | 1693477 410728
Hydrogel + VEGF 100ng | |4 100.1020 | 17.67076 4.90099
b. Non-paired T-test:
Levene's Test for
Equality of
Variances t-test for Equality of Means
Mean Std. Error | 95% Confidence Interval
F Sig. t df Sig. (2-tailed) Difference | Difference | of the Difference
Lower Upper
% of start Equal variances
length assumed 114 739 467 | 28 644 2.9694 635704 | -10.05246 | 15.99117
Equal variances 464 | 25384 | 646 2.9694 6.39449 -10.19024 | 16.12894
not assumed

Conclusion: as Levene significance level is above 0.05, we assume that variances

are equal. The

significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with 100ng VEGF compared to the hydrogel only.

2. Hydrogel with flt-1(1-3)

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
% of start length - Hydrogel only 17| 1030713 16.93477 410728
Hydrogel + 8-1013) | 15 | 393063 13.51558 3.48971
b. Non-paired T-test:
Levene's Test for
Equality of
Variances t-test for Equality of Means
Mean Std. Emor | 95% Confidence Interval
F Sig. t df Sig. (2-tailed) Difference Difference | of the Difference
Lower Upper
% of start Equal variances
length assumed .063 .803 2518 30 017 13.7650 5.46733 2.59924 24.93078
Equal variances
not assumed 2.554 29.731 .016 13.7650 5.38961 2.75380 24.77623

Conclusion: as Levene significance level is above 0.05, we assume that variances are

equal. The

significance level is below 0.05, indicating that there is a significant change in metatarsal calcified zone

following treatment with flt-(1-3) compared to the hydrogel only.

3. Hydrogel with flt-(1-3) and 27.8ng VEGF

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
0,
%of start length  Hydrogel only 17 103.0713 16.93477 410728
Hydrogel + fit-1(1-3) + VEGF 27.84ng
15 89.4295 18.54503 4.78831

b. Non-paired T-test:
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Levene's Test
for Equality
of Variances t-test for Equality of Means
95% Confidence
Mean Std. Emor | Interval of  the
F Sig. |t df Sig. (2-tailed) Difference Difference | Difference
Lower Upper
% of start Equal variances
assumed 818 | 373 | 2175 30 .038 13.6418 6.27173 83318 | 26.45036
Equal variances
not ed 2.162 28.623 .039 13.6418 6.30854 73196 | 26.55158

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

significance level is below 0.05, indicating that there is a significant change in metatarsal calcified zone

following treatment with flt-(1-3) and VEGF compared to the hydrogel only.

4. Hydrogel with suramin

a. Descriptive statistics:

Std.
Sample N Mean Deviation Std. Error Mean
% of start Hydrogel only
leagth 17 103.0713 16.93477 4.10728
Hydrogel + suramin. | 1o | 942544 | 14.17038 | 354259
b. Non-paired T-test:
Levene's  Test
for Equality of
Variances t-test for Equality of Means
Mean Std. Error | 95% Confidence Interval
F Sig. t df Sig. (2-tailed) Difference | Difference [ of the Difference
Lower Upper
% of start  Equal variances
1 assumed 238 | .629 1.617 31 116 8.8169 5.45400 -2.30661 19.94039
Bqual variances 1626 | 30598 | .14 88169 | 542400 | -225133 | 19.88510
not assumed

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with suramin compared to the hydrogel only.

5. Hydrogel with the WT control

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
%of start length  Hydrogel only 17 | 1030713 | 16.93477 4.10728
Hydrogel + W control | 15 | g43597 | 10.19602 2.63260
b. Non-paired T-test:
Levene's  Test
for Equality of
Variances t-test for Equality of Means
Mean Std. Error | 95% Confidence Interval
F Sig. |t df Sig. (2-tailed) Difference | Difference | of the Difference
Lower Upper
% of start Equal variances
length assumed 1175 | 287 | 3721 | 30 001 187116 | 502813 | 844280 | 28.98043
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Equal variances
not assumed 3.835

4.87856 8.69632

‘ 28.72691 |

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

26.697 | .001 I 18.7116

significance level is below 0.05, indicating that there is a significant change in metatarsal calcified zone

following treatment with the WT control compared to the hydrogel only.

