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Abstract

Osteoarthritis, the most common form of arthritis, is a progressive degenerative
disease of cartilage and the synovial joint. Since cartilage is an avascular tissue with
a limited capacity for self-repair, mesenchymal stem cells (MSCs) are a potential
therapeutic for cartilage regeneration. Local intra-articular delivery of MSCs has
shown to slow the progression of cartilage degradation, however MSCs likely
stimulated repair locally and not by direct engraftment to the cartilage. It is
considered that insufficient numbers of cells are retained at the cartilage surface for
effective repair and that increasing MSC localisation at the cartilage surface may in
turn enhance the efficacy of engraftment and/or creation of a local MSC reparative
environment. With an objective to increase cellular localisation at the diseased
cartilage surface, methods of cellular targeting to the diseased cartilage surface were
investigated. The adhesive ‘Pullulan’ was assessed for capacity to increase cell
localisation in a non-specific manner. MSCs demonstrated biocompatibility and an
upregulation of Dectin-2 receptor associated with an immunomodulatory response in
the presence of the bioadhesive, with enhanced cell adhesion on pullulan coated
degraded cartilage explants. Using a more specific approach, a dual-functioned
construct, consisting of an arginine-glycine-aspartic acid (RGD) peptide to pre-coat
MSCs and an anti-degraded collagen Il antibody for degraded cartilage was
developed to target cells, thereby increasing the numbers of cells localized. The
peptide/antibody construct demonstrated enhanced MSC adhesion at the degraded
cartilage surface; in addition, RGD alone showed comparable targeting efficiency in
vitro and construct biocompatibility with MSCs was demonstrated. In conclusion,
several methods of specific and non-specific viable cellular localisation where
shown to have potential for enhancing localisation of MSCs at a degraded cartilage
surface with additional beneficial MSC responses observed, such as enhanced

proliferation, differential potential and potential immunomodulation.
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1.1 Osteoarthritis
1.1.1 Osteoarthritis

Arthritis is a collective name for a family of musculoskeletal disorders, complex in
nature and having different pathologies. In the US alone 50 million adults are
affected by the disease and it is the leading cause of disability (CDC, 2010).
Osteoarthritis (OA), the most common form of arthritis, is a progressive
degenerative disease of the cartilage and synovial joint (Aigner and McKenna, 2002;
Sandell and Aigner, 2001). Due to its complex multifactorial nature, OA is a
disease that defies early systematic diagnosis and treatment (Becerra et al., 2010;
Goldring and Goldring, 2007). The disease is characterized by the breakdown of
joint cartilage, proteolysis of the extracellular matrix (ECM) and an uncontrolled
remodelling of the affected joint (Goldring and Goldring, 2007; Umlauf et al.,
2010). As a consequence, OA is associated with severe pain, physical impairment
and significant reduction in quality of life, contributing a high burden to worldwide
health systems (Becerra et al., 2010; Umlauf et al., 2010).

1.1.2 Normal Cartilage Biology

There are several types of cartilage found in the body at various locations.
Histologically and molecularly these cartilages can be classified as hyaline, elastic
and fibrocartilaginous (Naumann et al., 2002; Umlauf et al., 2010). Hyaline
cartilage is associated with the appendicular skeleton known as articular cartilage
(AC) (Aigner and Stove, 2003; Pearle et al., 2005; Umlauf et al., 2010). AC can be
divided further into the superficial zone, transitional zone, radial zone and the
calcified zone, the area of the cartilage that interfaces the bone (Becerra et al., 2010;
Pearle et al., 2005; Umlauf et al., 2010). The tissue itself is avascular, aneural and
alymphatic, comprising a highly specialised and complex structure designed to be
high in compressive strength and providing a smooth, gliding surface adjacent to the
subchondral bone for joint movement (Aigner and McKenna, 2002; Becerra et al.,
2010). The distinct zonal organisation of cartilage and lack of vascular supply limits
and complicates the self-regenerative capacity of the tissue (Becerra et al., 2010;
Caplan, 2009a).
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AC consists of a fibrillar collagen type Il matrix, 50% dry weight, embedded into a
chondrocyte produced proteoglycan meshwork (Becerra et al., 2010; Pearle et al.,
2005). The proteoglycan aggrecan binds to hyaluronic acid (HA) to form large
macromolecule aggregates with glycosaminoglycans chondroitin sulphate and
keratin sulphate that accumulate water, providing compressive strength and
flexibility to the tissue (Mort et al., 2003; Poole et al., 2003; Silbert and Sugumaran,
2002; Umlauf et al., 2010). The collagen network, consisting collagen type Il and
other collagens (types 11, VI, IX, X, XI, XII and XIV) in small amounts, provides
tensile strength and furthers prevents expansion of viscoelastic aggrecan, providing
stiffness (Poole et al., 2001). When compressive force is applied cartilage responds
by rapidly recovering its elasticity as the hydrophilic aggrecan components draw
back water into the matrix (Aigner and McKenna, 2002; Smith, 2007).

The AC has distinct polarity and chondrocytes behave differently depending on their
position within the zones of the matrix (Figure 1.1) (Becerra et al., 2010; Klein et
al., 2003; Wong et al.,, 1996). The superficial zone consists of flattened
chondrocytes, orientated with collagen type Il fibres, secreting a surface superficial
zone protein (SZP) or lubricin (Flannery et al., 2009; Schumacher et al., 1994). The
middle zone or ‘transitional zone’ contains collagen type Il and aggrecan, with
larger, rounder and randomly distributed chondrocytes and collagen fibres in the
matrix. In the deep zone or ‘radial zone’ chondrocytes form columns, facing
perpendicular with collagen fibres to the cartilage surface within a mineralised
matrix or ‘calcified zone’ adjacent to the cortical bone (Aigner and McKenna, 2002;
Becerra et al., 2010; Pearle et al., 2005).
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Figure 1.1: The Basic Structure of Articular Cartilage
Schematic of the basic structure of articular cartilage, showing orientation of

chondrocytes and collagen fibres within the different zones of the matrix (Browne
and Branch, 2000).

1.1.3 Normal Functional Physiology of Cartilage

In normal human articular cartilage, there is a natural turnover of cartilage
components. Normally, ECM function is preserved through a balance of turnover of
matrix components, critical for the prevention of joint degeneration (Tchetina et al.,
2005; Westacott and Sharif, 1996).
proteolysis initiated by matrix metalloproteinases (MMPs), such as MMP3 (Aigner
et al., 2006; Blain et al., 2001; Burrage et al., 2006; Lee et al., 2005; Umlauf et al.,

Aggrecan undergoes a highly regulated
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2010). The turnover of aggrecan monomers and aggregates can range from days to
months to years (Aigner and McKenna, 2002). The collagen type Il network in
contrast is very stable (Aigner and Stove, 2003; Ap Gwynn et al., 2002; Becerra et
al., 2010). The complex structure contributes to the load bearing properties of the
tissue and mechanical loading, sustaining cartilage homeostasis and chondrocyte
viability (O'Hara et al., 1990; Smith, 2007).

An imbalance in joint homeostasis is thought to be causal in the pathophysiology of
OA. Shear and hydrostatic stresses on cartilage are generated from various types of
motion at the joint surfaces and influence chondrocyte metabolism.  Pro-
inflammatory mediators are normally balanced and mechanical stresses can increase
or decrease cartilage matrix expression (Lee et al., 2002; Mohtai et al., 1996;
Smith, 2007; Smith et al., 2000). Consequently, clinical observations of OA risk
factors that alter joint homeostasis such as mechanical injury, obesity and genetics

are recognised as causal in cartilage degeneration (Smith, 2007).

1.1.4 ECM Changes in OA

William Hunter was one of the first to recognise the unique, complex structure of
cartilage and its limited capacity for repair. In a paper to the Royal Society in 1743
he described the repair of cartilage to be ‘a very troublesome disease; that it admits
of a cure and more difficulty than a carious bone; and that, when destroyed, it is
never recovered’ (William Hunter, 1744 cited in (Buchanan, 2003)).

The earliest known example of OA was observed in the spine of a 100 million year
old conmanchean dinosaur showing the microscopic hallmarks of the modern day
disease, overgrowth at the articular margins and large vascular spaces (Dequeker and
Luyten, 2008). Today, articular cartilage defects caused by either mechanical injury,
through lifestyle, age, osteochondral pathology and genetics (Goldring and Goldring,
2007; Kurz et al., 2005; Li et al., 2007a; Valdes et al., 2006), lead to a progressive
degeneration of the cartilage and the entire joint (Chiang and Jiang, 2009; Samuels
et al., 2008).
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Little is known about the initial molecular changes that take place in the early stages
of OA and cartilage degradation as a result of the asymptomatic features of this
disease (Aigner and McKenna, 2002; Goldring and Goldring, 2007). As a result of
the multitude of causal factors, early physical changes in the joint include swelling,
increase in water content, fibrillation at the articular surface, loss of matrix and cell
division in the form of chondrocyte clusters (Goldring and Goldring, 2007; Squires
et al., 2003) (Figure 1.2). In later stages there is an extensive loss of cartilage and

exposure to the subchondral bone (Lorenzo et al., 2004).

rmal cartilage

Figure 1.2: Normal and OA Human Cartilage
Haemotoxylin and eosin stained sections of human cartilage, normal (A) and OA
(B) showing chondrocyte clusters and fibrillations, characteristic hallmarks of

degraded OA cartilage (black arrows) (Abramson, 2007).

At a cellular level, there are several observations associated with OA pathology.
Some chondrocytes undergo cell death, which is then thought to be compensated for
by an increase in proliferation of the remaining chondrocytes. Chondrocytes respond
to biomechanical perturbation by upregulating synthetic activity such as anabolic
cytokines, Insulin-like growth factor (IGF) and transforming growth factor beta
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(TGFP), growth factors that induce matrix production. Conversely, there is also a
noted decrease in expression of cartilage matrix proteins that is associated with
persistent cartilage trauma (Caterson et al., 2000; Dahlberg et al., 2000; Goldring
and Goldring, 2007; Rizkalla et al., 1992; Westacott and Sharif, 1996).
Phenotypically, chondrocytes alter with an overall change in gene and protein
expression within the tissue to eventually becoming hypertrophic, expressing
collagen type X (Aigner and McKenna, 2002; Fuerst et al., 2009; Goldring and
Goldring, 2007; Horton et al., 2005; Poole et al., 2002). Although anabolic capacity
of the chondrocyte naturally diminishes and OA is associated with age, age is not
necessarily associated with OA (Carrington, 2005; Goldring and Goldring, 2007).
During aging, collagen type Il synthesis and cleavage, normally restricted to
pericellular regions, is found throughout the cartilage, extending deeper with age
from the surface (Aigner et al., 2007; Hollander et al., 1995; Nelson et al., 1998;
Poole et al., 2002). The collagen network is modified during aging with increased
stiffness of collagen fibrils, however, healthy aged cartilage shows few molecular
changes in collagen and aggrecan content, which are notably changed in OA (Aurich
et al., 2002; Poole et al., 2002; Poole et al., 2003).

In association with the alterations in chondrocyte metabolism, there is an
upregulation of proteolytic enzymes produced by chondrocytes and associated cell
types, such as synovial cells (Hulejova et al., 2007; Sutton et al., 2009; Westacott
and Sharif, 1996). Proteases, such as collagenases and aggrecanases, are increased in
association with the increase in denaturation of the cartilage framework and collagen
type Il and aggrecan degradation. This results in the loss of structural integrity and
functional load bearing properties of the cartilage (Becerra et al., 2010; Stoop et al.,
1999). Natural repair tissue is observed to lack the original network and fibril
organisation of AC (Becerra et al.,, 2010). The induction of increased matrix
metabolism is also a symptomatic feature of OA, a defensive response to the
degradative turnover of the tissue (Sandell and Aigner, 2001). As a compensation
for the loss of superficial components, proteoglycans content increases deeper in the
cartilage (Nelson et al., 1998; Poole et al., 2002; Poole et al., 1996; Rizkalla et al.,
1992).
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The roles of molecules involved in OA have revealed areas to target therapeutically.
Pharmokinetics, through inhibiting destructive pathways, enhancing matrix synthesis
by drug administration into the joint or using gene therapy to do both, are some of
the areas of therapy being explored (Bakker et al., 2001; Caron et al., 1996;
Fernandes et al., 1997; Hayashi et al., 2008; Kobayashi et al., 2005; Krzeski et al.,
2007; Nixon et al., 2005; Pelletier et al., 1997). Clinically however, the focus has
been on physically replacing or regenerating new tissue with a combination of cells,
molecules such as growth factors, or scaffolds (Chiang and Jiang, 2009; Hunziker,
2009; Iwasa et al., 2009).

1.2 Clinical Cartilage Repair Strategies
1.2.1 Clinical Cartilage Repair

Current cartilage treatments only provide temporary relief from pain and do not offer
a cure or prevention. Initial surgical strategies were developed with the aim to
stimulate repair naturally through abrasion arthroplasty, resulting in a type of
temporary fibrocartilage repair (Johnson, 2001) and microfracture, through multiple
drilling of the subchondral bone in an attempt to release progenitor cells to in turn

stimulate repair (Steadman et al., 2002; Steinwachs et al., 2008).

Patches or chondrocyte grafts used to replace lost tissue in defects encompass more
recent strategies, but have many limitations. Chondrocytes have limited viability
and restorative potential (Gole et al., 2004; Williams et al., 2004). Once implanted,
allograft cartilage generally causes a synovial immune reaction in the host
(Phipatanakul et al., 2004). Mosaicplasty or osteochondral autograft transfer system
(OATS), an autograft technique, involves the filling of defects with osteochondral
plugs taken from non-weight bearing areas of healthy cartilage and bone.
Autologous osteochondral grafts yield better clinical outcomes (Gudas et al., 2012;
Gudas et al., 2005; Gudas et al., 2006) due to the lack of immune reaction and self-
attachment of the graft, reducing damage and invasiveness of the procedure
(Hangody et al., 2008). This technique however, is limited by the shortage of
autogenous donor cartilage sources, congruency of donor plugs with surrounding

cartilage and only applicable for smaller sized defects (Chiang and Jiang, 2009).
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Larger defects requiring extra cartilage have led to research for other tissue sources,
including artificial construction.  Progenitor cells residing in periosteum or
perichondrium can be induced environmentally to produce chondrocytes, while the
periosteum graft itself acts as a scaffold to support these newly formed cells (Mara et
al., 2011; O'Driscoll, 1999; Trzeciak et al., 2006).

Autologous chondrocyte implantation (ACI) was developed to overcome the need
for autogenous cartilage by expanding chondrocytes in the laboratory, implanting
them into a defect and covering the implant with a sutured periosteal patch
(Brittberg, 1999, 2008; Hunziker, 2009). First generation ACI with cells injected
into a defect and sealed with a periosteal flap revealed problems of leakage, loss of
chondrocyte phenotype, periosteal hypertrophy and was an invasive procedure
causing donor site morbidity (Gooding et al., 2006; Muellner et al., 2001). Second
generation ACI, matrix-induced autologous chondrocyte implantation (MACI),
involves the culture of chondrocytes that are then seeded onto biodegradable
matrices that can be implanted. Biomaterials such as collagen type 1 gels,
hyaluronan scaffolds and collagen type I/IIl membranes are used to secure the
chondrocytes in place (Koga et al., 2009; Schinhan et al., 2013). This advancement
of the ACI technique improves biological structure of the tissue graft, but conversely
introduces issues of scaffold biocompatibility, inflammation and degradation
(Brittberg, 1999; Chiang and Jiang, 2009; Hunziker, 2009).

In a 5-year clinical study by Knutsen et al, no advantage was demonstrated when
patients received ACI compared to conventional microfracturing (Knutsen et al.,
2007). However, a 5-year study by Kon et al. demonstrated MACI treated patients
showed a better outcome compared to microfracture (Kon et al., 2009). More
recently, improved functional outcomes of ACI over mosaicplasty were observed in
a 10-year study (Bentley et al., 2012). In all such clinical studies newly regenerated
cartilage consisted of fibrous cartilage, different in structure and biological
properties to the desired hyaline cartilage (Bartlett et al., 2005; Manfredini et al.,
2007; Tins et al., 2005). Furthermore, success in patients over the age of 50 was
not demonstrated, since autologous chondrocytes demonstrate a loss of potential
over time, suggesting a cohort of patients that do not respond to autologous cell
therapy (Hunziker, 2009; Zheng et al., 2007).
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1.2.2 Tissue Engineering Principles for Cartilage Repair

Cell-based technology for cartilage repair has evolved over the years in an attempt to
improve the efficacy of regenerated tissue. Traditionally, cell-based repair is based
upon the principle of the implantation into a defect of cultured or non-cultured,
chondrocytes, chondroprogenitor cells or progenitor cells. Transplanted cells are
then required to integrate, deposit ECM and/or differentiate to become the building

blocks of newly formed cartilage (Chiang and Jiang, 2009).

One current tissue engineering strategy is to construct the regenerated tissue in vitro
and then subsequently implant the newly constructed graft in vivo (Chiang and
Jiang, 2009; Vunjak-Novakovic et al., 1999). A second, such as ACI relies on in
vivo cell-based repair where the intra-articular environment provides a suitable niche
for regeneration of implanted cells. For success, a sufficient number of
chondrogenic cells that can produce cartilage-like ECM and remain engrafted at the
site of repair are essential (Chiang and Jiang, 2009; De Bari and Dell'accio, 2008).
In a third strategy, endogenous cell-based repair is aided by the implantation of a
growth factor infused scaffold. Lee et al. demonstrated this in a proof of concept
study using TGFB3 adsorbed collagen hydrogels in rabbit condyles (Lee et al.,
2010).

The fundamentals in tissue engineering research currently focus on three elements;
the cells, the scaffold and the environment with each element being influential and

interlinked for an effective outcome (Chiang and Jiang, 2009).

1.2.3 Scaffolds in the Clinic for Cartilage Tissue Engineering

Scaffolds for cartilage repair have several requirements in design. They must be
biocompatible with surrounding tissue and the environment in which they are placed
with an optimal degradation time, long enough to provide a temporary supportive
environment, but short enough to not compromise efficacy. They must be
structurally and mechanically stable to be able to withstand compressive load.

Secondly, they must allow successful infiltration and attachment of environmental
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cues and/or endogenous cells to enable integration with native tissue and promote
cellular viability, proliferation and differentiation (Danisovic et al., 2012; lwasa et
al., 2009; Vinatier et al., 2009). Natural and synthetic biomaterials have been used
as scaffolds including collagen, hyaluronic acid based polymers, fibrin and synthetic
copolymers with natural materials found within cartilage being more favourable
(Bulman et al., 2012; Chiang and Jiang, 2009; Iwasa et al., 2009; Sittinger et al.,
1994; Tognana et al., 2005; Visna et al., 2004; Wakitani et al., 1994).

In addition to the limitations in phenotype, such as age and health affecting repair
efficacy, new scaffolds need to demonstrate a homogenous distribution of cells,
retention of sufficient quantities, maintenance of chondrocyte phenotype and
ultimately demonstrate a hyaline cartilage structure. Few studies have shown this to
date (Bartlett et al., 2005; Iwasa et al., 2009; Nehrer et al., 1998).

1.3 Mesenchymal Stem Cells
1.3.1 Mesenchymal Stem Cells

“We shall need flat, and round, and all shapes of bones. Some of them will be
hollow, to make them lighter, except for a little marrow, where the cells live which
do the mending, and where new baby soldier cells are born, and live in safety until
they are needed in some part of the body”.  Sir Wilfred Grenfell, 1924 “Yourself
and Your Body’ (Grenfell, 1924).

It has long been reported that cells isolated from postnatal bone marrow have
differentiation potential in vitro and have shown to differentiate into specific cells of
mesenchymal tissues, such as bone, cartilage and fat, when implanted in vivo
(Goshima et al., 1991). Friedenstein first identified the existence of marrow stromal
or mesenchymal stem cells (MSCs) as having self-renewal and multi-lineage
potential. MSCs can be isolated from an array of adult mesenchymal tissues and
expanded in culture, demonstrating extensive proliferative potential, without the loss
of potential over several passages (Johnstone et al., 1998; Koga et al., 2009). MSCs
are therefore considered to be an attractive cell source for tissue engineering and

cartilage repair, overcoming limits of available autologous chondrocytes and donor
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site morbidity associated with harvesting chondrocytes (Hunziker, 2009; Koga et al.,
2009).

A defined medium for MSC chondrogenesis was first described by Johnstone et al.,
where micromass/pellet culture was used with TGF-p and dexamethasone to support
the in vitro differentiation of MSCs into cartilage (Johnstone et al., 1998). In
addition, bone morphogenetic proteins (BMPs), such as growth differentiation factor
5 (GDF-5), have been shown to enhance chondrogenesis under these conditions
(Coleman and Tuan, 2003; Sekiya et al., 2005). Other growth factors and cytokines
such as IGF have also been employed in culture cocktails for enhancing
chondrogenesis (Bai et al., 2004; Pei et al., 2008). However, in vitro MSC
chondrogenesis still does not completely mimic embryonic cartilage development
and the properties of mature cartilage as MSCs continue to express collagen type |
and increase both collagen type Il and collagen type X, a marker of hypertrophy
(Barry et al., 2001b; Ichinose et al., 2005). In vivo studies of MSC implantation
demonstrate that the microenvironment is key in inducing cartilage formation and

maintenance of the cartilage phenotype (Caplan, 2009b; Pelttari et al., 2006).

1.3.2 MSC source

Since clinical outcomes have shown age to be a factor in repair; a highly
proliferative cell with a full capacity to differentiate is sought (Hunziker, 2009).
Donor age has previously demonstrated adverse effects on cell proliferative and
differention capacities (Kretlow et al., 2008; Moerman et al., 2004). Conversely,
some studies have found no change in capacity, although MSC titres change with
age (Caplan, 2009b; Haynesworth et al., 1994) suggesting that in older patient
populations, autologous cells might not always be appropriate. Donor variation has
also been shown to play a role in determining MSC differention and proliferative
capacity (Caplan, 2009b) supporting an allogenic route with cells that are chosen for

their purpose.

MSCs can be isolated from many kinds of mesenchymal tissues such as synovium,
muscle and adipose tissue (Cao et al., 2003; De Bari et al., 2001; Zuk et al., 2002)
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with similar in vitro colony forming abilities. ~However, there are studies
demonstrating specific potential of MSCs according to their origin. Synovial tissue
has been reported to contain progenitor cells of high differentiating potential for a
variety of connective tissues, in particular cartilage (De Bari et al., 2001; Sakaguchi
et al., 2005) and bone marrow MSCs have shown higher chondrogenic potential
over adipose derived MSCs (Huang et al., 2005; Koga et al., 2007). To date
however, most in vivo studies have been performed with MSCs from bone marrow
origin, currently the most widely accepted MSC source being easier to harvest than

other sources such as the synovium (Koga et al., 2009).