6. Hydrogel with the WT control and VEGF

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
% of stat  Hydrogel only 17 1030713 | 16.93477 4.10728
Hydrogel + WT + VEGF 25ng
16 98.5868 20.34487 5.08622
b. Non-paired T-test:
Levene's  Test
for Equality of
Variances t-test for Equality of Means
s
Mean Std. Error | 95% Confidence Interval
F Sig. t df Sig. (2-tailed) Difference | Difference | of the Difference
Lower Upper
% of start Equal variances
assumed 935 | 341 .690 | 31 495 4.4846 6.50053 -8.77338 17.74248
Equal variances
not assumed 686 | 29.272 498 4.4846 6.53754 -8.88082 17.84992

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with the WT control and VEGF compared to the hydrogel only.

7. Hydrogel with the soluble flt-1 standard

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
o of sat Hydrogelonly 17 1030713 | 16.93477 410728
Hydrogel + std flt-1 14 102.1203 | 30.06286 8.03464

b. Non-paired T-test:

Levene's Test for
Equality of
Variances t-test for Equality of Means
Mean Std. Emor | 95% Confidence Interval
F Sig. t df Sig. (2-tailed) Difference | Difference | of the Difference
Lower Upper
% of start Equal variances
leagth assumed 1662 | 208 | .am |29 o2 9510 856620 | -16.56885 | 18.47085
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Equal variances
not assumed 105 | 19595 | 917 9510 9.02359 | -17.89686 | 19.79885

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with the WT control and VEGF compared to the hydrogel only.

8. Hydrogel with 27.8ng VEGF

a. Descriptive statistics:

Std.
Sample N Mean Deviation Std. Error Mean
% of start leagth  Hydrogel only 17 103.0713 1693477 | 4.10728
Hydrogel + VEGF 27.84ng } |4 98.1000 2052360 | 4.83746
b. Non-paired T-test:
Levene's  Test
for Equality of
Variances t-test for Equality of Means
Mean Std. Error | 95% Confidence Interval
F Sig. t df Sig. (2-tailed) Difference | Difference | of the Difference
Lower UEPcr
% of start Equal variances
length assumed 224 | 639 779 | 33 442 49713 6.38149 -8.01197 17.95451
Equal variances
not assumed 783 | 32435 | 439 49713 6.34593 -7.94816 17.89070

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with VEGF compared to the hydrogel only.

D. Comparison of the % changes in length over 7 days of metatarsals cultured on hydrogels

containing different agents.

1. Hydrogels with VEGF (100ng)

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
%ofstartlength  Harogel only 17 108.1220 17.92914 4.34846
Hydrogel + VEGF 1000g | |, 104.8972 3041370 $.12840
b. Non-paired T-test:
Levene Test ... t-test for
Mean 95% Confidence Interval of
F | Significance | t df Sig(2-tailed) | Difference | Std. Error | the Difference
Lower Upper
L)
% of start length fq‘.‘“lﬁ 522 | 476 367 | 29 76 32248 8.78123 1473486 | 21.18441
Not  Equal
o ™ 350 | 20164 | 730 32248 9.21846 -15.99457 | 22.44413
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Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with 100ng VEGF compared to the hydrogel only.

2. Hydrogel with flt-1(1-3)

a. Descriptive statistics:

Sample N Mean Std. Deviation Std. Error Mean
%of start length  Hdrogel only 17| 1081220 | 17.92914 4.34846
Hydrogel + ft-11-3) | 13 | 1095053 | 24.03401 6.66584
b. Non-paired T-test:
Levene Test ... t-test for Equality...
Mean 95% Confidence Interval
F Significance t df Sig(2-tailed)... Difference | Std Emror | of the Difference
Lower U@a
% of start length  Equal
variances | 2.841 | .103 S181 | 28 858 -1.3833 765115 | -17.05597 | 14.28938
Not Equal
variances -174 | 21470 | 864 -1.3833 795880 | -17.91247 | 15.14587

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with flt-1(1-3) compared to the hydrogel only.

3. Hydrogel with flt-1(1-3) and VEGF (27.8ng)

a. Descriptive statistics:

Std. Error
Sample N Mean Std. Deviation Mean
% of start length Hdrogel only 17 108.1220 17.92914 4.34846
Hydrogel + fit-1(1-3) + VEGF 27.84ng
15 103.0265 15.77300 4.07257
b. Non-paired T-test:
Levene Test ... t-test for Equality...
95% Confidence
Mean Std. Interval of the
F Significance t df Sig(2-tailed)... Difference | Error Difference
Lower Upper
% of start len; ual variances ...
oo gth  Eq e 116 736 .848 30 403 5.0955 6.00698 -7.17238 | 17.36341
N .
Not Equal variances 855 | 30000 | 399 50955 | 595776 | -7.07186 | 17.26288

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with flt-1(1-3) and VEGF compared to the hydrogel only.

4. Hydrogel with suramin

a. Descriptive statistics:
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Sample N Mean Std. Deviation Std. Error Mean
% of start length  Harogel only 17 108.1220 17.92914 4.34846
Hydrogel + suramin 16 84.3446 25.72775 6.43194
b. Non-paired T-test:
Levene Test ... t-test for Equality...
95% Confidence
Mean Interval of the
F Significance t df Sig(2-tailed) Difference | Std. Error | Difference
Lower Upper
%ofstart lngth  Equal 2.026 165 3096 | 31 004 237774 | 768029 | 8.11336 | 39.44146
varances ...
Not  Equal 3063 | 26630 | .005 237774 | 776395 | 7.83675 | 39.71807
variances ...

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

significance level is below 0.05, indicating that there is a significant change in metatarsal calcified zone

following treatment with suramin compared to the hydrogel only.

5. Hydrogel with Wild-Type (WT) control

a. Descriptive statistics:

Std.
Sample N Mean Deviation Std. Error Mean
%ofstart length  Hdrogel only 17 108.1220 | 17.92914 4.34846
Hydrogel + WT control | 4 88.5502 13.64393 352285
b. Non-paired T-test:
Levene Test ... t-test for Equality...
Mean 95% Confidence Interval of
F Significance | t df Sig(2-tailed)... Difference | Std. Error the Difference
Lower Upper
% of start length Eqv ual 819 | 373 3438 | 30 002 195718 | 5.69351 7.94414 31.19954
Not  Equal
ances 3497 | 20414 | 002 195718 | 5.59639 8.13294 31.01074

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

significance level is below 0.05, indicating that there is a significant change in metatarsal calcified zone

following treatment with the WT control compared to the hydrogel only.

6. Hydrogel with WT control and VEGF (27.8ng)

a. Descriptive statistics:

Sample Mean

Std. Deviation

Std. Error Mean

% of start length  Hdrogel only

108.1220

17.92914

4.34846
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Hydrogel + WT
+VEGF250g | 14 108.3813 20.23031 5.05758
b. Non-paired T-test:
Levene Test ... t-test for Equality...
Mean 95% Confidence Interval
F Significance t df Sig(2-tailed)... Difference Std. Error | of the Difference
Lower Upper
% of start length  Equal
variances ... .650 426 -.039 31 969 -.2593 6.64492 -13.81169 13.29310
Not  Equal
variances ... -.039 30.003 969 -.2593 6.66995 -13.88108 13.36249

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with the WT control and VEGF compared to the hydrogel only.

7. Hydrogel with the soluble flt-1 standard

a. Descriptive statistics:

Std.
Sample N Mean Deviation Std. Error Mean
o,
% of start length Hdrogel only 17 108.1220 1792914 | 4.34846
Hydrogel + std fi-1 14 106.3771 3033852 | 8.10831
b. Non-paired T-test:
Levene Test ... t-test for Equality...
Mean 95% Confidence Interval of
F Significance | t df Sig(2-tailed)... Difference | Std. Emror the Difference
Lower UEP“
% of start length  Equal
variances ... | 1.368 | 252 199 | 29 844 1.7449 8.76604 -16.18363 | 19.67348
Not  Equal
variances ... 190 | 20.196 | 851 1.7449 9.20075 -17.43557 | 20.92542

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The

significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with the soluble flt-1 standard compared to the hydrogel only.

8. Hydrogel with VEGF (27.8ng)

a. Descriptive statistics:

SLmelc N Mean Std. Deviation Std. Error Mean
o,
%of start length  Hdrogel only 17| 108.1220 17.92914 4.34846
Hydrogel + VEGF 27.84ng | 1o | 1196811 27.89957 6.57599
b. Non-paired T-test:
Levene Test ... t-test for Equality...
Mean 95% Confidence Interval
F Significance t df Sig(2-tailed)... Difference | Std. Error | of the Difference
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Lower Upper
% of start length  Equal
variances ... 2.680 A1 -321 33 750 -2.5591 7.98068 -18.79593 | 13.67769
Not  Equal
variances ... -.325 29.188 | .748 -2.5591 7.88370 -18.67859 | 13.56035