1.3.3 Bone Marrow MSC Transplantation for Cartilage Repair

MSCs demonstrate advantages over the use of chondrocytes for transplantation.
They can be isolated from a variety of tissues without harvesting healthy cartilage
and expanded in culture without the loss of potential at early passages (Matsumoto
et al., 2010). Based on promising results of MSC transplantation in a collagen gel in
a rabbit osteochondral model (Wakitani et al., 1994), Wakitani et al. considered the
application of MSCs in the clinical setting (Wakitani et al., 2002; Wakitani et al.,
2004). In a study of 24 patients with knee OA and an average age of 63 years, 12
were given autologous bone marrow cell transplants, 1.3 x 10" cells seeded in
collagen gels and 12 given cell-free control gels (Wakitani et al., 2002). It was
observed that defects were filled with white tissue in treated groups six weeks after
transplantation, which after 42 weeks was much harder, but still softer than normal
cartilage. Analysis of clinical data 64 months later revealed non-significant clinical
scores between cell-transplanted groups and controls. The authors concluded that
either longer time was required to see an effect or that cell transplantation was not
effective in the OA knee because of poor environmental factors or patient age
(Wakitani et al., 2008).

Gianinni et al. reported positive results for repair of 48 osteochondral defects in both
the ankle and knee. Magnetic resonance imaging (MRI) and histologic analysis
revealed regenerated tissue of varying degrees; however none showed hyaline

cartilage (Giannini et al., 2009a; Giannini et al., 2009b). Further, autologous MSC
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transplantation using 10-15 x 10° cells in 36 articular cartilage defects, showed
comparable results to that of an ACI control, but had an advantage of being a one-

step procedure, reducing donor-site morbidity (Nejadnik et al., 2010).

Other published MSC clinical studies have generally included only small patient
numbers or younger patients but reported positive clinical outcomes (Kuroda et al.,
2007; Wakitani et al., 2004; Wakitani et al., 2007). Despite recent clinical reports
showing improvement with intra-articular injection of autologous MSCs in OA
knees (Emadedin et al., 2012) and more recently improvement in pain and cartilage
quality observed by MRI (Orozco et al., 2013), to date the clinical results of bone
marrow MSC transplantation for cartilage repair have been similar to that of other
cell-matrix based repair technologies. Mostly repair tissue formed is of a
fibrocartilagnious type and variable quality (Hunziker, 2009; Koga et al., 2009;
Matsumoto et al., 2010). Additionally, age, donor variation and extent of cartilage
degradation contribute to efficacy (Hunziker, 2009; Matsumoto et al., 2010; Punwar
and Khan, 2011).

Other than numbers of cells injected or seeded onto scaffolds, most of these studies
do not follow up on the number of cells that are retained in the tissue or their length
of retention and contribution within the defects post-transplantation. In the clinical
setting this can be difficult practically and likely needs to be a focus pre-clinically.
Tracking cells for identifying and quantifying cell retention can provide supporting
information on efficacy outcomes and identify limitations in current practice
(Christian et al., 2008; Rosen et al., 2007).

1.3.4 MSC Support of the Environmental Niche

Over the last five years it has become evident that implanted progenitor cells likely
play more of a supportive role in tissue repair processes rather than simply providing
the building blocks for regeneration (Caplan, 2009b). MSCs have also demonstrated
therapeutic properties by secreting factors that contribute to tissue regeneration,
including anti-apoptotic factors and chemoattractants for immunomodulation and

homing of native progenitors. This suggests an indirect effect of MSCs on tissue
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repair and a role in enriching the repair environment (Bertolo et al., 2011; Meirelles
Lda et al., 2009).

Meirelles et al. reviewed molecules involved in the paracrine effects of MSCs, based
on earlier reports of MSCs secreting bioactive molecules associated with
chemoattraction, angiogenesis, anti-apoptosis and immunomodulation (Haynesworth
et al., 1996; Majumdar et al., 1998; Meirelles Lda et al., 2009; Pittenger et al.,
1999). Paracrine factors include: anti-apoptotic vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF) and IGF-1; pro-angiogenic, such as basic
fibroblast growth factor (bFGF), monocyte chemoattractant protein-1 (MCP-1) and
interleukin-6 (IL-6), with various factors having several active roles. For example,
VEGF has a role in both angiogenesis and apoptotosis and MCP-1 acts in
angiogenesis and chemoattraction (Hung et al., 2007; Kinnaird et al., 2004,
Parekkadan et al., 2007; Togel et al., 2007). MSCs preferentially home to sites of
tissue injury and inflammation which is attributed to the presence of surface
receptors that bind molecules such as ECM, growth factors and chemokines. In
vitro, MSCs have shown to migrate in a dose-dependent manner towards growth
factor and chemokines such as tumour necrosis factor alpha (TNF-a) (Ponte et al.,
2007).

Based upon assumptions that bone marrow derived MSCs would naturally home to
the marrow, MSCs were first used to supplement bone marrow transplantation
(Caplan, 2009b; Devine et al., 2001; Koc et al., 2000; Koc et al., 1999). Studies
using MSCs to enhance bone marrow transplantation for genetic disorders such as
osteogenesis imperfecta have shown mixed results (Horwitz et al., 2002; Horwitz et
al., 1999). In those patients with positive MSC effects, it was not clear how long
MSCs had been retained, if they remained active, differentiated or whether they
contributed through biofactor release (Caplan, 2009b; Horwitz et al., 2002; Horwitz
etal., 1999).

Clinical studies using culture expanded MSCs for treating graft-versus host disease
(GvHD) by intravenous infusion, demonstrated the potential of MSCs for increasing
survival rate of patients who had previously proved therapy resistant (Le Blanc et

al., 2008). Infusions reported to date have shown no documented adverse effects
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suggesting MSCs provide more of an environmental supportive role than
differentiating units. MSCs homing to other organ sites such as the lung have not
been shown to differentiate into unwanted phenotypes (Caplan, 2009a, b; Wakitani
et al., 2011). However, the environmental niche in which the cells are retained also
plays a role in providing the cues for determining cell fate (Caplan, 2009b; Chen et
al., 2005; Karp and Leng Teo, 2009).

Immunomodulatory properties of MSCs were first observed after cell transplantation
studies, demonstrating an evasion of the immune system (Liechty et al., 2000;
Rasmusson et al., 2007). MSCs have been shown to directly inhibit T cell
proliferation and function in vitro (Bartholomew et al., 2002; Di Nicola et al., 2002;
Krampera et al., 2003), inhibit or promote B cell proliferation (Corcione et al., 2006;
Traggiai et al., 2008), modulate secretion profiles of macrophages and dendritic cells
(Aggarwal and Pittenger, 2005; English et al., 2008; Nemeth et al., 2009) and
suppress the actions of natural killer (NK) cells (Sotiropoulou et al., 2006; Spaggiari
et al., 2008).

Acting through a variety of mechanisms, MSCs have shown therapeutic potential in
providing support and enriching the environmental niche. This alone renders them a
highly sought therapy for tissue engineering (Caplan, 2009b; da Silva Meirelles et
al., 2008; Karp and Leng Teo, 2009; Yagi et al., 2010).

1.4 MSC Retention
1.4.1 MSC Retention

Scaffolds providing a structure for cell retention and function encompass a large
proportion of MSC studies for cartilage regeneration (Chiang and Jiang, 2009; Iwasa
et al., 2009; Koga et al., 2009). However, a focus is often placed on scaffold type
and functional contribution to efficacy, with less attention on cellular retention and

localisation within the scaffold (Bulman et al., 2012).

Few studies to date have been able to demonstrate MSC retention and engraftment at
the degraded cartilage surface in vivo (Mokbel et al., 2011; Sato et al., 2006; Sato et
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al., 2012). Local delivery of MSCs to the articular joint in a goat model of OA has
shown to slow the progression of cartilage degradation. However, MSCs in vivo did
not engraft to either intact or fibrillated cartilage (Murphy et al., 2003). It was
hypothesised that insufficient numbers of cells were retained at the cartilage surface
for effective repair and that enhancing retention in vivo would increase possible
cellular engraftment and/or create a suitable reparative environment for cartilage
repair (Coleman et al., 2010; Murphy et al., 2003).

The contribution of implanted cells versus native cells to the repair process is not
always clear to interpret, even when cells are tracked (Bulman et al., 2012). It is
likely a combination of implanted cells, host cells and stimulated mediators that play
a role in the repair process (Coleman et al., 2010). Direct injection of 7 x 10°
fluorescently labelled MSCs mixed with HA in a spontaneous OA model (Sato et
al., 2012) revealed the presence of MSCs within fibrillated cartilage, but also in the
synovial lining and meniscus. Histological findings at 5 weeks demonstrated some
partial repair in the HA-MSC treated group and an increase in collagen type Il
around the implanted MSCs and native chondrocytes, suggesting both differentiation
of the implanted cells and also a trophic effect on native cells. Since the MSC and
HA alone controls showed poor repair success compared to the HA-MSC group, the
authors suggest that the mix of HA and MSC:s is potentially beneficial for OA (Sato
etal., 2012).

Chen and Tuan 2008, suggested that lack of MSC engraftment at the cartilage
surface appears to be specific to the cartilage tissue (Chen and Tuan, 2008). After
MSCs were transplanted in utero in sheep they were shown to engraft and persist in
various different tissues undergoing site-specific differentiation.  Cartilage
engraftment however, was only observed at a low frequency (Liechty et al., 2000).
Similarly, in a mouse model of collagen-induced arthritis (CIA), cells were absent in
the joint cartilage (Augello et al., 2007). The loss of available ECM and adhesion
molecules that facilitate cell binding at the degraded cartilage surface likely
contribute to low cellular adherence, but also the dynamic nature of articular
mechanical forces creates a harsh environment for delivered cells (Bulman et al.,
2012; Smith, 2007).
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In a study by Quintavalla et al. survival and persistence of fluorescently labelled
MSCs on a gelatin sponge implanted in a goat osteochondral defect were assessed
(Quintavalla et al., 2002). MSCs were detected at 1, 2, 7 and 14 days; after this
period there was a gradual loss of cells and fragments of the sponge found in
marrow spaces, suggesting a dislodgement and fragmentation of the implant
(Quintavalla et al., 2002). The study highlights that even with the use of a scaffold,
it is challenging to retain transplanted cells within the joint environment (Mauck et
al., 2003; Quintavalla et al., 2002).

In the literature, MSC transplantation alone has shown poor engraftment and
retention at the site of cartilage repair (Murphy et al., 2003; Sato et al., 2012). Most
studies have included scaffolds or delivery carriers as important factors contributing
to efficacy (Quintavalla et al., 2002; Sato et al., 2012). However, cell retention and
numbers post implantation are often not analysed. It appears that MSCs may
contribute by both trophic factor release and differentiation (Augello et al., 2007;
Murphy et al., 2003; Sato et al., 2012) depending on the environmental context, with
both animal model and cartilage degradation levels influencing MSC contribution
(Caplan, 2009a; Chen and Tuan, 2008). Since an enhancement of cell localisation
at the cartilage surface would theoretically enhance cell response, environment and
scaffold integrity, the localisation of cells should be considered an additional
requirement entwined within the basic three elements of scaffold, cell and

environment (Figure 1.3) (Bulman et al., 2012; Chiang and Jiang, 2009).
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Figure 1.3: The Role of Cell Retention in Tissue Engineering

Schematic demonstrating the role of cell retention within the three principle
elements of tissue engineering. Cell retention is influential within all elements,
providing an increase in cell function, cell number, environmental enrichment and
adherence within the scaffold and integrity. Both scaffold and cell retention can be
interchangeable and/or combined elements, where a cell retention technology might

replace a scaffold and vice versa.

1.4.2 Enhancing Cellular Retention

Cellular retention may be achieved at the cartilage surface by several methods.
Increasing numbers of cells delivered to the joint is not always an economically
viable option due to limited sources of progenitor cells and high costs of harvesting
and expansion (Mason, 2005, 2007; Mason and Manzotti, 2010). Cells can be
encapsulated within a scaffold or hydrogel that can then be delivered to the area of
repair, in a type of static retention of cells. However, scaffolds such as hydrogels
often lack mechanical properties sufficient for supporting cell retention and tissue
regeneration (Kim et al., 2011b) and retaining required numbers and cell viability

can influence the efficacy and outcome (Hansen et al., 2012; Issa et al., 2011;
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Mauck et al., 2003). Some researchers are using magnetic particles as a means of

increasing cellular delivery and localisation (Cheng et al., 2010; Feng et al., 2011).

More recently, nanomaterials enable possibilities of providing a support with cues
that can influence cellular responses, maximising the potential of cells retained and
also controlling their proliferation (Bulman et al., 2012; Li et al., 2003).
Microcarriers have been employed as in vitro model systems to increase cell
numbers and maintain cell phenotype for cartilage repair applications (Frauenschuh
et al., 2007; Freed et al., 1993). By directing cellular behavior and expansion with
nanomaterials and microcarriers, enhanced cell localisation might be also achieved
(Bouffi et al., 2010; Bulman et al., 2012; Kisiday et al., 2002; Porter et al., 2009;
Yang et al., 2007). Although, in vitro studies have shown promise, few in vivo

cartilage specific approaches have been demonstrated (Liu et al., 2011).

1.4.3 Antibody-based Localisation

Antibodies are one of the strongest candidates for cell targeting and enhancing
localisation, since they are natural molecular tags. Antibody-based therapeutics
represent a growing portion of biopharmaceuticals in current clinical trials (Glennie
and Johnson, 2000; Jain et al., 2007; Phillips et al., 2001). A bispecific antibody
(BiAb) is considered a man-made antibody able to bind two different antigens.
Similarly, a bifunctional antibody is a single antibody that is linked to a diagnostic
or therapeutic molecule, such as antibodies that are coupled to drug delivery
nanoparticles (Dinauer et al., 2005). The concept of having a dual-functioned
antibody that can be tailored to requirements and target a cell specifically to a tissue
of interest has many advantages and potential in the field of tissue engineering.
Localizing progenitor cells to a site of tissue damage should essentially enhance cell
retention, cell utility and possibly reduce the cell numbers required for

transplantation (Bulman et al., 2012).
Lum et al. adapted a bispecific antibody technology previously employed for cancer
therapeutics to target hematopoietic stem cells (HSCs) to damaged myocardium

tissue (Lum et al., 2004; Sen et al., 2001). The BiAb consisted of anti-c-kit, a target
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for mouse stem cells and anti-vascular cell adhesion protein 1 (VCAM-1), a target
antigen upregulated in myocardial injury. The antibodies were joined by traditional
chemical heteroconjugation using Sulpho-SMCC (sulphosuccinimidyl 4-(N
maleimidomethyl) cyclohexane-1-carboxylate). BiAb pre-incubated HSCs or HSCs
alone were injected either systemically or directly into mice post-infarction. Results
demonstrated directly-injected BiAb pre-incubated HSCs had increased retention in
the mycocardium tissue over HSCs alone. Intravenous injection experiments further
demonstrated that BiAb pre-incubated HSCs were capable of homing to the injured
myocardium, with increased numbers compared to that of cells alone (Lum et al.,
2004).

The same research group developed a second BiAb construct, comprising of an anti-
CD45 antibody, specific to common leukocyte antigen found on HSCs and an
antibody to myosin light chain, an antigen specific to injured myocardium (Lee et
al., 2007). In a rat model of ischemic injury, human HSCs pre-incubated with BiAb
were injected intravenously two days after injury. Immunohistochemical analysis
revealed pre-incubated cells specifically localized to the infarcted region of the heart
and improved cell delivery to the injured tissue over cells alone. This targeting also
correlated with improved myocardial function (Lee et al., 2007). Such studies
described positive pre-clinical evidence demonstrating potential of specifically
localising stem cells in increased numbers to a site of tissue injury. A BiAb
technology could be specifically tailored for cartilage repair, so that transplanted
MSCs might overexpress a peptide moiety to an epitope found specifically on the
surface of degenerated cartilage (Bulman et al., 2012). A technology for mobilising
or homing native progenitor cells would require absolute specificity for the homing

cell type of interest.

In the cartilage repair field, ‘cell painting,” first introduced by Chen et al and further
developed by Dennis et al. coated chondrocytes with antibodies to localize to the
cartilage extracellular matrix (Chen et al., 2000; Dennis et al., 2004). The technique
involved a two-step process; lipidated protein G was intercalated into chondrocyte
cell membranes and then incubated with antibodies specific to cartilage matrix
antigens, allowing binding of antibodies to protein G on the surface of the cells.

Antibody-coated cells were added to cartilage explants taken from a rabbit partial-
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thickness defect model. Histological and fluorescent analysis, demonstrated
enhanced binding to the cartilage with antibody coated chondrocytes, suggesting a
potential method for increasing cell adherence at the site of cartilage injury (Dennis
et al., 2004). Using the same technique MSCs pre-coated with lipidated protein G
and intercellular adhesion molecule 1 (ICAM-1) antibodies localised to activated

human vascular endothelial cells (Ko et al., 2009).

An in vivo study using cell painting to localise MSCs to the inflamed bowel in a
mouse model of acute colitis demonstrated increased systemic delivery of targeted
MSCs to the colon. An increase in clinical efficacy with an observed increase in
regulatory T cells was also shown, suggesting a possible MSC mechanism of action
(Ko et al., 2010). Interestingly, MSCs labelled with antibody to VCAM
demonstrated the highest localisation of cells to the colon, but higher clinical
efficacy was demonstrated with MSCs labelled with anti-addressin antibody,
suggesting increased efficacy was not a result of increased MSC delivery to the
colon since cell delivery within this group was very low. This study demonstrated
the different possible mechanisms of action that cells may have depending on the
targeting molecule, suggesting that the localisation construct itself can have other
supportive functions in addition to providing a method of cell adherence to a target
tissue (Ko et al., 2010).

1.4.4 Peptide-based Localisation

In addition to antibodies, peptides and proteins that promote adherence of a cell to a
target tissue or scaffold have also been explored for cell delivery. Nuttelman et al.,
covalently attached the cell adhesion protein fibronectin to poly(vinyl alcohol)
hydrogels increasing fibroblastic cell number and rate of attachment to gels
(Nuttelman et al., 2001). In a similar approach, alginate gels modified with the
fibronectin binding site, arginine-glycine-aspartic acid (RGD) showed 10-20 times
higher attachment of chondrocytes compared to an unmodified alginate gel (Genes et
al., 2004; Nuttelman et al., 2001) and Jeschke et al. demonstrated chondrocytes
cultured in monolayer on synthetic materials and coated with RGD peptides

demonstrated accelerated binding at both early and late passages (Jeschke et al.,
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2002). In contrast to the effects of strong adhesion at higher peptide concentrations
there is also a decrease in matrix production (Mann and West, 2002). Connelly et al.
showed that interaction of bone marrow stromal cells with RGD motifs in an
alginate hydrogel inhibited chondrogenesis, observed by the inhibition of sulphated
glycosaminoglycan (GAG) synthesis that increased with increasing RGD density
(Connelly et al.,, 2007). Mixed results have suggested that the presence of
fibronectin or its binding site RGD plays a role in initiating chondrogenesis and
maintaining hMSC viability; however, persistence of this molecule inhibits
chondrogenic differentiation (Salinas and Anseth, 2008; Salinas et al., 2007).
Fibronectin and RGD peptides will therefore also possess a functional role with the
cells to be localized and the environment in which they are placed (Bulman et al.,
2012).

An alternative approach to selectively deliver progenitor cells is through the
alteration of a cell’s behaviour, to potentially ‘home’ cells in vivo to a site of tissue
damage (Karp and Leng Teo, 2009). Sarkar et al. demonstrated that the surfaces of
culture expanded MSCs could be chemically modified to possess leukocyte-like
adhesion properties, promoting a cell rolling behaviour. The sialyl Lewis X (SLeX)
moiety was covalently coupled to the surface of MSCs through biotin-streptavidin
modifications that did not compromise cell viability, differentiation potential and
cell phenotype (Sarkar et al., 2008). In a more recent study, a system was developed
to transiently label the cells using biotinylated lipid vesicles with SLeX. Cell rolling
behaviour was observed in a flow chamber assay, showing no effects on viability,
proliferation and differentiation (Sarkar et al., 2010). These homing effects have yet
to be demonstrated in vivo. Engineering MSCs to behave as HSCs to increase cell
recruitment to bone was also undertaken by Sackstein et al. The MSC native CD44
glycoform was converted through a-1,3-fucosyltransferase preparation to HSC E-
selectin/L-selectin ligand. Modified cells demonstrated homing to bone compared to
unmodified cells (Sackstein et al., 2008).

Challenges surrounding the use of antibodies and peptides as cell targeting tools
include regulatory hurdles placed upon developing a new platform technology of a
pharmaceutical nature (Kriangkum et al., 2001). Costs and manufacture on a large

scale can further limit these therapeutics (Kriangkum et al., 2001; Mason, 2005);
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however, antibodies and peptides have potential in tissue engineering, directing and
positioning cells within what is normally an avascular tissue and in functionally

influencing efficacy of repair (Bulman et al., 2012).

1.5 Thesis Objectives

Articular cartilage is a multi-layered biological composite structure, with
hierarchical organisation. Future repair strategies for cartilage repair must consider
mechanical properties, zonal organisation and biological functions of native cartilage
and it is likely that a combined approach will be required (Bulman et al., 2012). It
was demonstrated by Murphy et al. that few cells are retained when injected at the
diseased cartilage surface and these authors suggested that enhancing the numbers of
cells retained, may contribute to more efficacious repair (Murphy et al., 2003). The
various methods by which MSC retention might be enhanced at the cartilage surface
need further validation in terms of quantification of cell numbers and functionality
with MSCs.

It is hypothesised that increasing the number of cells retained at the diseased
cartilage surface will in turn enhance the efficacy of repair. This thesis aims to
design, develop and demonstrate biocompatible methods of enhancing MSC

retention at the degraded articular surface.

Therefore this research can be divided into 3 specific aims:

1.) Pullulan: A Biocompatible Adhesive for Enhancing MSC

Retention and Response at the Degraded Cartilage Surface

Pullulan is a biocompatible alpha-glucan exopolysaccharide that has a history of use
in the food and biomedical industry (Rekha and Sharma, 2007). The objective was
to demonstrate enhanced MSC retention to degraded cartilage using the bioadhesive
pullulan (Figure 1.4C). Using a stereological approach, MSC adherence to pullulan
coated human OA cartilage tissue was investigated, alongside a series of tests for
pullulan biocompatibility and mode of action with MSCs.
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2.) Development and Design of an Antibody-Peptide Construct
Specific to MSCs and Degraded Cartilage

It was hypothesised that specifically localising cells through the use of antibodies or
peptides would be advantageous for enhancing cell numbers and retention in the
target tissue of interest (Figure 1.4B) (Bulman et al., 2012; Dennis et al., 2004). The
objective of this study was to design and develop a bispecific antibody-peptide
construct that would bind both MSCs and degraded cartilage. The study design
involved the chemical conjugation of an RGD peptide to streptavidin in order to
form a bridge with a biotinylated coll 2 3/4m antibody. The construct was tested for
functionality on MSCs and degraded cartilage by immunohistochemical and

immunofluorescent methods.