Conclusion: as Levene significance level is above 0.05, we assume that variances are equal. The
significance level is above 0.05, indicating that there is no significant change in metatarsal calcified

zone following treatment with VEGF compared to the hydrogel only.
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Chapter 1: Introduction

A periosteum or perichondrium autograft sutured over the site of injury has also
induced growth of a cartilaginous material, the periosteum exhibiting greater
chondrogenesis than the perichondrium®?. However, the environment into which the
graft is inserted influences the type of repair. For instance, a low oxygen tension
results in cartilage production, whereas a high oxygen tension produces bone**%.
The quality of the repair is dependent on the age of the patient, in terms of the

chondrogenic potential of the autograft*.

1.5.3 Chondrocyte transplantation
In 1989, a method was described whereby chondrocytes were extracted from cartilage

in a non-weight bearing region in rabbits, expanded in culture and implanted into

cartilage defects in the same animal, demonstrating growth of new cartilage®?’

A 324

(Figure
1.9C). Five years later, Brittberg et a reported the use of this technique in the
treatment of chondral defects in human subjects. Although the group did not
biochemically assess the repaired tissue, some regrowth of a hyaline-type cartilage

was observed with attachment to the subchondral bone.

However, there are a number of shortcomings with this method. Firstly, a non-weight
bearing site of cartilage is damaged to obtain the cells. Secondly, chondrocytes grown
in culture have a tendency to dedifferentiate after a few passages of monolayer growth
and cease synthesising the components required for cartilage matrix formation®?.
Thirdly, the chondrocytes introduced into the lesion may leak , despite sutured
periosteal flaps over the site. Fourthly, the cells are not evenly distributed throughout
the void of the lesion and thus, newly formed cartilage would not completely fill the
void®*®. Finally, the change of conditions could potentially upset the delicate balance
between catabolic and anabolic activity of chondrocytes. Fluctuations in oxygen
levels can lead to increased production of ROS'®. Although the use of autologous
chondrocytes is promising, a number of changes to the procedure have been

performed to address the above issues.
Aigner et al.’®® described a culture method using chondrocytes obtained by biopsy of

hyaline nasoseptal cartilage, which would alleviate the problem of a donor site.

However, although the chondrocytes produced type II collagen, the workers did not
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Chapter 1: Introduction

use a chondral defect model to test the ability of these chondrocytes to produce
articular cartilage.

During endochondral ossification, the periosteum is the site  blood vessel invasion
and mineralization (Section 1.1.8). Evidence of hypertrophy of introduced
chondrocytes in the presence of the periosteal flap has raised doubts about the use of
122

this material™. Alternatively, non-viable periosteum or a biodegradable introduced

membrane could be used in its place®”.

Chondrocytes cultured in biodegradable three-dimensional scaffolds can maintain
their phenotype®?®*3®®, Transplantation of this cartilaginous material into defects has
demonstrated good integration with the subchondral bone and formation of smooth

hyaline-like cartilage®?.

As chondrocytes respond to dynamic loading in vivo by
increasing matrix synthesis, the application of a dynamic load onto a chondrocyte-
containing matrix in vitro has been found to increase matrix synthesis®>®. The
incorporation of cells into a scaffold immediately prior to implantation into a defect,
has led to increased growth of a more hyaline-like cartilage compared to chondrocytes
implanted on their own®"?*3%_ Scaffolds can also anchor chondrocytes into the site

of injury, removing the need for a periosteal flap>>’>**** (Figure 1.9A and B).

Chondroitinase has been used to facilitate integration of implanted material, to
remove GAGs in the surrounding tissue that would otherwise inhibit adhesion *****'.
However, OA cartilage has already suffered proteoglycan depletion and exposed

collagen fibrils may be sufficient for binding'**.

1.5.3 Growth factor approaches

Several growth factors have been shown to be involved in chondrogenesis and the
maintenance of the cartilage phenotype, summarised in Tables 1.1 and 1.5. The
administration of growth factors avoids the drawbacks associated with chondrocyte

transplantation®*.

Using a biomaterial as a delivery system and as a scaffold, a
chemotactic growth factor, such as BMP-2, can attract mesenchymal stem cells from
the periosteum, synovial membrane or subchondral bone into the biomaterial,
stimulate differentiation to a chondrocyte phenotype and induce formation of

replacement cartilage matrix®8!*%, Addition of TGF-8, IGF-1 or bFGF into a
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Chapter 3: Hydrogel Characterisation

previously determined by the oscillation method. The “creep” method provided a tan
6 at the same time point of 0.031, which concurs with that obtained by the oscillation
method. As the oscillation method also provided information on the storage (G’) and

loss (G") moduli, this was the more suitable method for quantifying these parameters.

In summary, the findings of these experiments were:

e The ideal concentrations of crosslinker and HAED correlated with those found
with earlier observations (Section 3.2.2).

e Addition of pepsinised collagen led to more elastic hydrogels, whereas
fibrillised telocollagen resulted in less elastic hydrogels than in its absence.

e Hydrogels formed in aqueous conditions were not as elastic as those formed
under air.

e The crosslinking reaction reached completion within 30 minutes, using the
SPA4-PEG (20kDa) crosslinker.

3.2.4. Fourier-transform infrared spectroscopy

To examine the extent of crosslinking of hydrogels, fourier-transform infrared
spectroscopy (FT-IR) was applied. This technique examines the vibrational energy of
covalent bonds and can reveal the type of bonds present in a sample. HA preparations
were derivatised to HAED from 2% to 20% modification to the carboxyl groups, to
provide a series of amine concentrations on the polymer. This was achieved by
altering the concentration of the carbodiimide catalyst during the derivatisation
reaction from a 0-fold to a 10-fold Molar excess (Table 3.2). The HAED was
lyophilised, as water peaks would have interfered with the results and reduced to fine
particles either, by snap-freezing with crushing or by cutting with scissors. The latter

produced the most homogenous particles.

It was hypothesised that the increase in amine groups would result in increased
spectrum peaks at the wavenumbers shown in Table 3.3, in accordance with the form
of vibrational energy emitted by the bond. Likewise, peaks caused by carboxyl
groups would be diminished, compared to non-derivatised HA. Upon crosslinking,

newly created amide groups would be identified in the same manner, by an increase in
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peaks already present due to the amide on the N-acetyl-D-glucosamine monomer of
HA.

The HAED FT-IR spectra shown in Figure 3.9 are a mixture of HAED preparations
overlaid (n=7), the red representing higher levels of derivatisation, thus increased
numbers of amine groups. The black spectra represent samples with virtually no
derivatisation, so contain little or no amine groups. Although fluctuations between
each sample were observed, there was no discernable difference in the pattern of
fluctuations between the red and black lines at any peak, indicating that proposed
changes in amine groups were not detected. N-acetyl-D-glucosamine, D-glucuronic
acid and ethylenediamine controls were analysed for comparative purposes. These

confirmed the positions of the spectrum peaks of interest in HAED samples.

The carboxyl (COOH) and amide (CONH) peaks labelled are apparent in the HAED
spectra, albeit with some overlapping. The peaks between 1500 and 1000 cm™ are
primarily caused by bonds within the ring structures and hydroxyl groups of D-
glucuronic acid and N-acetyl-D-glucosamine, as indicated in Figure 3.9. However, the
amine (NH) peak observed in the ethylenediamine sample cannot be identified clearly

in the HAED samples, where an increase would be expected following derivatisation.

It appears that any change in this peak was masked by signals from the carboxyl and
amide groups. The shoulder of the carboxyl peak could be attributed to amine groups,
but as there is no obvious change from the un-derivatised samples, the amide group

may be responsible.
In summary, this technique was unsuitable for determining the extent of derivatisation

or crosslinking of HAED, as changes in functional groups could not be detected.

Possible explanations for this are discussed in Section 3.3.3.
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Chapter 4: Production of Fms-like Tyrosine Kinase-1 Domains 1-3 (flt-1(1-3))

recovery of protein. However, Western blotting revealed that this approach did not
increase flt-1(1-3) recovery from the medium and furthermore flt-1(1-3) was not
retained in the matrix (Figure 4.13). A further three attempts adjusting the
incubations produced the same result. These results, plus the lack of specific
recognition by the anti-strep tag antibody, suggested that there were problems with the
strep tag. It was hypothesised that the strep-tag was being internalised into the flt-1(1-
3) structure or cleaved. Western blotting under reducing conditions indicated that the
strep tag was being cleaved off, as the reducing conditions under which the Western
blotting was conducted would have exposed any internalised tag. As previous work
in our laboratory demonstrated recognition of the strep tag on unrelated proteins by

antibodies, it appears that proteolytic processing led to the removal of the peptide.