3.) Enhancing MSC Retention to Degraded Cartilage Using a
Biocompatible Antibody-Peptide Construct

The purpose of this study was to demonstrate enhanced adherence of MSCs at the
degraded cartilage surface using the bispecific antibody-peptide construct developed
and further validate its biocompatibility with MSCs. Using a porcine cartilage
explant model, a stereological approach was used to quantify numbers of MSCs
retained and further, biocompatibility with MSCs was addressed through tri-lineage

differentiation, proliferation and viability assays.
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coated articular
surface

degraded cartilage

Figure 1.4: Methods of Increasing MSC Adherence to Degraded Cartilage

Cartoon illustrating methods of increasing MSC adherence to degraded cartilage.
MSCs alone are retained at the surface of the cartilage in few numbers (A). MSCs
coated with a localisation technology such as peptide or antibody show retained
enhancement at the surface of degraded cartilage (B). In an alternative method,
degraded cartilage coated with a localisation technology such as an adhesive also

enhances MSC retention at the degraded cartilage surface (C).
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Chapter 2

Pullulan: A Biocompatible Adhesive
for Enhancing MSC Retention and
Response at the Degraded Cartilage

Surface
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2.1 Introduction

There is an unmet clinical need in cartilage repair methodologies for strategies to
maintain or increase cell numbers at the injury site (Coleman et al., 2010; Murphy et
al., 2003). Whether MSCs contribute to repair by direct differentiation or through
an indirect supportive role, increasing cell retention will be valuable for repair.
There are several approaches through which cellular retention may be increased at
the cartilage surface (chapter 1). An alternative method for increasing cell adhesion
would be to use a biomaterial to provide an adhesive interface between the cells and
the cartilaginous tissue.

2.1.1 Bioadhesion and Bioadhesives for Cell Retention

Adhesion is described as the phenonmenon between two surfaces or materials which
are held together for a period of time by interfacial forces. Bioadhesion is when one
or both surfaces comprise a biological material (Rogue et al., 2011; Shaikh et al.,
2011). Traditionally, bioadhesives are used surgically for bonding soft tissues, as
gap-filling agents to aid bone fixation in orthopaedic surgery or more recently as
drug delivery systems (Donkerwolcke et al., 1998; Jasti, 2003). Transmucosal drug
delivery systems involve methods of rapid uptake of a drug systemically via a
mucous membrane using mucoadhesives (Jasti, 2003; Vinod et al., 2012). The term
‘mucoadhesive’ is specifically defined as a bioadhesive, usually a polymer, that
binds the mucin layer of a biological membrane (Jasti, 2003; Lehr, 1996; Mythri et
al.,, 2011; Vinod et al., 2012). An orthopaedic adhesive must possess adequate
strength to hold a tissue bond for a sufficient time, be biocompatible to allow the
tissue to regenerate naturally and have a comparable degradation rate with that of the

neotissue formation (Chivers, 1997; Donkerwolcke et al., 1998).

Naturally occurring adhesives, developed for bioadhesive applications are often
derived from marine plants and animals possessing a combination of proteins and

polysaccharides that allow a firm bond of the organism to their substratum (d'Ayala
et al., 2008). Soft tissue adhesives such as cyanoacrylates and a combination of
gelatin, resorcin and formaldehyde (GRF) have been tested pre-clinically with

advantages over acrylic glues in reducing infection and having lasting elasticity. For
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strong adherence and effective seals under wet conditions in surgery, mussel-
inspired adhesives have anchoring properties suitable for such applications (Hwang
etal., 2007; Lee et al., 2011).

In orthopaedic surgeries, fibrin based adhesives are commonly used as sealants in
combination with thrombin for clotting with positive and negative results
(Donkerwolcke et al., 1998; Kluba et al., 2012; Patel et al., 2010). Fibrin glue has
predominantly been used for MSC encapsulation within scaffolds for bone repair
(Ho et al., 2006; Liao et al., 2011; Nair et al., 2009; Yamada et al., 2003) and has
shown mixed results for its application in cartilage repair. The combination of
MSCs with fibrin glue was investigated in full articular cartilage defects clinically.
All patients demonstrated an improvement over a 1-year study, but only 3 of 5
procedures resulted in complete defect fill (Haleem et al., 2010). Although, fibrin
encapsulated MSCs have shown some potential to remain viable and support
chondral repair (Ho et al., 2010; Ting et al., 1998), fibrin hydrogels have
demonstrated poor cell retention (Wilke et al., 2007) and compromised

osteochondral repair in a rabbit model (Brittberg et al., 1997).

The use of a bioadhesive to bond a cell to a tissue or material surface is an approach
that has previously been explored through the use of hydrogels and cellular
encapsulation (Biomet, 2013; Jabbari and Khandemhosseini, 2010; Nicodemus and
Bryant, 2008; Wang et al., 2007). It is recognized that host tissue integration with
newly repaired or transplanted tissue is a vital requisite for any transplant or scaffold
and this might be achieved using a bioadhesive approach (Biomet, 2013; Wang et
al., 2007).

2.1.2 Pullulan

Pullulan is one of a group of naturally-derived polysaccharides that in nature are
hydrophilic, with biochemical structures similar to that of the extracellular matrix
(Autissier et al., 2007; d'Ayala et al., 2008; Leathers, 2005; Mano et al., 2007). It is
a structurally flexible exopolysaccharide produced from starch fermentation by the

fungus Aureobasidiums pullulans (Leathers, 2003; Singh et al., 2008). There are a
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variety of ‘exopolysaccharides’ produced by microorganisms as an extracellular cell
surface attached material, in the form of an amorphous slime (Singh et al., 2008;
Sutherland, 1998). Exopolysaccharides are divided into homopolysaccharides, such
as neutral glucans like pullulan and heteropolysaccharides, such as xanthan or gellan
that are polyanionic (Kumar and Mody, 2009; Sutherland, 1998; Welman and
Maddox, 2003). These microbial components are the equivalents of the plant
polysaccharides, such as cellulose and pectin, with similar structures but having their
own unique and superior physical properties (Singh et al., 2008; Sutherland, 1998).
Pullulan is one of only a few fungal polysaccharides that have been documented in
the literature with a history of use. Additionally, its commercial properties have
been studied, making it an attractive choice for tissue engineering applications
(Leathers, 2003; Rekha and Sharma, 2007; Singh et al., 2008).

2.1.3 Pullulan Properties

Pullulan is a maltotriose trimer, a-glucan that comprises repeating units, linked
through a-1, 6- and a-1,4-glucosidic bonds (Figure 2.1). This regular structure of
pullulan gives it two distinctive properties, structural flexibility and enhanced
solubility (Leathers, 2003; Singh et al., 2008). The linkage pattern also offers
properties of adhesion, fiber formation and the formation of strong films
impermeable to oxygen. Pullulan is highly soluble in water and its solubility can be
controlled easily by chemical derivatisation (Akiyoshi et al., 1998; Jeong et al.,
1999; Kuroda et al., 2002; Leung et al., 2006; Rekha and Sharma, 2007; Singh et al.,
2008).

Multiple cell surface receptors have evolved on animal immune cells in response to
surface exposure of fungal cell wall components and are recognized by the innate
immune system (Levitz, 2010). Receptors that recognize B-glucans of fungal cell
walls include, Dectin-1, complement receptor 3 and scavenger receptors such as
CD5, CD36 and SCARF-1 (Levitz, 2010; Saijo and Iwakura, 2011). The Dectin-2
receptor was shown to have specific affinity for a-glucans and mannans (Levitz,
2010; Saijo et al., 2010; Saijo and Iwakura, 2011), thus a potential receptor for

demonstrating a pullulan mechanism of action with MSCs.
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2.1.4 Pullulan as an Adhesive for Cell Retention

The bioadhesive approach of using pullulan for cell retention has several advantages
over other adhesives and retention technologies including low cost production and a
history of safe use in vivo (Leathers, 2003; Rekha and Sharma, 2007). The
polysaccharide is neutral, linear, non-ionic, non-toxic, non-immunogenic, blood
compatible and biodegradable making it widely used in the food and biomedical
industry (Kimoto et al., 1997; Rekha and Sharma, 2007, 2009). The high adhesion
and film forming abilities of pullulan have made it suitable as a mucoadhesive and in
more recent developments it has been self-assembled to form nanoparticles for
drug/gene delivery (Akiyoshi et al., 1998; Kuroda et al., 2002; Rekha and Sharma,
2007, 2009). Due to its biocompatibility, cost and structural flexibility pullulan was
therefore considered an attractive material to be evaluated in this study for
enhancing MSC adhesion to human OA cartilage. The effects of pullulan on MSC
viability, proliferation, differentiation and surface marker expression were also
assessed for demonstration of biocompatibility. Further, an MSC mechanism of

action with pullulan was analysed through Dectin-2 receptor expression.
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2.2 Materials and Methods

Note: All materials were supplied by Sigma-Aldrich unless otherwise stated.
All experiments were performed in triplicate with 3 biological replicates, unless

otherwise stated.

2.2.1 MSC lsolation

MSCs were isolated from the bone marrow of consenting human donors using a
protocol approved by the Clinical Research Ethical Committee at University College
Hospital, Galway. Traditional methods were used to isolate and expand cells in
culture by direct plating (Murphy et al., 2003). Cultures were fed twice weekly with
MSC expansion medium: alpha-Minimum Essential Medium Alpha (a-MEM;
Gibco), 10% selected fetal bovine serum (FBS; Lonza), 1% penicillin/streptomycin,
2mM L-glutamine, 1% non-essential amino acids and 5ng/ml recombinant human
fibroblast growth factor 2 (rhFGF-2, Peprotech) and subcultured at 80% confluence.
Cultures were expanded in monolayer to passage 3. For each subsequent assay, 3
biologic replicates were used, ranging in age from 18-35 years.

2.2.2 MSC Viability and Proliferation

For viability assessment, MSCs were seeded at a density of 3.125x10° cells/cm? in a
96-well assay plate and exposed to 0, 2 and 5% (w/v) pullulan (Hayashibara
International) for 1, 3 and 7 days. Pullulan was UV sterilized prior to use and
dissolved in MSC expansion medium. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), was applied as per the
manufacturer’s instructions (Promega). Briefly, 20ul of Cell Titer96 AQueous One
Solution Reagent was added into each well containing 100ul of culture medium and
the culture incubated for 2 hours at 37°C. Culture media absorbance was evaluated

at 490nm on a Wallac Victor™ 1420 Multilabel Counter spectrophotometer.

For DNA quantification, MSCs were seeded at a density of 5.8 x 10° cells/cm? and

exposed to 0, 2 and 5% (w/v) pullulan for 1, 3 and 7 days. Cells were lysed using
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0.1% Triton x-100, scraped, placed in a microcentrifuge tube and subsequently
vortexed to pellet cell debris. The Quant-iT PicoGreen dsDNA assay kit (Molecular
Probes) was utilised according to the manufacturer’s protocol. Briefly, kit stock
solutions were prepared and 100ul of lysed cell solution samples (in triplicate) and
kit standards provided (DNA 100 pg/ml diluted in 200 mM Tris-HCI, 20 mM
ethylenediamine tetraacetic acid (EDTA), pH 7.5), were added to the wells of a 96-
well black flat-bottomed plate, followed by the addition of PicoGreen solution
(diluted in Tris-EDTA; TE) and incubated for 3 minutes at room temperature.
Samples were evaluated on a Wallac Victor™ 1420 Multilabel Counter

spectrophotometer, exciting at 485nm and reading at 538nm.

2.2.3 MSC Flow Cytometry

MSCs were pre-incubated in tissue culture flasks with 0, 2 and 5% (w/v) pullulan for
a period of 1, 3 and 7 days. After incubation, the MSCs were trypsinised,
resuspended in phosphate buffered saline (PBS) at 5 x 10° cells/ml and incubated
with  phycoerythrin (PE)-conjugated antibodies, CD44 (Milteny biotech), CD90
(Abcam), CD73 (Abcam), CD105 (Milteny biotech) and an 1gG-PE isotype control
(Milteny biotech) at a 1:10 dilution for 20 minutes at 4°C. Cells were washed twice
in PBS to remove unbound antibody and resuspended in serum free a-MEM for
analysis using the ExpressPlus program software on the Guava Cytosoft system
(Millipore).

2.2.4 MSC Differentiation

Tri-lineage differentiation of MSCs was assessed after exposure to 0, 2 and 5%
(w/v) pullulan in MSC expansion medium for 2 hours. For osteogenic
differentiation, MSCs were seeded at 3.2 x 10° cells/cm? for 24 hours in expansion
medium. Cultures were incubated with osteogenic medium [low glucose Dulbeccos
Modified Eagle’s Medium (DMEM) with 10% FBS, 1% penicillin/streptomycin,
50uM ascorbic acid 2-phosphate, 100nM dexamethasone and 10mM j-
glycerophosphate. Control cultures were incubated in MSC expansion medium for
the duration of the assay and refreshed twice a week for 17 days. To visualize

50



deposited calcium, MSCs were fixed, washed and stained in 2% Alizarin Red S
solution (Sigma) and photographed using an Olympus IX71 inverted brightfield
microscope and QImaging (Retiga Exi) camera.

Quantification of calcium was accomplished using the StanBio quantification Kit,
according to the manufacturer’s instructions. Briefly, samples were washed twice
with PBS and 0.5 M HCI was added to each well. The wells were scraped and
contents placed into separate Eppendorf tubes. This was repeated to ensure all
matrix was removed from the wells. Samples were centrifuged at 3,000 rpm for 5
minutes and standards were prepared according to manufacturer’s instructions with
0.5 M HCI and deionised water ranging from 0.05 pg to 1.5 pg. Stanbio Calcium
(CPC) Liquicolor working solution (1:1 working dye to binding reagent) was added
to standards and samples in a 96-well plate (200 pl per well) and incubated at room
temperature, in the dark, for 15 minutes. Samples were assayed in triplicate and the
absorbance was read on a Wallac Victor’ 1420 Multilabel Counter
spectrophotometer at 550 nm.

For adipogenic differentiation, MSCs were seeded at 2.1 x 10* cells/cm? and grown
to confluence, changing expansion medium every 3-4 days. Once confluent,
adipogenesis was induced by adding induction medium to the culture [high glucose
DMEM with 10% FBS, 1% penicillin/streptomycin, 1uM dexamethasone, 1.7uM
insulin, 200uM indomethacin and 500uM isobutyl methylxanthine]. Negative
control cultures were incubated in MSC expansion medium. MSCs were cultured
for 3 days and changed to maintenance medium [high glucose DMEM with 10%
FBS, 1% penicillin/streptomycin and 1.7uM insulin] for a further 3 days.
Alternating media changes were continued for 3 cycles and then cultures were
incubated 5-7 days in maintenance medium. Cultures were prepared for lipid
vessicle visualization by washing with PBS and crosslinked in 10% neutral buffered
formalin. Oil Red O solution (0.3% in 99% isopropanol) was added to the cells for
lipid staining and haemotoxylin was used as a counter stain. Cell lipid vessicles
were visualised and photographed using light microscopy. For quantification, Oil
Red O was extracted using 99% isopropanol and absorbance read at 520nm.
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MSCs were induced to chondrogenic differentiation through pellet culture (2.5 x 10°
cells per pellet) in complete chondrogenic medium [CCM, high glucose DMEM,
100nM dexamethasone, 173uM ascorbic acid 2-phosphate, 340puM L-proline, 1%
ITS supplement (R&D Systems), 1mM sodium pyruvate, 1% penicillin/streptomycin
and supplemented with 10ng/ml TGF-B3 (R&D Systems)]. Four pellets per
treatment group were prepared and controls were placed in incomplete chondrogenic
medium (ICM; CCM without TGF-B3). The culture medium was refreshed twice a
week for 21 days. Pellets were histologically processed by cross-linking in 10%
formalin in an automated tissue processor (Leica ASP300S) and embedded in
paraffin wax. Pellets were sectioned at a thickness of 5um using the Leica RM2235
microtome and rehydrated by passing the slides through a series of histoclear and
graded ethanols, followed by haemotoxylin, 0.02% fast green, 1% acetic acid
(Fischer Scientifc) and 0.1% Safranin O to visualize sulfated GAGs. Slides were
then hydrated, mounted using histomount solution (National Diagnostics) and

imaged by light microscopy.

Quantitative assessment of GAG content was conducted by DMMB (1, 9
dimethylmethylene blue) analysis. Pellets were digested overnight at 60°C in
25pg/ml papain, dissolved in DMMB dilution buffer (50mM sodium phosphate,
2mM N-acetyl cysteine and 2mM EDTA, pH 6.5). Samples and chondroitin-6-
sulphate standards prepared in DMMB dilution buffer were placed into a 96 well
plate with DMMB stock solution (200ul) (in 100% ethanol, deionised H,0 (di H,0),
47mM NaCl, 40mM glycine and 11.6M HCI), then incubated at room temperature
for 5 minutes and absorbance was detected at 595nm. The DNA content of each
pellet was quantified using the Quant-iT PicoGreen dsDNA assay kit (Molecular
Probes) according to the manufacturer’s protocol to assess the GAG/DNA ratio of
each pellet.  Briefly, kit stock solutions were prepared according to the
manufacturer’s instructions and papain digested samples were diluted 1 in 25 in
DMMB dilution buffer. Both samples and kit standards provided (DNA 100 pg/ml
diluted in 200 mM Tris-HCI, 20 mM EDTA, pH 7.5), were added (100ul) to the
wells of a 96-well black flat-bottomed plate, followed by the addition of PicoGreen
solution (diluted in Tris-EDTA; TE) and incubated for 3 minutes at room

temperature.
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2.2.5 OA Cartilage Explant Culture

Informed consent was given by patients with end-stage OA, undergoing total hip and
knee arthroplasty as approved by the Clinical Research Ethical Committee at Merlin
Park Hospital, Galway. Cartilage biopsies were taken from the articular cartilage
surfaces of the hip femoral head and condyle tibial plateau of the knee. Full
thickness cartilage explants were created by biopsy punch (1-2mm thick and 2 mm
diameter). The explants were placed in a-MEM, containing 10% FBS for 48 hours
at 37°C and subsequently placed in ICM for 24 hours.

2.2.6 Explant Culture with MSCs and Pullulan

MSCs were PKH26 labelled with the PKH26GL cell linker kit following the
manufacturer’s instructions. Explants were incubated in 0, 2 and 5% (w/v) pullulan
for 10 minutes, after which 0.5 x 10° PKH26 labelled MSCs were incubated with
each explant on a rocking plate for 20 minutes (Figure 2.1). Unbound MSCs were
removed by washing twice with PBS, snap-frozen in OCT embedding medium (RA
Lamb) in liquid nitrogen and cryosectioned at 5um using the OTF5000 Bright 5040
microtome cryostat. Sections were coverslipped using Vectorshield containing 4°,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories) and visualised using an
Olympus BX51 upright fluorescent microscope.
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Figure 2.1: Pullulan Conditioned Cartilage

Schematic shows the methodology for conditioning cartilage with the bioadhesive
pullulan prior to MSC delivery. Cartilage biopsies are taken from the articular
cartilage surfaces of the tibial plateau of the knee or hip femoral head. The explant
surface is coated for 10 minutes in pullulan, an a-1-4; a-1-6-glucan polysaccharide
consisting of maltotriose units (A). Culture expanded PKH26 labelled MSCs are
applied to conditioned cartilage explants and incubated on a rocking plate for 20
minutes. Unbound MSCs in suspension are removed by washing in PBS, leaving

MSC bound cartilage which can then be fixed and analysed histologically (B).
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2.2.7 Stereological Assessment of MSC binding

Quantification of cell adherence was performed on 5um cryosections of cell seeded
explants. MSCs were identified as dual labelled cells (red, PKH26 and blue, DAPI).
Delivered cells were counted manually using the software program Image J. The
optical dissector method, a three-dimensional sampling method was used to estimate
the number of cells on the surface of the explant (Garcia et al., 2007; Gundersen et
al., 1988).  The disector method relies on observation of the images of two
parallel/serial sections. The occurrence of labelled cells present on the cartilage
surface in the first image (sampling image) was compared with their occurrence in
the second image (look-up image). Only those cells present in the first image and
not in the second image were counted. Cells present in both images are not counted.
Density estimates were calculated expressed as the number of cells present per

square millimetre of explant.

2.2.8 Flow Cytometric Analysis of Dectin-2

Culture expanded MSCs were pre-incubated with 0, 2 and 5% (w/v) pullulan in
expansion medium for 2, 24 and 48 hours. MSCs were trypsinised and resuspended
in PBS/2% FBS at 0.5 x 10* cells/well in triplicate. Cells were incubated with APC-
conjugated Dectin-2/CLEC6A antibody (R&D systems) at a final concentration of
6.25pg/ml for 30 minutes at 4°C, protected from light. Cells were washed twice in
PBS/2% FBS to remove unbound antibody and resuspended in a final volume of
400ul of PBS/2% FBS. Immunostaining signal intensity was analyzed with a FACS

Canto (BDBiosciences) with FlowJo software.

2.2.9 Statistical Analysis

All values were expressed as the mean + standard deviation of the mean (SD). All
datasets were tested for significance using the two-way ANOVA. Donor was used
as a blocking factor and post hoc analysis (Dunnetts) identified where the difference
lay within the groups. For all tests, p < 0.05 was considered statistically significant.
Data analysis was performed on Minitab 16.2.2.0.
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2.3 Results

2.3.1 MSC Viability and Proliferation in the Presence of Pullulan

Biocompatibility of pullulan with MSCs was assessed using viability and
proliferation; MSCs in monolayer were exposed to expansion medium containing 0,
2 and 5% pullulan and viability and proliferation assessed after 1, 3 and 7 days. A
non-significant increase in metabolic activity was observed at day 1 in 2 and 5%
pullulan treated cultures as compared to 0% untreated controls. The metabolic
activity remained similar to day 1 levels at day 3 and increased at day 7 for all
treatment groups. There were no significant changes in metabolic activity in 2 and
5% pullulan treated cultures at day 3 and 7 compared to untreated controls at the

same time point (Figure 2.2A).

PicoGreen analysis of DNA content revealed an increase in cell number in all
cultures between days 1 and 3, with a greater change observed in 2 and 5% pullulan
treated cultures as compared to 0% untreated controls. At day 7, DNA content
continued to increase in untreated cultures, however a statistically significant
decrease in DNA content was found in 2% pullulan treated cultures as compared to

untreated controls (Figure 2.2B).

MSC metabolic activity and DNA content were combined for assessment of activity
per cell (Figure 2.2C). At day 1, there was a non-significant initial decrease in the
ratio of metabolic activity per cell in 2% treated cultures as compared to untreated
controls, and a non-significant increase in metabolic activity per cell in 5% treated
cultures as compared to untreated controls. The metabolic activity per cell decreased
in all cultures at day 3, remaining consistent in all treatment groups. Metabolic
activity non-significantly increased again at day 7, with slight variation between

treatment groups.
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Figure 2.2: MSC Viability and Proliferation in the Presence of Pullulan

MSC metabolic activity was assessed by quantitative formazan production (A490).
MSCs were cultured in 0, 2 and 5% pullulan for 1, 3 and 7 days. A non-significant
increase in metabolism at day 1 was observed in MSCs cultured in 2 and 5%
pullulan as compared to 0% controls. Metabolic activity was maintained at days 3
and 7 in all cultures, but consistently increased over time with no significant change
due to pullulan treatment (A). An increase in MSC DNA concentration as assayed
by PicoGreen incorporation was observed in all culture conditions between days 1
and 3, with a non-significant increase in proliferation of MSCs cultured in 2%
pullulan at day 1 compared to 0% and 5% treated cultures. A statistically significant
decrease was observed in 2% pullulan cultures after 7 days as compared to controls
at the same time point (B). The ratio of metabolic activity normalised to DNA
content indicated a non-significant increase in MSC metabolism at day 1 in MSCs
exposed to 5% pullulan, however metabolic activity in all cultures decreased with
time, returning to day 1 levels at day 7 (C). Data is presented as the mean + SD of

n=3 biological replicates, generated using triplicate measurements **= p<0.01.
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2.3.2 MSC Surface Phenotype in the Presence of Pullulan

Confirmation of the traditional MSC surface phenotype after pullulan exposure was
performed using flow cytometric analysis of CD44, CD90, CD73 and CD105
expression. After 1 day of exposure, pullulan treated cultures maintained MSC
receptor expression of CD44, CD90, CD73 and CD105 at 95-100% expression
(Dominici, 2006), similar to that of 0% cultures (Figure 2.3A). Three days after
pullulan exposure, expression of CD44, CD90, CD73 and CD105 also remained
similar to that of control 0% levels (Figure 2.3B). After 7 days exposure to pullulan,
CD44, CD90, CD73 and CD105 receptor expression was decreased in 5% pullulan
treated cultures to < 95% compared to 2% treated cultures and 0% controls at > 95%

and CD73 expression was statistically significantly decreased (Figure 2.3C).
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Figure 2.3: MSC Surface Receptor Expression in the Presence of Pullulan

Assessment of CD44, CD90, CD73 and CD105 receptor expression was made by
cytometric flow analysis, after 1, 3 and 7 days exposure to increasing concentrations
of pullulan. There was no significant difference in receptor expression between
MSCs incubated in 2 and 5% pullulan as compared to 0% controls after 1 day (A).
There was a decrease in overall receptor surface expression for all groups after 3
days of culture. A small decrease was observed in expression of CD90, CD73 and
CD105 for MSCs cultured in 5% pullulan after 3 days, however this was not
statistically significant (B). A decrease in CD44, CD90, CD73 and CD105 receptor
expression was noted after 7 days of MSC culture in 5% pullulan (C). This was
statistically significant for CD73 expression. Data is presented as the mean £ SD of

n=3 biological replicates, generated using triplicate measurements *=p<0.05.
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2.3.3 MSCs Maintain Differentiation Potential in the Presence of

Pullulan

MSC differentiation potential was assessed in the presence of pullulan to ensure
maintenance of MSC tripotentiality. MSCs were differentiated in osteogenic,
adipogenic and chondrogenic conditions after 2 hours pre-incubation in 0, 2 and 5%
pullulan. Alizarin Red staining of calcium deposits in pullulan treated cultures
showed increased levels of calcium deposition in pullulan 2 and 5% treated cultures,
compared to 0% controls (Figure 2.4A). Calcium quantification in pullulan treated
cultures showed a statistically significant increase in calcium content as compared to
0% controls (Figure 2.4BA). Oil Red O staining of lipid droplets in adipogenically
primed cultures indicated a similar abundance of lipids in the cytoplasm of
adipogenically differentiated cultures for all treatment groups (Figure 2.4A). Oil
Red O absorption readings showed that 2 and 5% pullulan treated cultures resulted
in a non-significant decrease of Oil Red O with increasing pullulan concentration as
compared to 0% controls (Figure 2.4BB). Safranin O staining of chondrogenic
pellets showed GAG deposition similar to that of 0% pullulan controls in pullulan
pre-treated 2 and 5% MSC chondrogenic pellets (Figure 2.4A). Quantification of
sulphated GAGs by DMMB assay was normalised to DNA content per pellet and
represented as average fold change in GAG:DNA ratio over 0% pullulan controls.
The GAG:DNA ratio normalised to 0% pullulan controls shows a non-significant
decrease in GAG:DNA content in 2% pullulan treated MSCs and an increase in 5%
treated MSCs (Figure 2.4BC).
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Figure 2.4A: MSC Differentiation in the Presence of Pullulan

Osteogenesis, demonstrated by Alizarin Red stain showed increased mineral
deposition in 2% and 5% pullulan treated groups as compared to the 0% control.
Oil Red O staining of lipid droplets for adipogenesis showed differentiated MSCs in
all pullulan treated groups. Histological assessment by Safranin O of MSCs in pellet
chondrogenic culture showed GAG deposition in all pullulan treated groups.
Magnification bars = 500um for Alizarin Red and 200um for Oil Red O and

Safranin O images.
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Figure 2.4B: MSC Differentiation in the Presence of Pullulan

Quantification of calcium content, represented as average fold change in
osteogenically differentiated MSCs, demonstrated significant increases in calcium
deposition after 2 and 5% pullulan pre-exposure as compared to 0% pullulan
controls (A). Oil Red O extraction and quantification from adipogenicly
differentiated MSCs pre-exposed to 2 and 5% pullulan showed a maintenance of
adipogenic potential comparable to 0% controls (B). Using DMMB to measure
GAG production and PicoGreen to quantify DNA content, the average fold
GAG:DNA ratio was unchanged in pullulan treated groups as compared to 0%
controls (C). Data is presented as the mean + SD of n=3 biological replicates,

generated using triplicate measurements *=p<0.05.
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2.3.4 Pullulan Enhances MSC Retention to OA Cartilage

In an attempt to increase MSC adhesion at the cartilage surface, pullulan was applied
to OA cartilage explants prior to MSC incubation. MSCs incubated with uncoated
explants were retained at the cartilage surface at low levels (Figure 2.5A). MSCs
incubated with 2% (Figure 2.5B) and 5% (Figure 2.5C) pullulan pre-coated explants
resulted in an observed increase in cell retention, as indicated by a greater number of
PKH26 positive cells at the fibrillated surface. Quantification of an estimate of
MSC retention using stereology showed an increase in MSC retention to OA
cartilage when MSCs were incubated with 2% (2876 cellssmm?) and 5% (1491
cellssmm?) pullulan pre-coated explants as compared to 0% (145 cells/mm?)

pullulan controls (Figure 2.5D).
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Figure 2.5: MSC Retention on Pullulan Conditioned OA cartilage

PKH26 labelled MSCs (red) bound to fibrillated cartilage on DAPI stained human
explanted OA cartilage (blue) (A). MSC retention was increased in 2% (B) or 5%
(C) pullulan coated explants.  Stereological quantification of MSC retention
indicated an estimated increase in the average cell number per mm? on both 2% and
5% pullulan coated explants as compared to 0% untreated controls (D). Data is
presented as the mean + SD of n=3 biological replicates, generated using triplicate

measurements. Magnification bars = 100pum.
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2.3.5 MSC Dectin-2 Expression Dose Dependently Increases Over

Time

MSC expression of the Dectin-2 receptor, normally upregulated on immune cells in
response to exposure of alpha-glucans, was analysed to demonstrate a mode of
action of MSC binding with pullulan. MSCs were incubated with 0, 2 and 5%
pullulan for 2, 24 and 48 hours and Dectin-2 receptor expression analysed by FACs
(Figure 2.6). After 2 hours of pullulan exposure, there was a dose-dependant
increase in Dectin-2 expression on MSCs. MSCs incubated with 5% pullulan
demonstrated an average 15% increase in Dectin-2 expression over 0% pullulan
treated MSCs. After 24 hours of pullulan incubation, 2 and 5% pullulan treated
MSCs demonstrated an increase in Dectin-2 expression and a statistically significant
increase for 5% cultures compared to 0% controls. Positive cells increased to 21 and
38% for 2 and 5% respectively, as compared to 0% controls at 13% positive. After
48 hours of pullulan exposure, 2 and 5% pullulan treated MSCs demonstrated a
further increase in expression compared to earlier time points, with a significant

increase of 42% in 5% cultures over 0% pullulan controls.
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Figure 2.6: Dectin-2 Expression on MSCs in the Presence of Pullulan

MSC gating strategy for receptor surface analysis, showing contour plots of forward
and side scatter gating on MSCs (A). Histogram plots for MSCs incubated in the
presence of increasing pullulan concentrations at 2, 24 and 48 hours. Graphs show
curve shifts with increasing Dectin-2 staining of cells, with increasing
concentrations of pullulan and length of exposure (B). Bar chart representation of
Dectin-2 expression on MSCs over time as a result of pullulan exposure (hours) (C).
At all time points of exposure, there was an increase in Dectin-2 expression with
increasing concentration of pullulan. After 24 and 48 hours, the increase in Dectin-2
expression significantly increased in 5% treated cultures compared to 0% controls.
Data is presented as the mean + SD of n=3 biological replicates, generated using

triplicate measurements **=p<0.01; ***=p<0.001.
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2.4 Discussion

In this study the ability of the bioadhesive pullulan for increasing cell retention at the
degraded cartilage surface was assessed. The biocompatibility of pullulan with
MSCs was also analysed by assessment of MSC viability, proliferation,
differentiation, and surface marker expression. Pullulan cell adhesive potential was
demonstrated on human OA cartilage explants and analysis of pullulan specific
receptor up-regulation was conducted to assess a specific mode of action at the cell

surface.

Pullulan has potential as an adhesive application for cellular retention. However, in
vivo pullulan is non-specific enabling the adhesion of any cell type within the joint,
favouring local application directly to the cartilage, for example, arthroscopy over
intra-articular administration. Due to its rapid solubility, the clinical application of
pullulan requires chemical modifications to reduce solubility and incur longer term
persistence in the fluidic joint (Bruneel and Schacht, 1995; Conca and Yang, 1993;
Leathers, 2003; Rekha and Sharma, 2007) enabling more time for cellular adhesion.
Alternatively, if MSC reparative mechanisms create a restorative environment, non-

specific adhesion to the synovium and menisci may not be an issue.

MSCs incubated with pullulan demonstrated increased metabolic activity and
proliferation, however, metabolic activity per cell was not statistically different from
untreated controls due to a concurrent increase in cell number. The pullulan-
associated increase in metabolism was possibly due to cellular enzymatic breakdown
of polysaccharide along with a natural rise in cell proliferation over time (Alberts et
al., 1994; Pratt and Cornely, 2004). Bae et al. engineered methacrylated pullulan
hydrogels for engineering microscale tissues and found that pullulan gels promoted
cellular proliferation and aggregation of cells compared to gelatin controls (Bae et
al., 2011). With the ultimate goal of enhancing cell retention, an initial pullulan-
stimulated increase in MSC proliferation and aggregation at the cartilage surface
may be favourable for increasing cell numbers retained and matrix repair. As
reduced cellular viability, proliferation and retention can be associated with lack of

efficacy in many cartilage scaffold studies (Bulman et al., 2012; Mauck et al., 2003),
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the application of pullulan for enhancing proliferation and retention may be

considered an advancement over current technologies.

Surface marker analysis demonstrated a decrease in the ISCT-dictated MSC surface
receptor phenotype (Dominici, 2006) over time in 5% pullulan. Surface marker
expression is maintained in all cultures > 95% at day 1 (Dominici, 2006) but
expression decreases in all treatment groups and controls at day 3 to < 95%.
Expression is increased again at day 7 to > 95% for 0 and 2% treated cultures but
remains decreased for 5% treated cultures. The surface receptors CD44, CD90,
CD73 and CD105 have previously been documented in the literature as influencing
cell proliferation (Abbasi et al., 1993; Fonsatti et al., 2003; Ishiura et al., 2010; Kaya
et al., 1997; Khaldoyanidi et al., 1996; Nakamura et al., 2006; Stagg et al., 2011,
Trochon et al., 1996; Yegutkin et al., 2011; Zhang et al., 2011). Endoglin (CD105)
is required for endothelial cell proliferation and currently used as a tool to measure
tumour angiogenesis (Zhang et al., 2011). Similarly, CD73 expression is expressed
in several types of cancer and has been associated with increased glioma cell
proliferation (Bavaresco et al., 2008; Yegutkin et al., 2011). Since pullulan is
exerting a proliferative/metabolic effect on MSCs, the decreased expression levels
after 7 days may be due to a down regulation of these receptors as a result of the
pullulan exerted proliferation at the earlier time point (Alberts et al., 1994).

Differentiation analysis of MSCs in pullulan-treated cultures demonstrated
maintenance of chondrogenic and adipogenic potential and an enhancement of
osteogenic potential after pullulan exposure.  This increase in osteogenesis
potentially relates to the increase in proliferation of MSCs in pullulan treated
cultures. Li et al described enhanced mineralisation in cell monolayers cultured
with high glucose (Li et al., 2007b). Further, osteogenesis has been associated with
a proliferative cell phenotype, which is decreased in aging (Moerman et al., 2004).
In the application of pullulan for cartilage repair, this enhanced mineralisation is
superficially an unfavourable response. However, reparative MSCs in vivo are more
likely providing more environmental supportive roles rather than directly
contributing to new tissue formation (Caplan, 2009b). Since the environment
determines cell differentiation, it would be assumed in a cartilage repair

environment, cues for chondrogenesis would be present (Caplan, 2009b).
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Pullulan is primarily used as an adhesive by Aureobasidium pullulans and therefore
it is not surprising that a pullulan coated cartilage surface would demonstrate
enhanced cellular adhesion (Leathers, 2003; Singh and Ganganpreet, 2008).
Similarly, Autissier et al, developed a pullulan-based hydrogel for smooth muscle
cell culture (Ramamurthi and Vesely, 2002), observing that smooth muscle cells
favourably adhered and formed focal adhesions with the polysaccharide gel
(Autissier et al., 2007).

The Dectin-2 receptor, a type Il transmembrane protein of the C-type lectin family,
is expressed on dendritic cells and macrophages (Sato et al., 2006). Here Dectin-2
was also found expressed on the surface of MSCs, an expression pattern directly
relating to pullulan dose and exposure. The function of the Dectin-2 receptor, like
Dectin-1 for B-glucans, is to induce intracellular cytokines and reactive oxygen
species (ROS) as a protective mechanism from fungal infection (Saijo and lwakura,
2011). This response is activated through the receptor binding with the Fc receptor y
(Sato et al., 2006) upon a-glucan binding, activating spleen tyrosine kinase and
mitogen-activated protein kinase signalling pathways, inducing NF-xB activation
and production of cytokines such as IL-1p, IL-2, IL-6, IL-10, IL12, IL-17A, IL-23,
and TNFo (Robinson et al., 2009; Saijo et al., 2010; Saijo and Iwakura, 2011).
MSCs are well documented to express IL-6, which has both supportive, anti-
inflammatory (Haynesworth et al., 1996; Majumdar et al., 1998; Tilg et al., 1994;
Xing et al., 1998) and angiogenic properties (Hung et al., 2007). Pro-inflammatory
cytokine expression traditionally induced with Dectin receptor activation on myeloid
cells has been shown to be suppressed by MSCs (Beyth et al., 2005, Duffy et al.,
2011, Meirelles Lda et al., 2009). However, IL-6 can be pro-inflammatory
depending on environmental context and is documented to be increased in OA
synovial fluid (Pelletier et al., 1995, Venn et al., 1993).

The immunomodulatory properties of various polysaccahrides have been studied for
therapeutic function (Tzianabos, 2000). Pullulan and other dietary fibres have been
shown to upregulate colonic peroxisome proliferator activated receptor-y (PPARY)
expression and consequently suppress inflammation (Bassaganya-Riera et al., 2011,
Ricote et al., 1998). Interestingly, Wong et al. developed a pullulan hydrogel for

delivery in a mouse ischemic wound model and reported pullulan maintenance of
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cell viability and antioxidant properties, protecting cells from toxic levels of
hydrogen peroxide (Wong et al., 2011). Therefore, pullulan acting through a
possible Dectin-2 receptor mechanism on the MSC surface has the potential to
modulate the existing inflammatory environment, resulting in the creation of a cell
protective milieu at the tissue surface. Further elucidation of pullulan conditioning

within the synovial joint and its effects on MSCs will remain for future analysis.

2.5 Conclusion

Pullulan has demonstrated flexibility and compatibility that can be tailored to a
specific therapeutic application. It possesses unique properties such as regular
(1—6) linkages that impart structural flexibility and high solubility, allowing
pullulan to mimic synthetic polymers, but in a stable, non-harmful composition
(Singh and Ganganpreet, 2008). In this study the adhesive application of pullulan
was considered and demonstrated its use for enhancing MSC retention at the
diseased cartilage surface with the intention of increasing MSC therapeutic efficacy.
Pullulan demonstrated biocompatibility with MSCs including enhanced proliferation
that may translate to increasing cell numbers in loco. Pullulan positively affected
MSC osteogenic differentiation while maintaining adipogenesis and chondrogenesis.
Furthermore, Dectin-2 receptor surface expression was identified on MSCs and
upregulated in response to exposure of pullulan, suggesting a potential mechanism
of action by which the MSC binds pullulan and responds with environmental
conditioning in support of local cartilage repair. Therefore, pullulan is a versatile
bioadhesive, able to secure MSCs at the articular cartilage surface in support of

creating a local reparative environment.
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Chapter 3

Design of an Antibody-Peptide
Construct for MSC Localisation to

Degraded Cartilage
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3.1 Introduction

Clinical therapies for cartilage repair such as ACI or microfracture show poor
fibrous cartilage repair and only initial/temporary healing, with patient age affecting
the outcome. MSC therapy is therefore an attractive choice, with the cells
possessing multilineage potential with easy harvest and expansion. Still, although
MSC implantation has shown to slow the progression of OA, few injected
therapeutic cells are retained at the site of cartilage damage for sufficient repair
(Coleman et al., 2010; Murphy et al., 2003). Consequently, there is a practical need
to enhance cellular retention within the dynamic conditions of an articular joint,
where cells alone are likely retained for insufficient lengths of time to have any

effect on local repair.

Most attempts to enhance MSC retention and delivery in the cartilage field have
been explored using biomaterial scaffolds, statically placing cells and retaining them
within a structure at the site of cartilage damage (Amini and Nair, 2012; Bulman et
al., 2012; Chiang and Jiang, 2009; Frenkel and Di Cesare, 2004; Nguyen et al.,
2011). Scaffold biocompatibility, strength and degradation rate can limit the
outcome of these approaches making some researchers focus on more controlled and
specific cell localisation methods, including that of antibodies and peptides to
enhance cell adhesiveness and/or response (Bulman et al., 2012; Dennis et al., 2004;
Grzesiak et al., 1997; Jeschke et al., 2002; Khatayevich et al., 2010; Salinas et al.,
2007; Stoop, 2008).

As previously discussed (chapter 1) there are examples of ‘cell painting’ with
antibodies for various tissue engineering applications, such as bispecific antibodies
for ischemia tissue damage and biotinylation of MSC surfaces to induce MSC
homing to sites of inflammation (Dennis et al., 2004; Lee et al., 2007; Sarkar et al.,
2008). Adhesion molecules such as RGD peptides have also demonstrated
functional roles for enhancing cell adherence, proliferation and differentiation
(Jeschke et al., 2002; Ruoslahti, 1996; Salinas and Anseth, 2008; You et al., 2011).
Based upon this collection of cell localisation studies, a construct for retaining

MSCs to the degraded cartilage surface was developed.
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3.1.1 Design Specifications

Figure 3.1 depicts the set of specifications used in the design of the MSC
localisation construct. Each box describes the design rationale for the two
component targets of the construct, the MSC and the degraded cartilage. An initial
step in the design is the analysis of surface markers (1) of both MSC and degraded
cartilage. A requirement for both cartilage and MSC markers are targets that are
found superficially and external. For MSC, a surface marker that is not lost in
culture is ideal, since culture expansion is generally a requirement for sufficient cell
numbers. It is envisaged that through specific targeting of cells the numbers
required for efficacy will also be minimized and a specific MSC marker will allow
the use of MSCs isolated directly from tissue without expansion (Mason, 2005,
2007; Mason and Manzotti, 2010; Medcalf, 2011). Degenerated cartilage requires a
target epitope found in the superficial or upper remaining surface zone of the
cartilage, ensuring access, and an epitope that is retained in the tissue after

subsequent degradation.

The second point for consideration of the markers is specificity (2). For the
degraded cartilage this is a requirement for ensuring localisation of the cells to the
target tissue and avoiding unwanted localisation in other tissues. For the MSC,
specificity as a requirement depends on the application of the construct. If intended
for isolating native MSCs from marrow aspirates or for endogenous recruitment of
cells from synovium or marrow in vivo, then specificity of the marker to an MSC
will be required, eliminating the targeting of unwanted cell types (Wagers and
Weissman, 2004). However, if MSCs are to be culture expanded first and pre-
incubated prior to delivery, then specificity may not be a requirement. Ideally, a
specific MSC marker will provide a construct with a wider application for both in

vivo recruitment and pre-incubation ex vivo.

A third specification is that an antibody or other targeting molecule should be
commercially available (3). This will ensure a readily available molecule,
eliminating the need and cost of producing a molecular target by methods such as

phage display technology (Kriangkum et al., 2001). In addition, a commercially
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available source also opens an area of patentability, if the use is a novel application
(4), thus providing commercial value to the construct (Mason, 2005; Medcalf, 2011).
A further practical specification is the use of components that are easy to modify and
can be linked to another molecule without compromising functionality of the
construct (5). The intent of the construct design was for a proof of principle of MSC
localisation to degraded cartilage. However, considering a design with fewer
regulatory hurdles for future commercial application was also preferable where
possible in the design (6).
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Figure 3.1: Design Specifications of a Construct for MSC Localisation to OA
Degraded Cartilage

Diagram depicts the set of specifications used in the design of the MSC localisation
construct. Each box describes numerically the design rationale for the two
component targets of the construct, the MSC and the degraded cartilage. The first
step is the analysis of surface markers (1) of both MSC and degraded cartilage, with
a requirement of a retained marker in the cartilage and MSC surface after culture
expansion. The cartilage marker requires specificity to degraded cartilage and MSC
marker specificity is dependent on application (2). A third design requirement is for
a marker that has an antibody or other target molecule that is commercially available
(3), additionally allowing patentability of a novel application (4). Both components
also require the ability to link to another molecule (5) and ideally a feasible

regulatory route (6).
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3.1.2 Degraded Cartilage Markers as Tissue Targets

Biomarkers reflect the degradative state of cartilage and are considered a useful way
for monitoring tissue health and OA disease progression (Fosang et al., 2003). The
appearance of denaturation epitopes or ‘neoepitopes’ as a result of matrix breakdown
by proteases is a prominent feature in OA. These neoepitopes can be detected in
immunological assays with antibodies recognising terminal amino acid sequences at
specific sites in core proteins such as aggrecan and collagen type Il (Fosang et al.,
2003; Hunter et al., 2007). The imbalance of cartilage homeostasis in OA not only
increases cleavage of matrix components but also increases matrix synthesis,
presenting potential molecular candidates as targets for MSC localisation (Aigner
and McKenna, 2002; Lorenzo et al., 2004).