4.2.3.2. Heparin affinity chromatography

As truncated flt-1 had previously been purified by heparin sepharose®***", this
method was also attempted. Conditioned medium (200ml) was removed from
transfected cells, centrifuged to remove particular matter and loaded onto a heparin
sepharose column. Protease inhibitors were added, as these slightly increased the
yield, as assessed by Western blot (data not shown). Fractions from heparin affinity
chromatography were assessed by slot blotting using anti-flt-1 antibodies, a technique
which enabled a more rapid analysis of a large number of samples, compared to
Western blotting. The large protein peak (fractions 1-15) of unbound protein did not
contain significant amounts of flt-1. FIt-1(1-3) exhibited some interaction with the
column since little flt-1(1-3) was detected in the wash fractions. Flt-1(1-3) eluted off
the column over a range from 277mM to 571mM sodium chloride, indicated as region
B in Figures 4.14 and 4.15. Elution over a broad range of ionic strength is consistent
with the observed differential glycosylation discussed previously. No flt-1(1-3) was
detected in the high salt cleaning and re-equilibration steps.

The flt-1(1-3)-positive fractions were pooled and concentrated from fractions around
32 to around 70 to approximately 1ml, using a Centriprep ultrafiltration cartridge, as
outlined in Section 2.2.9. The total protein concentration was determined by
absorbance at 280nm and was typically between 50ug/ml and 500ug/ml. Purity was
assessed by running the concentrate on an SDS/PAGE gel followed by silver staining
(Figure 4.16, lane 4). The presence of multiple bands indicated that this technique did
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Hydrogel with suramin

Figure 5.14: Immunostaining of a foetal rat metatarsal with anti-von Willebrand Factor {(brown),
counterstained with methyl green. The metatarsal was cultured for 7 days on a hydrogel containing the
soluble flt-1 standard (0.2ng). Selected areas of the proliferating zone (B), hypertrophic zone (C) and
epiphyseal region (D) are shown at a higher magnification. The zones formed during endochondral

ossification are illustrated in the corresponding image in Figure 5.51. Scale bars = 300pm (A) and
50pm (B-D).
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Chapter 5: Biological Assays

5.3. Biological Assays Discussion

As cartilage has a limited capacity for spontaneous repair, several strategies have been
employed to induce repair. One such approach has been to introduce chondrogenic
growth factors, in order to promote repair or regeneration. However, the sudden addition
of a highly concentrated growth factor into a lesion does not mirror the endogenous
signalling mechanism in vivo and the growth factor can easily diffuse and act in other

areas, leading to inappropriate tissue re:modelling3 “,

Chapter 3 describes the evaluation of a HA-based hydrogel for the delivery of bioactive
agents. Chapter 4 describes the production of an inhibitory decoy receptor for VEGF,
based on the first 3 extracellular domains of its receptor, flt-1 (flt-1(1-3). The present
chapter combined the hydrogel delivery system with flt-1(1-3), to investigate any anti-
angiogenic effects of the material. It also assessed the material for inhibition of

chondrocyte differentiation and ossification.

5.3.1. Chick chorioallantoic membrane assay

The CAM assay was employed to assess angiogenesis inhibition by flt-1(1-3). Pro- and
anti-angiogenesis controls included 100ng VEGF and 500ug suramin, respectively.
Suramin inhibited angiogenesis, as observed by a lack of small vessel growth around the
hydrogel, correlating with previous reports of inhibition of angiogenesis by suramin,
using this assay*>. Previously published work has reported a ‘spoke wheel’ pattern of
blood vessel formation around the implant containing VEGF*’. This was not observed
in the present study. It was possible that the larger VEGF did not diffuse as readily out of
the hydrogel to stimulate angiogenesis over 3 days. Suramin is a relatively small
~ molecule (1.4kDa) (supplier literature), whereas VEGF¢s used herein exists as a
homodimer of 46kDa**°, of a similar size to flt-1(1-3). This may have resulted in slower
diffusion of VEGF out of the hydrogel. During the foetal rat metatarsal assay, hydrogels
were maintained in culture medium over 7 days, which may have resulted in increased

diffusion of bioactive factors from the hydrogel. However, further work is required to
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Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff... of the Difference
Lower Upper
- -
%o pfPLve  Bqual variances | 1o 507 | 003 4718 |8 o015t | 421720 | 8.93895 | 6278525 | 2155875
Not ~ Equal 4718 | 4200 [ ooosis | 421720 | s93ees | 63115 | -17.81285
variances ...