Selection of appropriate molecular targets depends on zonal location and retention of
the molecules in the cartilage. Ideally, selection of a marker representing early OA
would be most useful clinically, since it is suggested that targeting an early lesion
will give a better therapeutic outcome, preventing further irreversible destruction
(Curtin, 2009; Hunziker, 2009). However, there are limitations to obtaining early
stage OA cartilage for analysis and a marker present in early and late stages of OA

would provide a wider therapeutic application.

3.1.2.1 Neoepitopes

Two families of proteinases are known to be involved in cartilage degradation and
the generation of neoepitopes. Matrix metalloproteinases degrade both collagen and
aggrecan and aggrecanases or members of the ADAMTS (A Disintegrin And
Metalloproteinase with Thrombospondin Motifs) family degrade aggrecan (Baragi et
al., 2009; Chubinskaya et al., 1996; Chubinskaya et al., 2001; Dahlberg et al., 2000;
Dejica et al., 2008; Fernandes et al., 1997; Fosang et al., 2000; Kafienah et al.,
1998; Neuhold et al., 2001; Tetlow et al., 2001; Young et al., 2005). These enzymes
are increased during OA and have become targets of inhibition in studies aiming to
perturb cartilage degradation (Billinghurst et al., 1997; Conway et al., 1995;
Dahlberg et al., 2000; Pelletier et al., 1997; Poole et al., 2003).
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Collagenases, MMP1, MMP8 and MMP13 cleave collagen fibrils at G775/ L7, a
conserved site in triple-helical domains yielding a-chain fragments of % and Y4
length (Fosang et al., 2003), after which fragments are further degraded by
gelatinases, collagenases and cathespins (Fosang et al., 2003). The ¥4 fragment is
particularly unstable and subject to further cleavage (Billinghurst et al., 1997;
Vankemmelbeke et al., 1998). However, the % fragment is stable and retained in the
cartilage matrix. Antibodies have been raised against neoepitope sequences at the C
and N terminus of the collagen type Il fragments (Billinghurst et al., 1997; Stoop et
al., 1999; Vankemmelbeke et al., 1998) and provide a source of potential existing
commercial antibodies for developing a cell localisation construct (Hollander et al.,
1994; Hunter et al., 2007; Otterness et al., 1999).

Aggrecan, like collagen type Il also undergoes several molecular changes in OA
making this matrix molecule a potential candidate as a marker within degraded
cartilage. As OA progresses there is a loss of aggrecan and break down of the
aggrecan complex (Lorenzo et al., 2004). The main site of proteolytic aggrecan
cleavage is within the interglobular domain (IGD), found between domains G1 and
G2, and peptidase activity releases the glycosaminoglycan-rich C terminus (Little et
al., 2002). The site of cleavage by MMPs was shown in vitro to be at Nzg1 | Fas,
generating C-terminal DIPEN34; and N-terminal F3,FGVG fragments (Buttner et
al., 1998; Fosang et al., 1998). The site of cleavage by ADAMTS is the Ez73] Az
bond within the IGD, generating neoepitopes C-terminal NITEGE373 and N-terminal
A374RGSV (Arner, 2002; Fosang et al., 2010) aggrecan fragments. The C-terminal
fragments generated from this cleavage have been observed in the synovial fluid of
OA patients and are also increased in medium from cartilage explants (Arner, 2002;
Fosang et al., 2010; Fosang et al., 2000; Sandy and Verscharen, 2001). Fosang et al.
reported that cleavage by MMP activity resulted in the retention of DIPEN and the
N-terminal FGVG fragments within porcine explant cartilage. These neoepitopes,
detected by immunolocalisation, therefore represent suitable targets for cell

localisation (Fosang et al., 2000).

Fibronectin is a small component of the cartilage ECM in healthy cartilage;
however, OA cartilage can contain 10-fold more fibronectin (Brown and Jones,

1990; Zack et al., 2006). Increases in fibronectin content in cartilage are also

77



associated with accumulation of fibronectin fragments in synovial fluid (Peters et
al., 2003; Zack et al., 2006). The degeneration process is amplified by matrix
degradation products such as that of collagen type Il and fibronectin, inducing
MMPs and subsequently further matrix degradation in a positive feedback loop
(Homandberg, 1999; Homandberg et al., 1997; Homandberg and Wen, 1998; Poole
et al., 2002; Poole et al., 2003; Yasuda, 2006). Zack et al identified fibronectin
neoepitopes retained within cartilage generated by cleavage at A1} Va7, and
developed monoclonal antibodies detecting the C-terminus VRAA7; and N-
terminus »7,VYQP (Zack et al., 2006).

3.1.2.2 Synthesised Markers of Degraded Cartilage

Collagen type Il, which normally has a slow turnover in healthy cartilage is newly
synthesised in OA cartilage, however, these synthesised molecules are eventually
damaged (Dahlberg et al., 2000; Rizkalla et al., 1992) and proliferative attempts by
chondrocytes are likely curbed by this extensive collagen fibril damage (Horton et
al., 2005; Poole et al., 2002). A splice variant of the type Il collagen molecule, type
1A procollagen (COL2A), not found in healthy cartilage is also produced in
diseased cartilage (Aigner et al., 2006; Aigner et al., 1999; Hermansson et al., 2004;
Sandell and Aigner, 2001). Expression of COL2A is increased in early OA
cartilage, suppressed in upper zones with progressive matrix degradation and
increased all over in late-stage OA cartilage (Aigner et al., 2006). This molecule
would be suitable for cell localisation to late stage OA cartilage where expression is

not suppressed superficially.

Lorenzo et al observed an increase in synthesis of other cartilage matrix proteins
such as fibronectin, cartilage oligomeric matrix protein (COMP) in early and late
OA samples and cartilage intermediate layer protein (CILP) and procollagen
increased in late stage OA (Lorenzo et al., 2004). Variations in expression of these
proteins in zonal regions and stages of OA of the articular cartilage have been
observed. COMP binds collagens I/1l and IX and was located in the superficial
layers while CILP was found mainly located in the middle/deeper layer of articular
cartilage (Lorenzo et al., 2004; Yao et al., 2004). Superficial COMP and fibronectin
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throughout the matrix in OA could be potential matrix targets. A limitation with
fibronectin, found within many other tissues, would be its non-specificity to OA

cartilage, (Pankov and Yamada, 2002).

During the OA disease process other molecules barely present in normal articular
cartilage such as tenascin (Salter, 1993) and procollagen type Il (Aigner et al.,
1993) also start to appear, suggesting that chondrocytes start to re-express a
chondroprogenitor phenotype at a molecular level (Sandell and Aigner, 2001).
Chondrocyte hypertrophy, characterised by the expression of collagen type X and
upregulation of runt-related transcription factor 2 (RUNX2) or core-binding factor
subunit alpha-1 (CBFal), binding uniquely to the MMP-13 promoter amongst the
MMPs, become prominent within the deeper, calcified zones (Aigner and Stove,
2003). Expression is observed at and close to the remaining articular surface and
associated with sites of severe collagen Il degradation (Poole et al., 2003). Surface
collagen X expression has been suggested the result of degradation and exposure of
the deeper calcified layers of cartilage, (Walker et al., 1995).

Collagen type VI, concentrated pericellularly in normal and diseased cartilage, also
increases in the interterritorial matrix of OA cartilage following a similar expression
pattern to collagen type Il (Aigner and McKenna, 2002; Hambach et al., 1998; Poole
et al., 1992). Enhanced degradation of this molecule has also been observed, as
shown by an abundance of collagen VI aggregates around OA chondrocytes (Aigner
and Stove, 2003). Molecules with increased levels in OA cartilage could be useful
targets if located in the desired superficial and remaining surface zone and providing

they are not expressed in other tissues.

Neoepitopes generated by cartilage matrix degradation, such as coll 2 3/4m,
fibronectin and epitopes VRAA, VRQP and aggrecan epitopes DIPEN and NITEGE
provide potential targets within cartilage for antibodies to localise and position
reparative cells. Cartilage components that are increased in degraded cartilage such
as fibronectin, procollagen, COMP and collagen type X may also be targets for
cellular adhesion, requiring suitable location within the cartilage and specificity to

cartilage for precise localisation.
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3.1.3 MSC Surface Markers

MSCs have been shown to constitute a heterogenous population when considering
morphology, physiology and surface marker expression. Adhesion molecules,
extracellular matrix molecules, cytokines, growth factor receptors and antigens
associated with numerous cell types are all associated with MSC cell interactions
and functions (Bobis et al., 2006). Due to this heterogenous nature of MSCs, to
date, there is not a single marker that reliably identifies MSCs in vitro within the
bone marrow and other tissue sources (Bobis et al., 2006; Dominici, 2006).
Guidelines from the International Society for Cell Therapy (ISCT), suggested using
a selection of several markers for FACs; >95% of the cell population must express
the markers CD105, CD73 and CD90 and in addition (<2%) the cells must lack the
expression of haematopoietic antigen expression CD45, CD34, CD14 or CD11b,
CD79a or CD19 and HLA class II (Dominici, 2006). These common markers used
for identifying MSCs in vitro have broad cell reactivity and are therefore not suitable
alone for the detection of MSCs in vivo (Barry et al., 2001a; Barry et al., 1999; Cho
et al., 2001; Jones et al., 2002). For an MSC localisation strategy, the use of several
markers would be too complex and a single marker is therefore sought.

3.1.3.1 MSC specific markers

Gronthos et al. showed that nerve growth factor receptor (NGFR) antibodies could
be used to purify the colony-forming units-fibroblast from the STRO-1+ fraction of
human bone marrow cells (Gronthos and Simmons, 1995). More recently known as
the anti-low affinity nerve growth factor receptor (LNGFR, p75 or CD271), this
receptor isolates primitive MSCs directly from the bone marrow (Quirici et al.,
2002). Antibodies for LNGFR previously showed specific selection of bone marrow
stromal cells, excluding hematapoietic and endothelial cells (Gronthos and
Simmons, 1995; Quirici et al., 2002). Quirici et al. enriched for MSCs using
immunomagnetic  selection for LNGFR, selecting a small homogenous
subpopulation comprising approximately 10% of the whole bone marrow. Colony-
forming unit-fibroblast (CFU-F) assays showed LNGFR positive enriched fractions

were higher in clonogenic precursors and maintained for 2 months, without addition
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of bFGF. LNGFR expression was down-regulated after growth factor addition
(Colter et al., 2001; Quirici et al., 2002).

Jones et al., using D7-FIB, a marker for human epithelial fibroblasts, purified freshly
isolated bone marrow progenitor cells positive for markers CD105, LNGFR, HLA-
DR, CD10, CD13, CD90, STRO-1 and BMPRIA and negative for CD14, CD34,
CD117 and CD133. The cell fraction was shown to be capable of proliferating and
undergoing multilineage differentiation, however at passage 4 (P4) the LNGFR
marker disappeared with STRO-1 (Jones et al., 2002). The loss of this marker upon
culture adherence and in the presence of bFGF would represent a limitation if it was
to be used as a cell marker for localisation of cultured MSCs that are likely to

undergo several passages.

The neural ganglioside GD2, found expressed on cells of the nervous system and on
tumours of neuroectodermal origin, was investigated as a novel surface receptor
marker for bone marrow MSCs, (Martinez et al., 2007). MSCs freshly isolated from
bone marrow using GD2 were also shown positive for CD271 and D7-FIB, and
expansion over 8 passages showed continuation of high levels of GD2 expression
(Martinez et al., 2007). Lack of GD2 expression was observed in the marrow
hematopoietic cell fraction and RNA analysis revealed lack of expression of GD2
synthase in peripheral blood cells. GD2-expanded MSCs showed multilineage
potential and typical MSC morphology and plastic adherence (Martinez et al., 2007).
Neural markers such as GD2 and LNGFR that have further distance in terms of
lineage compared to common MSC markers such as CD105, CD73 and CD90 may
be preferable for direct MSC isolation, thus avoiding a hematopoietc cell lineage
fate (Dominici, 2008; Jones et al., 2002; Martinez et al., 2007). Conversely,
consistent expression of a neural marker at late passage, might also suggest over the
long term an undesirable fate of cells isolated with this marker.

In search of additional markers, Buhring et al. screened monoclonal antibodies
(mADbs) by flow cytometry for their specific reactivity with the CD271+ population.
The new MSC-specific molecules identified included the platelet-derived growth
factor receptor (CD140b), HER-2/erbB2 (CD340), frizzled-9 (CD349) and the
W8B2 antigen. Other cell surface antigens were identified by the antibodies W1C3,
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W3D5, W4A5, W5C4, W5C5, W7C6, 9A3, 58B1, F9-3C2F1 and HEK-3D6
(Buhring et al., 2007), highlighting a panel of antibodies that might be suitable

components of an MSC localisation technology.

Many research groups have looked into potential novel MSC markers but often
disparities between methods of isolation and culture can make the use of markers
less comprehensive (Docheva et al., 2008; Dominici, 2006). There are also
limitations to using freshly isolated MSCs from marrow (autologous MSCs), such as
limits on the amount of MSCs isolated and donor variations that exist in potential
and possible impairments with disease (Caplan, 2009a; Meirelles Lda et al., 2009).
Allogeneic MSCs have the advantage of providing a possible ‘off-the-shelf’
therapeutic, ensuring sufficient numbers and efficacious cells (Caplan, 2009b;
Hunziker, 2009; Zhou et al., 2010). For these reasons, the MSC localisation
construct for this project was designed with intent for pre-incubation with cultured
MSCs. However, a marker tailored for both applications would have been

advantageous.

3.1.3.2 The RGD Peptide and Integrin Receptor

The cell adhesion sequence, RGD was originally found as a sequence of the protein
fibronectin by Pierschbacher and Ruoslahti (1984) and soon confirmed to be the cell
attachment site for many other adhesive proteins (Ruoslahti, 1996). Integrins are a
large family of cell adhesion receptors that bind RGD, consisting of non-covalently
linked, heterodimeric molecules that contain an a and B subunit, the most common
being B1 and aV (Ruoslahti, 1996). Integrins display a range of functions, including
coordination of cytoskeletal polymers and signalling complexes in the cytoplasm.
Extracellularly, integrins interact with matrix macromolecules or receptors on
opposing cell surfaces imposing spatial restrictions and matrix assembly, thereby
controlling and integrating cells within their microenvironment (Brooks et al., 1996;
Fisher et al., 1993; Grzesiak et al., 1997; Ruoslahti, 1996). Studies of both natural
and engineered genetic mutations in these receptors has confirmed important roles
for integrins in tissue patterning, differentiation and cell trafficking (Humphries et

al., 2006). Some of the proteins that contain the RGD sequence include adhesion
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proteins such as vitronectin, fibrinogen, von Willebrand factor, laminin, tenascin and
collagen. It was suggested that these proteins are active in vitro because the RGD
sequence is presented in the right contextual environment, but are not necessarily

likely to serve an in vivo integrin binding role (Ruoslahti, 1996).

Cell adhesion is an important biological process involved in guiding cells to
appropriate locations within the body, anchoring cells to a specific site and
controlling various functions such as proliferation, apoptosis and differentiation
(Gumbiner, 1996; Hynes, 1999; Maheshwari et al., 2000; Maheshwari et al., 1999).
Peptides and proteins that can be used to improve cell adhesion therapeutically are a
current area of research. Adhesive peptides may be used to promote cell attachment
and tissue integration when applied to a surface (Grzesiak et al., 1997; Hwang et al.,
2007; Re'em et al., 2010; Vonwil et al., 2010), or used to promote cell attachment in
vivo through an application of therapeutic cell delivery (Janssen et al., 2002; Kibria
et al., 2011; Smolarczyk et al., 2006; Tagalakis et al., 2010; Zitzmann et al., 2002).
In tissue engineering, hydrogels modified with RGD peptides have demonstrated
high efficiency in cell adherence (Genes et al., 2004; Jeschke et al., 2002; Nuttelman
et al., 2001) and have shown functional roles with MSCs, influencing differentiation
with a dependence on timing, concentration and length of exposure (Connelly et al.,
2007; Mann and West, 2002; Salinas and Anseth, 2008; Salinas et al., 2007). MSCs
have been shown to express various integrin receptor subunits including the alpha
subunits al, a2, a3, a5, a6 and aV, and B1, B3 and B5 (Docheva et al., 2008;
Docheva et al., 2007); through these it is possible to influence cellular attachment
and function via RGD peptides.

In the field of cancer research, previous vehicles for tumour targeting have been
engineered antibodies, such as bispecific antibodies (Kriangkum et al., 2001).
However, more recently targeting peptides offer smaller and less complex
alternatives. Developments in this field have been based on the finding that aV3
has been shown to be selectively expressed on endothelial cells involved in the
process of angiogenesis (Dubey et al., 2004; Kok et al., 2002; Ruegg et al., 1998;
Serini et al.,, 2006). RGD peptides and anti-integrin antibodies have been
demonstrated in vivo to inhibit tumour growth through the interference of the
angiogenic process (Brooks et al., 1994; Kok et al., 2002; Schraa et al., 2002). RGD
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peptides have also been shown to prevent and delay tumour growth when injected
directly into in vivo models (Humpbhries et al., 2006; Janssen et al., 2002; Ruoslahti,
1996; Schraa et al., 2002; Smolarczyk et al., 2006; Zitzmann et al., 2002).
Additionally, RGD peptides can be used for gene therapy and to selectively deliver
therapeutic drugs via carriers to a tumour site (Dubey et al., 2004; Kibria et al.,
2011; Nallamothu et al., 2006; Tagalakis et al., 2010). The field of cancer and
immunotherapy is therefore full of potential cell localisation and versatile targeting
strategies that can be applied to the field of cartilage repair and applicable in all
fields of medicine (Huang et al., 2008). Due to the flexibility and functionality of
the RGD peptide, the molecule was chosen as an alternative to a specific MSC

receptor.

Using the construct design of a bispecific antibody (Kriangkum et al., 2001; Lum et
al., 2004), employing a biotin-streptavidin linkage system (Diamandis and
Christopoulos, 1991; Sarkar et al., 2008; Tsai and Wang, 2005) and a functional
RGD peptide (Khatayevich et al., 2010) a bispecific antibody-peptide construct was
developed. This chapter will focus on the design approach and validation of the
antibody-peptide construct that will bind according to two separate entities, both an

MSC and the degraded cartilage surface (Figure 3.2).
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Figure 3.2: Schematic of Antibody-Peptide Construct Design for MSC

Localisation

MSC binding to the construct is facilitated through surface integrins. Cyclic RGD
peptides (@) are chemically conjugated to the streptavidin surface (O) (RGDSt).
Biotinylated ( @) degraded cartilage antibody ( ==) (BAb) conjugates to RGD
peptides via non-covalent biotin-streptavidin linkages (RGDStBAb) (A). MSCs
coated with the RGDStBAb construct (red) are retained at the degraded cartilage

surface in higher numbers compared to uncoated MSCs (B).
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3.2 Materials & Methods

Note: All materials were supplied by Sigma-Aldrich unless otherwise stated.
All experiments were performed in triplicate with 3 biological replicates, unless

otherwise stated.

3.2.1 MSC Cytometry

Culture expanded MSCs were trypsinised (P6), resuspended in PBS at 5 x 10°
cells/ml in a 96-well plate and incubated with PE-conjugated antibodies CD105
(Milteny biotech), CD44 (Milteny biotech), CD271 (Milteny biotech), W3D5
(Biolegend) and W5C5 (Biolegend) primary and an 1gG-PE isotype control (Milteny
biotech) at a 1:10 dilution for 20 minutes at 4°C, protected from light. Cells were
washed twice in PBS to remove unbound antibody and resuspended in 200l
DMEM for analysis using the ExpressPlus program software on the Guava Cytosoft

system (Millipore).

3.2.2 Preparation of Human OA Cartilage for Histology

Human OA cartilage sections were prepared from cartilage biopsies taken from the
articular cartilage surfaces of the hip femoral head and condyle tibial plateau of the
knee of consenting patients with end-stage OA undergoing total hip and knee
arthroplasty. The procedure was approved by the Clinical Research Ethical
Committee at Merlin Park Hospital, Galway. Full thickness cartilage explants were
created by biopsy punch (1-2mm thick and 2 mm diameter), washed in PBS and
fixed in 10% formalin for 20 minutes. Explants were histologically prepared in an
automated tissue processor (Leica ASP300S) and embedded in paraffin wax prior to

sectioning at a thickness of 5um using the Leica RM2235 microtome.
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3.2.3 Immunohistochemistry of Degraded Cartilage Matrix Epitopes

The following monoclonal antibodies were tested on OA cartilage by

immunohistochemistry:

Antibody Concentration Manufacturer Reference
VYQP (degraded | 1pg/ml Pfizer (non- Zack et al. 2006
fibronectin epitope) commercial)
VRAA (degraded | 1pg/ml Pfizer (non- Zack et al. 2006
fibronectin epitope) commercial)
FN1 (full length matrix | 5.6pg/ml MYBioSource | www.mybiosourc
fibronectin) e.com
DIPEN (degraded | unspecified Abcam
aggrecan epitope) concentration

1:100 dilution
NITEGE (degraded | 1pg/ml Abcam
aggrecan epitope)
Coll 2 3/4m (degraded | unspecified IBEX Hollander et al.
collagen type Il epitope) | concentration. 2004

1:200 dilution

Table 3.1: List of primary antibodies used for the immunohistochemical analysis of

degraded human cartilage.

Immunostaining was carried out on paraffin sections using a horse radish peroxidase
(HRP)-Diaminobenzodine (DAB) kit (Envision Dako Cytomation Kit) as per the
manufacturer’s instructions. Briefly, sections were deparaffinised and hydrated
before incubation with 40mU/ml of chondroitinase ABC in 0.1M tris/acetate pH
7.6 containing 1% BSA for 30 minutes at 37°C to attain antigen retrieval. Slides
were then washed 3 times in tris buffered saline (TBS) for 3 minutes. Peroxidase
block (EnVision™+ Kit) was added for 5 minutes, and slides were then washed in
TBS and blocked with 2.5% bovine serum albumin (BSA) for 30 minutes at room
temperature (RT). Sections were drained prior to the addition of primary antibody
or TBS as a negative control for 30 minutes at RT (Table 3.1). Slides were washed
in TBS-0.5% Tween and secondary antibody (EnVision ™ + Kit-peroxidase labelled
polymer) was added for 30 minutes at RT. Substrate chromagen (EnVision ™ + Kit)
was added for 6 minutes to develop colour. Slides were further washed in TBS-

Tween and diH;0, counterstained in Mayer’s Haemotoxylin for 10 seconds, washed
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in diH,0 and tap water, and then dehydrated and coverslipped using histomount
solution (National Diagnostics). Imaging was performed using an Olympus BX51

upright brightfield microscope and QImaging (Retiga Exi) camera.

3.2.4 Production of the Polyclonal Collagen 2 3/4 m Antibody

Polyclonal collagen 2 3/4m antibody production was outsourced to Harlan
Laboratories to ensure supply of sufficient antibody for preparation of the construct
and future experimental analysis. The peptide sequence of the commercially
available Coll 2 3/4m antibody (IBEX), a 21-amino acid sequence of the alpha chain
of collagen 11 (-Gly-Lys-Val-Gly-Pro-Ser-Gly-Ala-Hyp-Gly-Glu-Asp-Gly-Arg-Hyp-
Gly-Pro-Hyp-Gly-Pro-GIn-) (Hollander et al., 1994), was used to immunize rabbits.
Serum was collected, tested for antigen by enzyme-linked immuno sorbent assay
(ELISA) and further processed by affinity purification at Harlan Laboratories.

3.2.5 RGD Peptide Conjugation to Streptavidin using Sulfo-SMCC

chemical linker

Sulfo-SMCC (succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate), a
water soluble analog of SMCC, is a heterobifunctional crosslinker containing N-
hydroxysuccinimide (NHS) esters and maleimide groups for the covalent
conjugation of amine and sulfhydryl containing molecules (Marko et al., 2008;

ThermoScientific).

1mg/ml of streptavidin (protein-NH;) prepared in PBS (pH 7.2) was incubated with
4.8mg/ml of cross-linker sulfo-SMCC (Thermo Scientific) in PBS at 4°C for 2 hours
(following manufacturer’s instructions). Excess crosslinker was removed by
desalting on 5ml Zeba™ Desalt spin columns (Thermo Scientific), previously
equilibrated with PBS. Briefly, sample was loaded into the column and a stacker of
100ul PBS added after the sample was absorbed in the resin bed. The column was
then centrifuged at 1000 x g for 2 minutes to collect the sample. Cyclic RGD [cyclo
(Arg-Gly-Asp-D-Phe-Cys), c(RGDfC)] (Peptides International; M.W. 578.65) or
control cyclic RAD peptide [cyclo (Arg-Ala-Asp-D-Phe-Cys) or c¢(RADfC)]
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(Peptides International; M.W. 592.68) both containing sulfhydryl groups were
incubated with streptavidin (protein NHy) in an equal ratio. The reaction mix was
incubated for 2 hours at 4°C and then passed through a desalting column as before
(Figure 3.3).

Conjugate concentration was measured using the nanodrop 2000 spectrophotometer
(Thermo Scientific), measuring 1ul of protein solution at 280nm absorbance and
repeated three times. Conjugates, both consisting of a heterogenous mix of
streptavidin bound with varying densities of either RGD or RAD peptides gave

average readings of ~0.5mg/ml.

3.2.6 Non-reduced SDS Page Gel for Protein Analysis

NUuPAGE® (Novex®) Bis-Tris pre-cast gradient (4-12%) mini-gels (Invitrogen)
were placed in an XCell SureLock Mini-Cell and the upper (inner) buffer chamber
was filled with 200ml of 1X NuPAGE® sodium dodecyl sulphate (SDS) running
buffer (Invitrogen). The lower (outer) buffer chamber was then filled with 600ml of
1X NuPAGE® SDS running buffer. Samples; RGD-streptavidin, streptavidin,
biotinylated polyclonal collagen 2 3/4m antibody and the combined construct RGD-
streptavidin-biotinylated antibody were prepared at a concentration of 0.5ug/ml.
The samples were prepared in a total volume of 10ul; 1ul of sample, 2.5ul of
NUuPAGE (Invitrogen) and 7.5ul of diH,O. Magic mark protein ladder (Invitrogen)
was used to provide a measurement of size. Non-reduced samples and the ladder
were then heated at 70°C for 10 minutes. After heating, samples and ladder were
loaded onto the gel and run at 200V for 45-60 minutes, allowing more time for
larger protein complexes to run further down the gel. Once the gel had run, gels

were then removed and stained following the silverstain protocol.
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Figure 3.3: Schematic of the Conjugation Reaction of Sulfo-SMCC with
c(RGDfC) and Streptavidin

A two-step reaction scheme for conjugating c(RGDfC) and streptavidin with Sulfo-
SMCC was required. The crosslinker was first reacted with strepatavidin available
amine groups to produce a maleimide-activated protein (Reaction 1, blue arrow).
Excess non-reacted crosslinker and by-products were removed and the maleimide-
activated streptavidin reacted with an appropriate molar ratio of c(RGDfC)
containing a cysteine sulfhydryl group (Reaction 2, red arrow) (Marko et al., 2008)

(http://www.piercenet.com, Thermo Scientific).
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3.2.7 Silverstaining

The silverstain protocol was as described by Invitrogen. Briefly, gels were fixed in a
solution of 90ml ultra-pure water (18 megaohm/cm resistance), 100ml methanol and
20ml glacial acetic acid for 10 minutes. The fixing solution was then removed and
the gels incubated in two changes of sensitising solution for 30 minutes
(SilverXpress® Silver Staining Kit). The solutions were then removed and gels
rinsed with ultra-pure water twice for 10 minutes. The gels were next incubated in
staining solution (SilverXpress® Silver Staining Kit) for 15 minutes and then
removed and washed twice in ultra-pure water for 5 minutes. Developing solution
(SilverXpress® Silver Staining Kit) was added for a period of 3-15 minutes. As
soon as the desired staining intensity was attained, the stopping solution
(SilverXpress® Silver Staining Kit) was added for 10 minutes and then removed and
washed 3 times in ultra-pure water prior to photography and analysis using a

Syngene GeneGenius system.

3.2.8 Immunohistochemistry of Cells in Monolayer

MSCs were seeded in a 48-well plate at a density of 1.33 x 10%cells/cm? until
confluent. At confluency, medium was removed and cells washed with PBS. MSCs
were then fixed in methanol (-20°C) for 10 minutes and washed in PBS. MSCs were
incubated for 20 minutes with RGD (1mg/ml), streptavidin (1mg/ml), RGD-
streptavidin (0.5mg/ml) and PBS alone control and then washed for 5 minutes with
PBS twice. Biotinylated secondary antibody (HistoMark-KPL) was incubated with
MSCs for 30 minutes and then MSCs were washed in PBS for 5 minutes twice.
Streptavidin peroxidase (HistoMark-KPL) was added for 30 minutes and MSCs
subsequently washed in PBS for 5 minutes twice. DAB substrate chromagen
(Envision-DakoCytomation) was added for 5-10 minutes to develop colour and
washed in PBS for 5 minutes twice. Cells were counterstained in Mayer’s
Haemotoxylin for 10 seconds, washed in diH,0 and tap water and imaged using an
Olympus BX51 upright brightfield microscope and QImaging (Retiga Exi) camera.
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3.2.9 Immunohistochemistry of Polyclonal Coll 2 3/4 m; Biotinylated
Antibody and Non-Biotinylated and Collagen Type Il

The immunohistochemistry protocol (3.23) was used to test the functionality of the
Harlan produced polyclonal coll 2 3/4m antibody and its biotinylated form.
Polyclonal antibody was incubated with cartilage sections at a concentration of
Sug/ml. Polyclonal collagen type II antibody (Abcam) was also tested at Sug/ml
following the same procedure.

3.2.10 Safranin O staining

Sectioned samples were rehydrated by passing the slides through a series of
histoclear and graded ethanols, followed by exposure to haemotoxylin, 0.02% fast
green, 1% acetic acid (Fischer Scientifc) and 0.1% Safranin O to visualize sulfated
glycosaminoglycans (GAG). Slides were hydrated, mounted and coverslipped using
histomount solution and imaged using an Olympus BX51 upright brightfield

microscope and QImaging (Retiga Exi) camera.

3.2.11 Gel Filtration

Separation of proteins was achieved by gel filtration with proteins eluting off a
column in order of decreasing molecular size (Amersham Biosciences). A superdex
200 10/300 GL (GE Healthcare) pre-packed column was equilibrated with PBS
(filtered) on the AKTAExplorer 100 Air (GE Amersham Pharmacia), prior to
addition of the samples through the column. Next, 200ul of either RGD-streptavidin,
biotinylated antibody or RGD-streptavidin mixed with biotinylated antibody was
added to the column on the AKTAExplorer 100 Air for 45 minutes. Read-out of the
chromatogram for each sample was visualised on the AKTAXxpress software at an
absorbance of 280mAU (GE Amersham Pharmacia).
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3.2.12 Immunofluorescence

MSCs were trypsinised and resuspended in a-MEM media and placed at 37°C for 2
hours to allow integrin re-expression. MSCs were then washed twice in serum free
o-MEM medium and diluted to a cell concentration of 1 x 10° cells/ml. All
antibody/peptide incubations were performed in a 96-well cell-titre plate with each
well containing 200ul of the cell suspension. Cells were blocked with goat serum
for 20 minutes at 4°C and then incubated at 4°C for 20 minutes with the RGD-
streptavidin conjugate (0.1mg/ml) or appropriate controls; serum-free medium alone,
RAD-streptavidin conjugate (0.1mg/ml). Cells were then spun down (500 x g) for 5
minutes and washed twice with serum-free medium. Cells were next incubated with
the biotinylated antibody or control serum-free medium alone at 4°C for 20 minutes.
Cells were spun down and washed as before. Next, the cells were incubated with
TRITC (tetramethylrhodamine isothiocyanate) labelled streptavidin (Pierce, Thermo
Scientific) for 20 minutes at 4°C and covered with tin foil to minimise exposure to
light and avoid bleaching of the fluorochrome. The TRITC-streptavidin was used to
label the construct bound to the surface of the cells, with the purpose of binding the
biotinylated antibody already bound to the RGD-streptavidin conjugate on the MSC

surface.

The MSCs were spun down and washed as before, fixed in 10% formalin for 10
minutes and excess removed by spinning down and washing twice in medium. The
cells were then stained with phalloidin-FITC (fluorescein isothiocyanate) at a
dilution of 1:200 (5pg/ml) for 10 minutes and washed as before. Cells were stained
with 15ul of DAPI (Vectorshield) mounting solution and the cell suspension was
placed on slides and coverslipped. Slides were visualised on the Andor Revolution
Spinning Disc Confocal Microscope (Andor Technology).
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3.3 Results

3.3.1 Flow Cytometry of MSC Surface Receptors: Selection of MSC
Antibody

MSC surface receptors were analysed on late passage MSCs (P6) using flow
cytometric analysis for an array of antibodies for markers CD105, CD44, GD2,
W5C5, W3D5 and CD271 (Figure 3.4). Markers CD105, CD44 were used as
standard controls for MSC surface expression. GD2 showed high expression on the
MSC surface with approx. 70% cells positive and comparable to expression levels
for the standard markers CD105 and CD44 with 80-100% cells positive. CD105
expression was lower than levels normally observed on early passage cells. W5C5,
W3D5 and CD271 all showed very low levels of expression at <5%.
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Figure 3.4: Selection of an MSC Surface Marker Antibody
MSC surface markers CD105, CD44, GD2, W5C5, W3D5 and CD271 were

assessed using cytometric flow analysis on late passage MSCs (P6). CD105 and
CD44 expression levels were > 80% as expected. GD2 demonstrated expression of
> 70% and W5C5, W3D5 and CD271 markers were < 5%. Results represent the

mean + SD of 2 donors with 3 technical replicates.
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3.3.2 Epitope Staining of Human OA Cartilage; Selection of the
Collagen 2 3/4m Antibody

Immunohistochemical staining of degraded OA cartilage sections with different
antibodies specific to matrix epitopes revealed variations in the extent of staining
(Figure 3.5). Full length fibronectin antibody staining revealed intense staining
throughout surface and middle zones on positive sections (A-C). The fibronectin
epitope VYQP antibody showed a small amount of staining at the top surface of the
cartilage; this was only evident in one region and not throughout the surface region
(D-F). The fibronectin epitope VRAA antibody stained positive throughout the
surface zone of the cartilage (G-1). The aggrecan epitope DIPEN antibody
demonstrated pericellular staining in the upper zone of the degraded cartilage (J-L).
A second aggrecan antibody, specific to the epitope NITEGE, showed very weak
staining at the cartilage surface (M-O). The degraded collagen Il antibody Coll 2
3/4m demonstrated positive surface staining of the degraded cartilage, extending

into the midzone.
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Figure 3.5: Selection of an Antibody for OA Cartilage Epitopes

Immunohistochemical ECM Staining Profiles of human OA cartilage. Intense
positive staining for full length fibronectin was found in upper and middle zones of
the cartilage (A, B) with no staining in the negative control (C). A small amount of
staining for VY QP fibronectin epiptope was detected (D, E) whereas positive surface
zone staining of the VRAA fibronectin epitope was seen (G, H). Pericellular staining
of DIPEN aggrecan epitope (J, K) with weak articular surface staining of the
NITEGE aggrecan epitope (M, N). Positive surface staining of Coll 2 3/4m collagen
Il epitope (P, Q) was also evident. All negative controls were found to be unstained
(C,F, I L, O & R). Scale bar, 300uM for A, D, G, J, M and P; Remaining images,
100pum.
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3.3.3 Conjugation of RGD Peptide to Streptavidin: Silverstain
Analysis

Cyclic RGD peptides were covalently conjugated via sulfo-SMCC chemical linker
to streptavidin molecules and analysed by silverstaining on a non-reducing SDS
gradient gel (4-12%) (Figure 3.6). RGD + streptavidin conjugate (lane B)
demonstrated a gel shift in size of an average ~20kDa compared to streptavidin
alone (60kDa) (lane A). Based on a weight of 579 daltons for each peptide, an
average of 35 RGD molecules were found to be covalently linked to streptavidin.

A B

RGD+Streptavidin 80kDa
Streptavidin 60kDa
(native protein) 50kDa

20kDa

Figure 3.6: Silverstain Analysis of RGD Peptide Conjugation to Streptavidin

Silverstaining of RGD peptides covalently conjugated to streptavidin on a non-
reducing SDS gradient gel (4-12%). RGD + streptavidin conjugate (lane B)
demonstrated successful conjugation success by a gel shift of an average ~20kDa

compared to streptavidin alone (lane A).
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3.3.4 Immunohistochemical Analysis of RGD Peptide Functionality

after Chemical Conjugation

Functionality of the RGD-streptavidin conjugate was analysed by a
biotin/streptavidin-HRP system (Figure 3.7). Using a biotinylated secondary
antibody, streptavidin peroxidase and DAB substrate, a brown colour was produced
only in wells incubated with RGD-streptavidin (D) and was absent in wells
incubated with RGD (C), and cells alone (A). Streptavidin incubated wells stained

faintly brown (B).

A R

200pum [ 200pm

Figure 3.7: RGD-Streptavidin Conjugate Functionality: Binding Cells in

Monolayer

MSCs in monolayer were incubated with RGD-streptavidin construct, RGD,
streptavidin or PBS control. Using a biotin/streptavidin-HRP staining system, a
brown colour was produced in wells incubated with RGD-streptavidin (D) and was
absent in wells incubated with RGD (C) and cells alone (A). Streptavidin

demonstrated a small amount of staining (B). Scale bar, 200pm.
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3.3.5 Binding of Polyclonal Biotinylated Collagen 2 3/4m Antibody
to OA Human Cartilage

Binding of the polyclonal biotinylated collagen 2 3/4m antibody to human OA
cartilage was analysed by immunohistochemistry to demonstrate functionality
(Figure 3.8). Positive staining of the 2 3/4m epitope was evident on sections of OA
human cartilage with different levels of OA (A, C). Milder OA was demonstrated by
section A with section C showing later signs of OA with superficial fissures,
fibrillations and chondrocyte clusters. Positive staining was observed peripherally
around chondrocytes (A, C), and observed in deeper zones of the cartilage, with
some loss at the surface (C). Negative sections without biotinylated collagen 2 3/4m

antibody staining demonstrated no positive staining of the epitope (B, D).
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Figure 3.8: Polyclonal Biotinylated Collagen 2 3/4m Antibody Functionality on OA Human

Cartilage

Immunohistochemical staining of human OA cartilage using the biotinylated collagen 2 3/4m
antibody. Two different human OA sections demonstrated positive, specific staining of the degraded
collagen 2 3/4m epitope (A, C). Staining can be observed both at the surface and in deeper zones and
around chondrocytes. Negative staining of sections without biotinylated collagen 2 3/4m antibody
(B, D). Scale bar, 200um.
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3.3.6 Immunohistochemical Comparison of Antibody Staining

Patterns on Human OA Cartilage

A comparison of the polyclonal collagen 2 3/4m antibody, biotinylated polyclonal
collagen 2 3/4m antibody and collagen Il antibody staining was made using
immunohistochemistry on human OA cartilage sections (Figure 3.9A, B, C, F, G, H).
Safranin O staining for GAG was also used for a visual comparison of cartilage
degeneration (D, 1). Comparable positive superficial/surface staining patterns were
observed for both the biotinylated (A, F) and non-biotinylated (B, G) collagen 2
3/4m antibody. Staining was stronger in intensity in sections incubated with the
non-biotinylated antibody (B, G). Collagen 2 3/4m antibody staining, both
biotinylated and non-biotinylated appeared to correlate with areas of loss of GAG
(A, B, F, G D, I). Sections stained intensely for collagen Il in the superficial layer
and throughout deeper cartilage layers, suggesting collagen Il was still present in its
native form (C). A reduced intensity in collagen Il staining in the surface layer of H
correlated with the presence of collagen 2 3/4m staining in surface layers (F, G) and
loss of GAG (I). Sections stained for Safranin O demonstrated loss of GAG in the
superficial/surface layer (D) and in specific areas in the upper zone (I). Peripheral
areas of chondrocytes stained positively for GAG (I). Negative staining was

observed on control sections not incubated with antibody (E, J).
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3.3.7 Analysis of the Antibody+RGD-Streptavidin Construct by Gel

Filtration and Silverstain Analysis

Biotinylated antibody and RGD-streptavidin were delivered through a gel filtration
column, either pre-mixed or separately, and their elution profile analysed (Figure
3.10A-C). Peak heights indicated efficiency of elution from the column and the
width was indicative of molecule purity. The polyclonal biotinylated antibody alone
eluted in two peaks (A) indicative of the polyclonal nature of the protein sample.
The combined construct demonstrated a unique elution profile compared to the
bitoinylated antibody and RGD-streptavidin profiles, with a higher peak height and
absorbance, as predicted from the biotin-streptavidin linkage of the two molecules
(B). The RGD-streptavidin eluted later from the column indicating a smaller
molecular weight of the conjugate (C).

Biotinylated antibody, RGD-streptavidin and their combined construct pre-mixed
together were analysed by separation and silverstaining on a non-reducing SDS
gradient gel (4-12%) (Figure 3.10D). The larger molecular size of the partially
separated combined biotinylated antibody and RGD-streptavidin construct (lane 1) is
illustrated compared to the components alone (lane 2 and 3 respectively). A shift in
size was seen when comparing the combined construct (lane 1) to the biotinylated
antibody alone (lane 2). The biotinylated antibody demonstrated staining of several
bands, indicating its polyclonal nature (lane 2). RGD-streptavidin partial separation
(lane 3) showed the characteristic ‘smear’ seen previously (Figure 3.6). The lower

bands in this instance were not evident.
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Figure 3.10: Gel Filtration and Silverstain Analysis of the Biotinylated Antibody
and RGD-Streptavidin Combined Construct

Biotinylated antibody and RGD-streptavidin pre-mixed together (B) or individually
(A, C) were separated on a gel filtration column for 45 minutes. The polyclonal
biotinylated antibody showed two distinct peaks of elution from the column (A).
The RGD-streptavidin peak eluted from the column after the antibody, indicating a
smaller molecular weight of protein (C). The combined construct demonstrated a
high elution peak and absorbance, indicating a profile specific to the biotin-
streptavidin linkage of the components (B) (Injection time points indicated by pink
slashed line). Silverstaining was performed of the biotinylated antibody and RGD-
streptavidin pre-mixed and separate on a non-reducing SDS gradient gel (4-12%)
(D). Combined construct showing a gel shift and increase in molecular size (lane 1).
Biotinylated antibody shows a series of bands representing the polyclonal IgG (lane

2). RGD-streptavidin conjugate showing a molecular weight of ~80kDa (lane 3).
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3.3.8 Binding of the Biotinylated Antibody-RGD-Streptavidin
Construct to the MSC Surface

MSCs were incubated with biotinylated antibody and RGD-streptavidin, separately
or combined. RAD-streptavidin was used as a control peptide. Streptavidin-TRITC
was incubated with MSCs after construct incubations to label bound biotinylated
antibody and followed by phalloidin-FITC for cytoplasmic labelling and DAPI
nuclear staining. MSCs were incubated with constructs or PBS alone, 0 (Figure
3.11A-F) and 2 (3.12A-F) hours after trypsinisation. MSCs alone demonstrated no
TRITC labelling after both time points and showed only cytoplasmic and nuclear
staining (3.11A, 3.12A). Biotinylated antibody (3.11B, 3.12B), RAD-streptavidin
(3.11C, 3.12C), RGD-streptavidin (3.11D, 3.12D) and biotinylated antibody-RAD-
streptavidin construct (3.11E, 3.12E) also showed an absence of TRITC labelled
cells after both time points as expected, however a small amount of background
TRITC was observed. Biotinylated antibody-RGD-streptavidin construct incubation
after 0 hours showed a small amount of TRITC labelled cells (3.11F) demonstrating
binding of construct to the surface of the MSCs. After 2 hours of incubation, MSCs
incubated with the biotinylated antibody-RGD-streptavidin construct were evidently
labelled with TRITC in increased numbers and intensity compared to the 0 hour time

point (3.12F). MSCs incubated after 2 hours showed more aggregations (3.12A-F).
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Figure 3.11: MSC Surface Binding of Construct after 0 hours by Fluorescence
Analysis

MSCs incubated with biotinylated antibody and RGD-streptavidin separately or
combined for O hours after trypsinisation, were fluorescently analysed using
streptavidin-TRITC, phalloidin-FITC and DAPI for surface binding. MSCs alone
demonstrated no TRITC labelled cells (A), only phalloidin FITC and DAPI stain.
Biotinylated antibody (B), RAD-streptavidin (C), RGD-streptavidin (D) and
biotinylated antibody-RAD-streptavidin construct (E) demonstrated a small amount
of background stained TRITC labelled cells. Biotinylated antibody-RGD-
streptavidin construct incubation after O hours, showed small numbers of construct
bound cells, labelled with TRITC (F). Scale bar, 6um, DAPI nucleus stain (blue),
Phalloidin-FITC stain (green) and Streptavidin-TRITC stain (red).
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Figure 3.12: MSC Surface Binding of Construct after 2 hours by Fluorescence
Analysis

MSCs incubated with biotinylated antibody and RGD-streptavidin separately or
combined for 2 hours after trypsinisation, were fluorescently analysed using
streptavidin-TRITC, phalloidin-FITC and DAPI for surface binding. MSCs alone
demonstrated no TRITC labelled cells (A), only phalloidin FITC and DAPI stain.
Biotinylated antibody (B), RAD-streptavidin (C), RGD-streptavidin (D) and
biotinylated antibody-RAD-streptavidin construct (E) also demonstrated no TRITC
labelled cells, only phalloidin FITC and DAPI stain. Biotinylated antibody-RGD-
streptavidin construct incubation after 2 hours, showed an increased number of
TRITC labelled cells and also surface bound construct appeared increased per cell
(F) as compared to O hours (3.11F). Scale bar, 6pum, DAPI nucleus stain (blue),
Phalloidin-FITC stain (green) and Streptavidin-TRITC stain (red).
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3.4 Discussion

This chapter addressed the development and design of an antibody-peptide construct
for localisation of MSCs to degraded cartilage. A series of successive steps were
taken to design and develop the construct and demonstrate functionality with both
cartilage and cells. These steps included choosing the appropriate target molecules
as described in the design specification, followed by a series of tests for
confirmation of conjugation, biotin/streptavidin linkage and also functionality with

binding to cartilage and MSCs.