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in HAED and both controls.

2. Ratio of 0.1:1 crosslinker : HAED

a. Comparison with the negative (live) control;

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Ermror | 95% Confidence Interval of the
F Significance t daf tailed)... Difference | Diff.. Difference
Lower Upper
:/:uf Pl+ve Equal variances | ¢ | 739 6825 |8 .00013 9.5540 1.39982 6.32601 12.78199
Not ~  Equal 6825 | 7600 [ .00016 9.5540 139982 [ 630320 | 12.80480
b. Comparison with the positive (dead) control:
Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emor | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff.. of the Difference
Lower Upper
Z:u:f Pl +ve  Equal variances | 5539 | 002 4844 | 8 00128 -43.0940 | 8.89554 63.60716 | -22.58084
Not  Equal 4844 | 4121 | 00777 43.0940 | 889554 | -67.50924 | -18.67876
variances ...

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in 0.1:1 HAED hydrogels and both controls.

3. Ratio of 0.5:1 crosslinker : HAED

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Ermor | 95% Confidence Interval of
F Significance t df tailed)... Difference | Diff... the Difference
Lower Upper
% of PI Equal variances 7.5149
e 7233 | .028 4018 |8 100385 176400 | 430012 | 27.76502
Not  Equal 4018 | 4338 | .o1352 176400 | 439072 | 38150 | 5946404
variances ... 6
b. Comparison with the positive (dead) control:
Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emor | 95% Confidence Interval
F Signifi t df tailed)... _f Difference | Diff... of the Difference
Lower Upper
- -
% of b1 Equal varimces | 5051 | 047 -3.565 8 00735 350080 | 9.82088 | -57.65498 | -12.36102
Not Equal
nces -3.565 5797 | 01257 -35.0080 | 9.82088 | -59.24435 | -10.77165

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a

difference between cells cultured in 0.5:1 HAED hydrogels and both controls.

4. Ratio of 1:1 crosslinker : HAED

significant
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a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval
F Significance t df tailed)... Difference | Diff... of the Difference
Lower Upper
%ofPlvve  Bqul variances | 735 | 416 3353 | 8 01004 5.8900 175689 | 1.83861 | 9.94139
Not  Equal 3353 | 6437 | 01383 5.8900 175689 | 1.66087 | 10.11913
variances ...
b. Comparison with the positive (dead) control:
Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emror | 95% Confidence Interval of
F Significance t df tailed)... Difference | Diff.. the Difference
Lower Upper
% c.;flls Pl Equal variances | 17053 | g3 5219 |8 00080 467580 | 895867 | -67.41674 | -26.09926
Not Equal
vaances . 5219 | 4236 | .00s48 467580 | 895867 | -71.09372 | -22.42228

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in 1:1 HAED hydrogels and both controls.

5. Ratio of 1.5:1 crosslinker : HAED

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std.  Emor | 95% Confidence Interval of
F Significance | t df tailed)... Difference | Diff... the Difference
v Lower Upper

% of P Equl 080 | 785 522 | 8 00078 | 7.2440 1.38201 405708 | 1043092
+vecells  variances ...

Not  Eq

vari 5.242 7.749 .00087 7.2440 1.38201 4.03899 10.44901

b. Comparison with the positive (dead) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Error | 95% Confidence Interval of
F Significance t df tailed)... Difference | Diff... the Difference
Lower Upper
% of PI Equal
e cells variances ... 20.707 002 -5.106 8 .00092 -45.4040 8.89276 -65.91073 | -24.89727
Not  Equal
variances ... -5.106 4.116 00644 -45.4040 8.89276 -69.82306 | -20.98494

Conclusion: the significance is less that 0.05: the null hypothesis is rejected, there is a significant

difference between cells cultured in 1.5:1 HAED hydrogels and both controls.

6. Ratio of 2:1 crosslinker : HAED

a. Comparison with the negative (live) control:

Levene Test ... t-test for Equality...
Sig(2- Mean Std. Emor | 95% Confidence Interval
F Significance | t df tailed)... Difference | Diff... of the Difference
Lower Upper

% of PI  Equal
ivecells  vari 12.068 .008 2.254 8 05419 7.3080 3.24155 -.16702 14.78302

Not  Equal

vari 2254 4.640 07799 7.3080 3.24155 -1.22295 15.83895
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