3.4.1 Construct Development: MSC specific marker

Early in the design phase, there was a focus on selection of a MSC specific marker.
The concept was to develop a bispecific construct: a dual functionalised antibody
that would be specific to MSCs and also degraded cartilage. A comparison was
made of commercially available antibodies for the markers GD2, CD271, W3D5 and
WH5C5 alongside the general standard MSC surface markers CD105 and CD44.
GD2 was selected based on its documented high expression levels on cultured MSCs
(Martinez et al., 2007). CD271 was selected as a recent standard MSC marker with
a history of MSC expression in the literature (Quirici et al., 2002). W3D5 and
WH5C5 antibodies target unknown antigens on the MSC surface and were selected
based on their novelty at the time, making them potentially more interesting

candidates over known antigens.

GD2 marker expression levels were favorably high and closer to that of CD105 and
CD44. In contrast the CD271, W3D5 and W5C5 markers were detected at very low
levels on cultured MSCs. CD271 is documented in the literature to lose expression
after culture and also to be down regulated after the addition of the growth factor
bFGF (Quirici et al., 2002). Both W3D5 and W5C5 are documented to be expressed
on freshly isolated MSCs (Buhring et al., 2007). GD2 was selected as an ideal MSC
marker, not expressed on hematopoietic cells and showing high expression levels on
MSCs at early and late passage (Martinez et al., 2007), therefore allowing greater

flexibility for practical application (Mason and Manzotti, 2010). In order to obtain
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sufficient amounts of antibody for bioconjugation, the hybridoma for the GD2
antibody was sought. However, this was not commercially available and was
unobtainable, due to its current use in clinical trials (Cheung et al., 2012; Kushner et
al., 2001).

3.4.2 Construct Development: The RGD peptide

The integrin receptor, known to bind RGD is one of the most ancient and widely
expressed receptors found on most cell types of metazoans (Campbell and
Humphries, 2012; Humphries, 2000; Kim et al., 2011a; Millard et al., 2011) and
therefore not MSC specific. In terms of application, the designed construct was
therefore intended to be pre-incubated with cultured MSCs prior to application to the
degraded cartilage. Ideally, an MSC specific marker would have been preferred
allowing the flexibility of selecting MSCs from fresh marrow, however, since
culture expansion is generally required for sufficient numbers (Mason and Manzotti,
2010) specificity was not an absolute requirement. Because of generic integrin
expression on most cell types, the construct also has the advantage of being
applicable for localisation of any cell type (Humphries et al., 2006).

Use of the RGD peptide and integrin receptor as a target for MSCs also adds several
other advantages. The RGD peptide is characteristically known for its adhesive
properties, a natural molecular glue that enables cells to form a spatial position
within a tissue (Maheshwari et al., 2000; Marko et al., 2008; Ruoslahti, 1996;
Vonwil et al., 2010). Additionally, RGD not only has this physical influence with
cells, but upon binding integrin receptors stimulates intracellular signaling,
influencing gene expression and subsequently cell survival, proliferation, migration
and differentiation (Grzesiak et al., 1997; Hersel et al., 2003; Humphries et al.,
2006; Ruoslahti, 1996; Salinas and Anseth, 2008; You et al., 2011). Therefore,
using a functional molecule such as RGD as part of an MSC localisation construct
will be advantageous, if cell function, either MSC or other potentially reparative
cells, can be positively influenced to enhance the repair efficacy. The RGD peptide
alone may also be useful as a target molecule to enhance MSC retention to the

degraded cartilage itself, since integrins are documented in the extracellular matrix
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of cartilage and chondrocytes have been reported to shed integrins (Loeser, 2000;
Schulze-Tanzil et al., 2001; Shakibaei et al., 2008; Shakibaei and Merker, 1999).
Other cartilage matrix proteins have also been reported to bind RGD in vitro
(Ruoslahti, 1996). The use of a peptide, small in size, compared to an antibody for
the construct also ensures a smaller molecular complex that may be more sterically
favourable for MSC binding. The cyclic RGD choice was also based upon its low
cost, commercial availability and potential novel application for localising MSCs in
the cartilage repair field (Dubey et al., 2004; Khatayevich et al., 2010; Kibria et al.,
2011; Tagalakis et al., 2010).

3.4.3 Design and Function of the Construct

The design and application of the antibody-peptide construct, demonstrates a process
that is tailored for amplification. The specific streptavidin-biotin linkage between
the antibody and peptide was chosen based upon its characterized non-covalent
binding affinity constant of Kq = 10™°M, among one of the highest known formation
constants in nature (Diamandis and Christopoulos, 1991). Streptavidin possesses
four biotin binding sites per molecule, making it possible to use multiple
biotinylated moieties, thereby amplifying the intended application (Diamandis and
Christopoulos, 1991). Use of the biotin-streptavidin linkage, joining both
components together, adds further flexibility and application to the construct. The
construct can be tailored for any cell localisation application by combining the RGD
coated streptavidin with a biotinylated antibody or targeting molecule of choice.

Sulfo-SMCC was chosen as a suitable chemical linker for protein-protein coupling
(ThermoScientific). The linker is a heterobifunctional reagent, that can be employed
to create an amine-thiol link between two proteins. Heterobifunctional linkers have
the advantage of offering greater control over the reaction compared to
homobifunctional and direct coupling conjugate chemistry (Hermanson, 2008).
Numerous coupling agents are commercially available at a low cost and with the
addition of the sulfonic acid group allowing for water solubility, conjugation is

relatively simple (Hermanson, 2008). Lum et al. and Lee et al. demonstrated
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successful use of the Sulfo-SMCC chemical linker for creating bispecific antibodies
(Lee et al., 2007; Lum et al., 2004).

The cyclical RGD peptide c(RGDfC) was chosen for conjugation to streptavidin
based on its available linker addition via a cysteine residue. A variety of cyclical
RGD peptides are commercially available with additional linkers for conjugations
(Goodman et al., 2002; Marko et al., 2008). Many cyclic peptides can be tailored
for specificity and have demonstrated enhanced affinity for specific integrin
receptors (Docheva et al., 2008; Goodman et al., 2002; Marko et al., 2008;
Nallamothu et al., 2006; Pfaff et al., 1994). The c(RGDfC) was shown to have high
affinity for integrin receptor aVB3 (Nallamothu et al., 2006), of which both subunits
have been identified previously on MSCs (Docheva et al., 2008; Docheva et al.,
2007). The sulfhydryl group available on the c(RGDfC) peptide is specifically
required in the maleimide reaction of the chemical linker sulfo-SMCC. The
streptavidin molecule is conjugated through available amines that react with NHS
esters in the sulfo-SMCC (ThermoScientific). Through conjugation of the peptide to
streptavidin, the peptide can be made available in sufficient numbers on one

streptavidin molecule, thereby further amplifying the construct.

It was more practical to conjugate the RGD to streptavidin and biotinylate the
degraded cartilage antibody. Conjugating the antibody to streptavidin would have
created a larger molecular complex, that upon amplification would have possibly
limited the biotin-streptavidin binding affinity due to steric hindrance (Clark and
Hemsley, 1994). Antibodies, much larger in molecular weight compared to
streptavidin, would have compromised streptavidin binding to biotinylated RGD
when coated with antibodies. Also, standard biotinylation of the antibody avoids
any compromise of function that might be caused by chemically linking the antibody
to another molecule. The RGD peptide could have also been chemically linked to
the antibody itself, without the need for the biotin-streptavidin linkage, thereby
reducing molecular size of the conjugate. However, as previously described, the use
of the biotin-streptavidin linkage provides a technology with flexibility for

application, without compromising function of the construct.
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Selecting the most appropriate epitope for MSC localisation to OA degraded
cartilage was based upon staining intensity, specificity to cartilage and location. In
addition, the commercial availability of the antibody targeting the epitope was a
requirement. The staining pattern was required to be intense and throughout the
superficial zone or what remained of the surface zone. Full length fibronectin, found
to be upregulated during OA (Brown and Jones, 1990; Jones et al., 1987)
demonstrated intense surface and mid-zone staining. However, fibronectin is a
major ubiquitous glycoprotein component of the extracellular matrix (Singh et al.,
2010) and therefore not an ideal candidate with specificity to degenerated cartilage.
The fibronectin epitope, peptide sequence VYQP is representative of a fragment
isolated from human OA cartilage by Zack et al and previously shown to be present
in abundance in OA cartilage and at the surface of chondrocytes. This fibronectin
epitope was only found in small amounts in areas of the surface zone precluding this
antibody as a candidate for therapeutic targeting where staining would need to be
strongly evident throughout the entire surface and fibrillated regions. The
fibronectin epitope, peptide sequence VRAA, also isolated from human OA cartilage
by Zack et al, in contrast demonstrated an ideal staining pattern; intense staining
throughout the filbrillated surface zone and an ideal target for localizing MSCs at the
surface of the cartilage (Zack et al., 2006). The antibodies for peptides VRAA and
VYQP were Kkindly provided from Mark Zack at Pfizer for staining analysis.
Because these antibodies were not commercially available and other commercially
available antibodies provided the required staining profiles, a decision was made to

not continue with these antibodies.

The aggrecan epitope, DIPEN demonstrated pericellular staining only. The staining
pattern did not demonstrate any fibrillation or surface staining, suggesting this
epitope would not be suitable for MSC localisation and would not be readily
available for targeting in vivo. Staining of the NITEGE aggrecan epitope
demonstrated a more suitable staining profile throughout the surface fibrillations,
however staining was very weak in intensity compared to other epitopes such as
fibronectin and collagen. Fosang et al reported some superficial staining of
NITEGE, although mainly intracellular, and DIPEN was found to be cell-associated
(Fosang et al., 2000). Embry Flory et al. also reported the intracellular

accumulation of the DIPEN and NITEGE neoepitopes within bovine chondrocytes
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(Embry Flory et al., 2006) suggesting a possible cause for the reduced visualization
and pericellular staining of these epitopes. The collagen 2 3/4m epitope
demonstrated an ideal staining profile following the design specifications for the
construct. Intense staining was observed at the surface to mid-zone and throughout
fibrillations. As this collagen 2 3/4m antibody was available commercially and
demonstrated this superior staining pattern, it was selected as optimal for anchoring

of the MSC targeting construct to degraded OA cartilage.

Silverstain analysis of the RGD-streptavidin construct was used to analyse the
conjugation of the RGD peptide to streptavidin. Confirmation of the conjugation
was demonstrated by the gel shift of the streptavidin molecule from a 60kDa band to
an 80kDa band. The smear of bands in the conjugate lane indicated a mixed
population of conjugates of varying molecular weights. In practice the extent of
conjugation per molecule is not controlled and in this case, more than one amine
group was available on the streptavidin, inevitably leading to formation of multiple
labelled molecules (Hermanson, 2008). Lum et al similarly demonstrated analysis
of conjugation of two antibodies by a gel-shift silverstain analysis, describing the
presence of a higher band in the conjugated sample (Lum et al., 2004). An average
estimation was made of 35 RGD peptides per streptavidin; based on a known size of
the c(RGDfC) peptide having a molecular weight of 578.65 daltons. This estimation
suggested a sufficient number of peptides were conjugated to streptavidin, ensuring
RGD binding to integrins on MSCs, with the possibility of several MSCs being

bound to one or more streptavidin.

The chemical linker Sulfo-SMCC covalently conjugates both amine and sulfhydryl
molecules. The cyclic RGD-peptide contained the amino acid cysteine that provided
the sulfhydryl for the sulfo-SMCC maleimide reaction and therefore stability of the
RGD peptide sequence function was guaranteed. However, the N-
hydroxysuccinimide reaction with primary amines on the streptavidin molecule did
not guarantee stability of the streptavidin molecule, since the reaction could have
occurred anywhere on the molecule. Therefore, an analysis of streptavidin function

was required.
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To test functionality, a biotin/streptavidin-HRP immunohistochemistry method was
deployed that enabled testing of both the RGD peptide and streptavidin molecule to
be analysed at the same time, in addition to confirming successful conjugation. The
presence of a brown colour in the well of MSCs incubated with RGD-streptavidin
was created by the reaction of the secondary biotinylated-HRP antibody and the
DAB substrate. This indicated that the streptavidin was functional, since the
biotinylated antibody was able to bind the molecule. This also indicated that the
RGD was functional and able to bind the MSC surface, since strong positive staining
was only evident in the RGD-streptavidin well. Only the RGD-streptavidin
conjugate had the presence of the streptavidin to bind the biotinylated antibody and

therefore also demonstrated that the chemical conjugation itself was successful.

Some weak staining observed in the well incubated with streptavidin alone was
likely a consequence of the streptavidin molecule also binding the MSC surface.
Streptavidin, has been shown to be an example of a bacterial protein that mimics the
RGD sequence, a potential mechanism for interfering with immune responses
mediated by integrin receptors (Alon et al., 1990; Alon et al., 1993). Indeed the
protein is known to contain a peptide sequence arginine-tyrosine-aspartic acid-serine
(RYDS) site, which has high homology to the RGD cell adhesion domain of ECM
molecules (Alon et al., 1990, 1992; Bayer et al., 1990; D'Souza et al., 1991).
Comepetition studies with RGD peptides indicated streptavidin binds to cells using
this sequence and is distinct from the biotin-binding site. The RYDS site is also
shown to undergo a conformational change upon biotin binding and becomes
functional in promoting cell adhesion (Alon et al., 1990, 1992; Bayer et al., 1990).
Further studies by Alon et al. showed that immobilized streptavidin supported
activated human CD4+ T cell adhesion in a a5B1 specific manner and soluble
streptavidin inhibited T cell adhesion to fibronectin. In addition, streptavidin
interfered with the co-stimulatory effect on tumour necrosis factor-a, secreted by T
cell and macrophage cultures (Alon et al., 1993). This additional property of
streptavidin is favorable for enhancing MSC binding to the conjugate. The
conformational change and promotion of cell adhesion upon biotin binding is an
advantage for using the streptavidin-biotin linkage system. Because the staining of

the cells incubated with streptavidin was weak, it may be that the protein is not as
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efficient alone at binding the MSC surface as the cyclic RGD peptide and protein

combined.

The functionality of the polyclonal collagen 2 3/4m antibody after biotinylation was
tested on human OA cartilage using immunohistochemistry. Two sections of OA
cartilage with different levels of OA, a milder form of OA with less degradation and
fibrillation (Hollander et al., 1995), as demonstrated by a relatively flat surface,
compared to a more severe case of OA, with superficial fissures and chondrocyte
clusters were selected to demonstrate functionality. Positive staining is observed in
both sections, suggesting the biotinylated collagen 2 3/4m antibody is functional and
unaffected by the biotinylation. The staining pattern of the severe case of OA is
more preferable for MSC localisation, with some surface and mid zone fibrillated
staining. However, there is some loss of staining at the articular surface. This
suggests the antibody ideally provides a better target for moderate to severe stages of
OA, where some degeneration is present for epitope availability, until the loss of
matrix depletes the epitope superficially.

Hollander et al. used the monoclonal collagen 2 3/4m antibody to investigate sites of
denaturation of collagen type Il. In non-arthritic cartilages, staining was observed to
be superficial and in the midzone. In OA specimens, increased staining was
observed extending into the deeper zones. Severity of degeneration and deep
fissures were progressively accompanied by loss of staining at the articular surface
and likely due to the loss of collagen. Staining was confined to deeper layers around
the chondrocytes and in early stages also to pericellular sites. It was suggested that
initial damage to collagen Il is always seen around chondrocytes (Dejica et al.,
2012; Hollander et al., 1995). Since chondrocytes make an initial attempt at
restoring the matrix, this pericellular staining may also be associated with the
generation of new collagen type 1l by the chondrocytes (Aigner et al., 1992).

Further immunostaining comparisons with a collagen type Il antibody and the non-
biotinylated polyclonal collagen 2 3/4m antibody on two different human OA
cartilage sections, demonstrated similar staining patterns for the polyclonal collagen
2 3/4m antibody, with or without biotinylation and similar to that of the staining

patterns observed by the commercial collagen 2 3/4m antibody. However, by
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observation, the amount of staining and intensity was higher for the non-biotinylated
antibody, suggesting some partial loss of functionality by biotinylation. A
comparison of the regions stained with the collagen 2 3/4m antibody (both
biotinylated and non-biotinylated), and the Safranin O staining shows a loss of GAG

in regions where the epitope is present.

Collagen type Il staining was strongly positive, in particularly in the surface layer,
suggesting that the full length, healthy form of collagen type Il was still present in
the cartilage matrix, although signs of degradation were evident as indicated by the
collagen 2 3/4m antibody staining. However, collagen type Il staining was lost at
the articular surface in the second section of higher OA severity, particularly in the
matrix juxtaposing the chondrocytes, where the collagen 2 3/4m epitope staining
appears. The Safranin O staining in contrast remains peripheral to the chondrocytes
and is lost in the matrix. These staining patterns are indicative of the degradative
cartilage changes in OA, where the degradation of the collagen network
accompanies the loss of proteoglycans, the aggrecan complex consisting of the
GAGs, chondroitin and keratin sulfate (Hollander et al., 1995; Wu et al., 2002).

Gel filtration was performed to analyse the elution profile of the streptavidin-biotin
linkage of the targeting construct. The streptavidin-biotin linkage was demonstrated
to be functional by the individual elution profile of the combined construct, showing
a high efficiency elution peak and absorbance. The two peaks in the elution profile
of the biotinylated antibody reflected the polyclonal nature of the antibody,
suggesting a mixed population of IgGs within the solution. In addition to the gel
filtration analysis, a protein profile of the construct and its components was
performed by silverstain. The construct demonstrated larger protein bands compared
to the antibody and RGD-streptavidin alone as expected. Again, the characteristic
smears of the antibody, RGD-streptavidin and the construct indicated the mixed
nature of the construct and its components. The components, the RGD-streptavidin
and antibody were not purified. For proof of principle, it was decided to use the
components in their non-purified form. A study by Lee et al, using bifunctional
antibody constructs for targeting HSCs to the injured myocardium, demonstrated
that the use of non-purified conjugates were successful at enhancing HSC

localisation and myocardium functional outcome in a rat ischemic model. It was
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reported by the same group that previous experience in preclinical and clinical
studies had shown no significant difference or limitations in binding and specificity

between purified and unpurified conjugates (Lee et al., 2007).

After confirming functionality of the individual components the next step was to
assess the ability of the construct to bind the surface of MSC. Initially, attempts
were made to quantitatively analyse the number of MSCs bound with the construct
using a streptavidin-TRITC to label bound biotinylated antibody by flow cytometry.
An unsuccessful attempt was also made to label the biotinylated antibody with a
fluorescent secondary antibody, but it was likely that the biotinylation affected
binding. The aggregated nature of MSCs when bound to the RGD construct may
also have contributed to the lack of success with these methods. Several MSCs are
potentially bound together when bound with the RGD-streptavidin conjugate and
further, several biotinylated antibodies may bind one streptavidin to form large

complexes, making a single cell analysis difficult to achieve.

Immunofluorescence analysis was performed as an observational approach for
analysing surface binding of the construct, using a ratio of 1:1 of RGD-streptavidin
and biotinylated antibody (RGDSt:BAb) and streptavidin-TRITC to label bound
cells. Initially, surface binding was observed on MSCs in monolayer (data not
shown); however, it was evident that fluorescent binding could also be observed by
the streptavidin-TRITC marker alone. This was likely a consequence of the
streptavidin protein alone binding the surface of the MSCs, as observed previously.
By observation, there appeared to be an increased amount of TRITC fluorescence in
monolayers incubated with the RGDStBAb construct, suggesting that there was
some binding of the construct on the MSC surface. However, due to the high
background of the streptavidin-TRITC alone, these results were not sufficient
enough to confirm potential binding. Since it was envisaged that the construct
would be bound to MSCs in suspension, prior to delivery to the tissue,
immunofluorescence was then performed on MSCs bound with the construct in

suspension.

Immunofluorescence of MSCs in suspension was initially performed immediately

after trypsinisation. MSCs were trypsinised and incubated with the various
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components and control groups, followed by incubation with the streptavidin-
TRITC. Some fluorescent binding was observed on the surface of cells bound with
the construct; however, this was not as efficient as expected. There was a small
amount of background TRITC staining observed on other groups, likely due to
streptavidin-TRITC binding to the cell surface. To enhance construct binding,
MSCs were left for a period of time prior to incubation, since enzymatic cell
dissociation results in degradation of surface proteins (Tarone et al., 1982). Tarone
et al observed the adhesion of fibroblastic cells on fibronectin coated plates was
completely abolished by pronase digestion and inhibited in varying degrees by other
enzymes such as proteinase K and papain. However, after prolonged trypsin
treatment cells remained adhesive, even after inhibition of protein synthesis. Further
analysis, identified glycoproteins gp120 and gp80 remaining on the cell surface,
suggesting a role for these proteins in fibronectin-mediated cell adhesion (Tarone et
al., 1982). Since, the RGD peptide is known to specifically bind integrins and
various matrix molecules on cell surfaces (Ruoslahti, 1996), it is possible that the
removal of integrin receptors by trypsin played a role in the inefficiency of construct

binding observed immediately after trypsinisation.

Incubation of the construct and various controls two hours after trypsinisation,
demonstrated enhanced construct present on the surface of the cells as shown by
enhanced TRITC labelled MSCs. Also noticed was an enhanced aggregation of
MSCs incubated for two hours. These observations are indicative of a recovery of
integrin receptors on the surface of the MSCs, where protein synthesis restores
surface proteins after proteolysis for adhesion (Tarone et al., 1982). Additionally,
MSCs left in suspension aggregate as a result of cell-cell contact, in turn inducing
integrin receptor clustering and enhancing integrin receptor functionality (Campbell
and Humphries, 2012; Humphries, 2000; Kim et al., 2011a).

3.4.4 Limitations and Further Experiments
Initial attempts were made to incubate the RGDStBAb as a complete construct with
the MSCs, rather than incubating the components separately and sequentially.

However, these attempts proved to be unsuccessful and were likely the result of
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large complexes being formed by the construct, as seen in the gel filtration
experiment. Large complexes would cause problems sterically for the RGD peptides
to successfully bind to the MSC surface and furthermore the large complexes with
strong biotin-streptavidin binding affinities, would make it difficult to mix with
MSCs. Both restoration of the integrin receptors and the separate incubations of the
RGDSt and BAb are limitations to the design of the construct since they add several

steps and extra time in the labelling of the MSCs with the construct prior to delivery.

Another issue in the design of the construct is the multiple RGDs bound to one
streptavidin molecule. A consequence of this is the possibility of more than one
MSC bound to a streptavidin molecule that may then interfere with the efficiency of
the binding of the biotinylated antibody to the streptavidin. One way to improve
efficiency of bound antibody to the streptavidin would be to reduce the amount of
RGD conjugated to the streptavidin, such as reducing the concentration of RGD
peptide added during the sulfo-SMCC reaction. In an optimization experiment, the
RGD peptide concentration was halved and quartered during the sulfo-SMCC
chemical conjugation and a comparison was made with the original concentration
(2:1) of binding the construct to the MSC surface. There was no difference observed
between the different peptide concentrations by fluorescence analysis (data not
shown) and since by observation the results of the construct surface binding after
two hours were optimal, no further optimization of the RGDSt conjugation was

pursued.

A further useful experiment for optimization purposes would have been a
quantification of the amount of construct bound to the MSC surface. Unsuccessful
attempts made by FACs analysis were intended to provide quantitative data.
Another experimental attempt to quantify the amount of construct bound to the MSC
surface used a cell-based ELISA method (O'Kennedy and Reading, 1990). This
methodology also proved to be problematic, with induction of cell death by
endogenous peroxidase blocking, loss of cells during centrifugation and

consequently large variability among replicates making results very inconsistent.

Using the fluorescence method, a semi-quantitative measure of fluorescence and

cells could have been attained by a random selection of counts of the number of
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MSCs labelled with TRITC, or using a microscopic measure of fluorescence. This
would need to take into account the number of cells counted to normalise the data,
since intensity and amount of bound construct would be variable on the cell surface.
This method, as with all fluorescence based counts would be open to subjectivity,
and in the cell suspension experiments would have been difficult to achieve due to
aggregations of cells that would make cell counts unclear and inconsistent among

groups.

3.5 Conclusion

An antibody-peptide construct specific for localising MSCs to OA degraded
cartilage was designed, following a set of design specifications. Antibody and
peptide choice was based upon literature searches and screens for appropriate
markers. Development of the construct was employed using a series of tests for
functionality, which demonstrated successful conjugation of RGD and streptavidin
components, functionality of the biotinylated polyclonal coll 2 3/4m antibody, the
streptavidin-biotin bridge and successful binding of the construct to the surface of
MSCs. Quantification of construct bound to MSCs proved to be a challenge and
ultimately an observational approach was achieved. The next step was to assess the

binding of the labelled MSCs on degraded cartilage, as detailed in chapter 4.
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Chapter 4

A Biocompatible Antibody-Peptide
Construct for Enhancing Specific
Cell Localisation to Degraded

Cartilage
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4.1 Introduction

Enhancing the numbers of reparative cells at the cartilage surface may improve the
efficacy of cartilage repair (Coleman et al., 2010; Murphy et al., 2003). Specific
localisation of cells may be considered an appropriate way of not only controlling
the location of cells but also the number retained, since MSCs have been shown not
to specifically localise to cartilage tissue in high numbers, even after local intra-
articular injection (Augello et al., 2007; Liechty et al., 2000; Murphy et al., 2003).
The use of antibodies or peptides enables control of the localisation of cells and
further provides functional assistance, thereby enhancing the cellular therapeutic
response (Kean et al., 2011).

4.1.1 Ex Vivo Explant Models

To enable testing of a targeting technology, a reproducible tissue model that can be
controlled and tailored is required. In some instances adherence of cells to the target
cells of the tissue can be attempted in 2D culture (Gerasimou et al., 2009).
Adhesion assays can also be employed to observe and measure attachment of
labelled cells to a matrix or polymer (Anamelechi et al., 2007). Sarkar et al.
observed MSC adhesion and rolling behaviour in a flow cell chamber following
biotinylation and addition of the sialyl Lewis X protein (Sarkar et al., 2008; Sarkar
etal., 2010).

Naturally, in vivo models offer the required environmental conditions to test a
localisation technology, however, the next best model would be an ex vivo system.
An ex vivo system has the advantages over in vitro of allowing testing in 3D in less
artificial conditions and using the same tissue as in vivo. However, the tissue is
placed external to the natural conditions. Additionally it offers a less complex and
more controlled study platform compared to in vivo conditions, whereby
environmental factors cannot be controlled (Rezvan et al., 2011). Human cartilage
for research purposes is often sourced during late stage OA or after injury and can
also show wide variability depending on injury, patient age and donor (Hollander et

al., 1995). The use of human cartilage for an explant model can therefore create
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variability within an experiment, since the extent of cartilage degradation cannot be
controlled and a focus is placed solely on the end stage of the disease, which can
often be resistant to therapeutic benefit (Hollander et al., 1995; Hunziker, 2009).

Various studies have used ex vivo animal cartilage explant culture models as a means
of controlling different amounts and types of degradation and to observe early stage
events in the OA disease process (Ashwell et al., 2008; Fosang et al., 2000; Phitak et
al., 2012; Yasumoto et al., 2003). Cartilage progenitor cells have also been
observed and found active within human and equine explants (Henson and Vincent,
2007; Henson et al., 2005; Khan et al., 2009). In an example of using ‘ex vivo’
explants to test a cell localisation technology, Dennis et al. used cartilage explants
from a rabbit partial-thickness defect model to test the localisation of antibody
labelled chondrocytes (Dennis et al., 2004). Koga et al delivered Dil-labelled MSCs
to full thickness osteochondral defects ex vivo and determined a time-dependent
increase in cell numbers adhered to the defect (Koga et al., 2008). In both examples,
explants containing defects were used, having the advantage of favourably retaining

cells within an existing depression in the cartilage surface.

4.1.2 Measuring Cell Retention

Other than observational approaches (Lum et al., 2004; Quintavalla et al., 2002),
few studies have quantified numbers of cells retained within a tissue and instead
used semi-quantitative methods as measures for cell retention. Dennis et al.
demonstrated enhanced cell localisation of ‘cell painted’ chondrocytes to ex-vivo
rabbit explants. Cells were fluorescently labelled and fluorescence intensity was
measured (Dennis et al., 2004). Lee et al measured cell density in a rat in vivo
model of myocardial infarction, by counting fluorescently labelled cells on
histological sections of the infarct area (Lee et al., 2007; Sato et al., 2012). In
another 2D approach, the number of annexin V labelled MSCs bound to bovine
aortic endothelial cells in vitro were analysed by confocal microscopy; MSCs

present in 5 randomly selected fields were determined (Gerasimou et al., 2009).
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4.1.3 Biocompatibility

A requirement in the design of any medical repair technology, either scaffold or
antibody focused is for biocompatibility with the cells and tissue with which it is to
be used. MSCs demonstrate tri-lineage potential and possess a proliferative and
fibroblastic adherent capacity, therefore, it is important to determine whether this
normal functioning of the cells is maintained (Dominici, 2006). Sarkar et al
demonstrated that MSC functionality was not compromised after biotinylation of the
cell surface (Sarkar et al., 2008). Similarly, Dennis et al. showed that cell growth,
viability and chondrogenic potential were not affected after the surface of
chondrocytes were intercalated with protein G and labelled with antibody (Dennis et
al., 2004). Lee et al. tested the impact of bispecific antibody (CD45, MLC) on the
growth and differentiation of CD34+ cells. In vivo bispecific antibody labelled cells
persisted in myocardial infarcts, expressed muscle specific antigens and contributed

to improved left ventricular function (Lee et al., 2007).

The focus of this chapter was to assess the ability of the antibody-peptide construct
and peptide alone for enhancing cell localisation using an ex vivo porcine cartilage
explant model. Biocompatibility of the construct with MSCs was also assessed by
observing morphology, viability, proliferation and differentiation after incubation

with the construct and components.
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4.2 Materials & Methods

Note: All materials were supplied by Sigma-Aldrich unless otherwise stated.
All experiments were performed in triplicate with 3 biological replicates, unless

otherwise stated.

4.2.1 Porcine Cartilage Explants

Biopsies were taken from the tibial plateau of porcine knee joints (A Traves & Son
Ltd). Full thickness cartilage explants were created by biopsy punch (1-2mm thick
and 2 mm diameter). The explants were placed in a-MEM containing 10% FBS,
prior to being placed in 0.02% collagenase (Collagenase Type II, Worthington) in a-
MEM for 1 hour or placed in a-MEM alone as a control. Explants were then washed
twice in PBS and either placed in a 15 ml falcon tube ready for cell application or

fixed for histological processing.

4.2.2 Immunohistochemistry of Porcine Cartilage

Explants with and without collagenase digestion were prepared for histological
processing by washing twice in PBS and then cross-linking in 10% formalin for 20
minutes. Explants were placed in an automated tissue processor (Leica ASP300S),
embedded in paraffin wax and sectioned at a thickness of 5um using the Leica
RM2235 microtome. Immunostaining was carried out using the polyclonal collagen
2 3/4m, biotinylated and unbiotinylated antibody and collagen type Il antibody
(Abcam), using the HRP-Diaminobenzodine (DAB) kit (Envision Dako Cytomation

Kit). The procedure was carried out as described in section 3.2.2 and 3.2.3.

4.2.3 Safranin O Staining of Porcine Cartilage

Cartilage sections were stained following the protocol as in section 2.2.4.
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4.2.4 Collagen 2 3/4m Peptide Blocking of Porcine Cartilage

Porcine collagenase  digested cartilage sections were prepared for
immunohistochemistry as in section 3.2.2 and 3.2.3. Prior to antibody incubation,
sections were blocked with the collagen 2 3/4m peptide (Harlan), prepared in PBS at
a concentration of 20pg/ml for 20 minutes at room temperature, alongside a control
slide incubated in TBS. Sections were washed twice in TBS and then the protocol

for immunostaining continued as described in in section 3.2.3.

4.2.5 Porcine Meniscus and Muscle Biopsies

Biopsies of meniscus and muscle were taken from porcine knee joints. Meniscus
was taken by biopsy punch (1-2 mm thick and 2 mm diameter) and muscle of similar
dimensions by scalpel. Samples were placed in a-MEM and washed twice in PBS

prior to fixation for histology.

4.2.6 Immunohistochemistry of Porcine Meniscus and Muscle

Biopsy samples of meniscus and muscle were prepared for histological processing
by washing twice in PBS and then cross-linking in 10% formalin for 20 minutes.
Samples were placed in an automated tissue processor (Leica ASP300S), embedded
in paraffin wax and sectioned at a thickness of 5um using the Leica RM2235
microtome. Immunostaining was carried out using the polyclonal biotinylated
collagen 2 3/4m antibody on meniscus and muscle sections using the HRP-
Diaminobenzodine (DAB) kit (Envision Dako Cytomation Kit) as in section 3.2.2
and 3.2.3.

4.2.7 MSC lIsolation

MSCs were isolated from the bone marrow following previous methods in section
chapter 2.2.1.
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4.2.8 MSC Pre-Incubation with Antibody-Peptide Constructs and

Porcine Explant Culture

MSCs were trypsinised and labelled with Cell Tracker Red (Molecular Probes). The
Cell Tracker Red stock solution was diluted to a final working concentration of
15uM in serum-free medium. MSCs were resuspended in the pre-warmed working
solution at a cell concentration of 1 x 10° cells/ml and incubated for 45 minutes at
37°C, 5% CO and 90% humidity. The cells were protected from light at all times.
Following incubation, MSCs were centrifuged and washed in PBS twice and then
placed in o-MEM at 37°C for a further 75 minutes prior to antibody-peptide

incubation to allow time for integrin re-expression.

MSCs were next washed twice in serum-free a-MEM medium and incubated
sequentially with RGD-streptavidin at 3 different concentrations, 500ug/ml,
10pg/ml and 5ug/ml at 37°C for 20 minutes. After washing twice in serum-free
medium the MSCs were incubated with biotinylated collagen 2 3/4m antibody at
500ug/ml, 10pg/ml and 5ug/ml at 37°C for 20 minutes. MSCs were then washed
twice in serum-free medium and 200ul of cell suspension applied to triplicate
collagenase digested porcine explants for 20 minutes on a rocking platform at 37°C.
Explants were washed in serum-free medium prior to MSC incubation. Controls of
RGD-streptavidin alone at concentrations of 10ug/ml and 5ug/ml and MSC alone

were also prepared.

After MSC incubation on porcine explants, explants were again washed twice in
serum-free medium to remove any unbound MSCs and fixed in 10% formalin for 20
minutes. After fixation, explants were washed in PBS and left at room temperature
until required for histological processing and paraffin embedding as described in

section 3.2.2.
In addition, MSCs were pre-incubated with 5ug/ml of antibody-peptide construct

and controls, 5pug/ml of RGD-streptavidin and MSCs alone and delivered on non-

digested cartilage and processed as in section 3.2.2. Extra samples of digested and
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non-digested explants incubated with MSCs pre-incubated with 5ug/ml of construct

and peptide alone were also prepared for SEM analysis.

4.2.9 Explants and Stereology

After histological processing, sections were coverslipped using Vectorshield
mountant containing DAPI (Vector Laboratories) and visualised using a Leica
DMLB upright fluorescent microscope with a QImaging (Retiga EXxi) camera.
Quantification of cell adherence, identified as a dual labelled MSC (red and blue)
was performed on 5um sections. To exclude bias during counting, images were
renamed by a colleague prior to cell counting and delivered cells were counted
manually in software program Image J. The Disector method (Garcia et al., 2007;
Gundersen et al., 1988) was used to estimate the number of cells on the surface of
the explant. The density estimates were expressed as number of cells per square

millimetre of explant using a stereological assessment as in section 2.2.7.

4.2.10 Fluorescence Imaging of Cartilage Explants and Sections

Higher quality images were taken using the Leica DM4000 B microscope and
camera Leica DFC 450 C. Mosaic images were created by performing scans at an
overall magnification of x252 using LAS software and Leica DFC4050 digital

camera attached to the Leica DM4000 B microscope.

4.2.11 Scanning Electron Microscopy (SEM) imaging of MSCs

Localised on Porcine Explants

Explants containing MSCs were placed in sealable glass vials containing 2%
glutaraldehyde in PBS and left to fix for 2-4 hours at room temperature. Each
explant was then washed/rinsed for 60 minutes in PBS, three times. A final rinse
was carried out overnight at 4°C. Explants were then transferred to a series of
alcohols for 20 minutes for dehydration, starting at 10% v/v and exchanging in 10%

increments up to 100%. Explants were washed three times in 100% alcohol and
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then left overnight. Ethanol was finally exchanged for 100% acetone, rinsed three

times and left overnight in acetone prior to critical point drying.

Dehydration was completed via a transition fluid of supercritical liquid carbon
dioxide in a Leica EM CPD 030 critical point drier. The ethanol infiltrated
specimens were transferred to the pressure vessel of the critical point drier and
ethanol was exchanged for CO; over 9 rinse cycles at approximately 9°C/800psi,
ensuring specimens remained submerged in liquid throughout each exchange. The
temperature of the specimens and liquid CO, was increased to 40°C within 10
minutes to allow the phase transition to gaseous CO, to occur (pressure rising to
approximately 1200 psi). The excess pressure was vented gently and the dehydrated
specimens were removed and stored at room temperature in a sealed container prior

to mounting and sputter coating.

Dehydrated specimens from each sample group were mounted on individual 25mm
diameter aluminium pin stubs by means of electrical conduction colloidal silver
paint (Agar Scientific UK Ltd.). The paint mountant was allowed to dry overnight at
room temperature prior to sputter coating with approximately 7nm of platinum.
Sputter coating was carried out using a Leica EM ACE 600 high resolution sputter
coater (supplied by Leica Microsystems GmbH, Germany) — the following coating

conditions were used:

Material Platinum
Vent after Process FALSE
Sputter Current 22mA
Pre-Process Vacuum 2 3E-5 mbar
Sputter Vacuum 2.5E-2mbar
Thickness 7.0 nm
Source 1

Purge Cycles 3

Sample Height 12.0 mm
Rotation 3

Working Distance 50 mm

Tilt 0.0°

Table 4.1: Sputter coating conditions for cartilage explants using the Leica EM ACE
600.
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An FEI NovaNano200 SEM, Scanning Electron Microscope was used to image the

mounted samples; the following conditions were used throughout:

Accelerating voltage 3kV, 5kV and 15kV

Spot size 2.0

Working distance <5.0mm

Detectors ETD (high resolution, TLD (ultra-high resolution)
Vacuum mode High Vacuum

Table 4.2 Conditions used for imaging samples on the FEI NovaNano200 SEM.

4.2.12 MSC Morphology

MSCs, incubated in suspension for 2 hours at 37°C after trypsinisation, were pre-
incubated with 5ug/ml of RGD-streptavidin, followed by 5ug/ml of biotinylated
antibody. Controls of 5ug/ml of RGD-streptavidin, RAD-streptavidin, streptavidin,
RGD, biotinylated antibody and MSCs alone were set up. MSCs were plated down
in monolayer at a seeding density of 1 x 10*/cm? and images were taken at 3 days
using the Olympus BX51 upright brightfield microscope and QImaging (Retiga Exi)

camera.

4.2.13 MSC Viability and Proliferation

MSCs, incubated in suspension for 2 hours at 37°C after trypsinisation, were
subsequently pre-incubated with two different concentrations of RGD-streptavidin
(10pg/ml and 5pg/ml) for 20 minutes and then incubated with equal concentrations
of biotinylated antibody. Controls of RGD-streptavidin, biotinylated antibody and
MSCs alone were also set up. MSCs were seeded in monolayer in 96-well plates at
a cell concentration of 1 x 10%/cm? and cultured in a-MEM and 5ng/ml rhFGF-2 for
a period of 3 days. For viability assessment, WST-1 reagent (stable tetrazolium salt;
Roche) was added to each sample well following the manufacturer’s instructions.

Briefly, 10ul of WST-1 reagent was added to each culture well containing 100ul of
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medium and plates incubated for 2 hours at 37°C. Plates were then read using the

Multiskan Ascent plate reader at 450nm.

To assess proliferation, MSCs were prepared and incubated following the same
procedure as for the viability assay. Cells were seeded at a density of 1 x 10*/cm? in
a 96-well plate and cultured for 3 days in a-MEM and 5ng/ml rhFGF-2. Cells were
lysed using 0.1% Triton x-100 (Sigma), scraped and then placed in a
microcentrifuge tube and subsequently vortexed to pellet cell debris. The Quant-iT
PicoGreen dsDNA assay kit (Molecular Probes) was utilised according to the
manufacturer’s protocol. Briefly, kit stock solutions were prepared and 100ul of
lysed cell solution samples (in triplicate) and kit standards provided (DNA 100
pg/ml diluted in 200 mM Tris-HCI, 20 mM EDTA, pH 7.5), were added to the wells
of a 96-well black flat-bottomed plate, followed by the addition of PicoGreen
solution (diluted in Tris-EDTA; TE) and incubated for 3 minutes at room
temperature. Samples were evaluated on a Multiskan Ascent plate reader, exciting
at 485nm and reading at 538nm.

4.2.14 MSC Osteogenesis

MSCs, previously incubated in suspension for 2 hours at 37°C, were pre-incubated
with  500pg/ml, 10pg/ml and 5pg/ml RGD-streptavidin, and then equal
concentrations of biotinylated antibody. Controls of the same concentrations of
RGD-streptavidin alone and biotinylated antibody were also prepared, including
MSCs alone. For osteogenic differentiation of the MSCs, the same methods were
followed as described in section 2.2.4, measuring calcium content and Alizarin Red
staining for mineralisation. Alizarin Red images were taken using Olympus CK40
light microscope and digital camera, Olympus camedia (C-3030 zoom).

4.2.15 MSC Adipogenesis

MSCs, previously incubated in suspension for 2 hours at 37°C after trypsinisation,
were pre-incubated with 500ug/ml, 10pg/ml and 5ug/ml of RGD-streptavidin and
biotinylated antibody and then induced to undergo adipogenic differentiation using
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the Lonza adipogenic bullet kit. MSCs were seeded in a 24-well plate at a
concentration of 8.4 x 10%/ml. The MSCs were fed every 2-3 days with fresh
adipogenic maintenance medium (Lonza, Poietics™) and then exposed to 3 cycles
of induction/maintenance adipogenic medium (Lonza, Poietics™), with each cycle
consisting of changing the medium every 3 days. Non-induced adipogenic controls
were given maintenance medium only for the duration of the culture period. After 3
cycles, the MSCs were left in culture for a further 7 days in adipogenic maintenance
medium, replacing the medium every 2-3 days. Differentiation was analysed by Oil
Red O visualization and quantification of lipid vacuoles in the induced cells as

described previously in section 2.2.4.

4.2.16 MSC Chondrogenesis

MSCs, previously incubated in suspension for 2 hours at 37°C, were pre-incubated
with 10pg/ml of RGD-streptavidin and then 10pg/ml of biotinylated antibody.
Controls with RGD-streptavidin and biotinylated antibody and MSCs alone were set
up. MSCs were induced to chondrogenic differentiation through pellet culture
following previous methods as described in section 2.2.4 and analysed by DMMB
for GAG analysis and Safranin O staining. Pellet images were taken using the Leica

DMLB upright microscope (brightfield) and QImaging (Retiga Exi) camera.

In an attempt to analyse the transient persistence of RGD-streptavidin during
chondrogenesis, MSCs pre-incubated with 10ug/ml of construct and controls were
subsequently placed in culture at a seeding density of 0.5 x 10%cm? with expansion
medium until confluent. MSCs cultured separately for each group were then
trypsinised and induced to chondrogenic differentiation through pellet culture as
described in section 2.2.4

4.2.17 Statistical Analysis

All values were expressed as the mean + standard deviation of the mean (SD).
Datasets were tested for significance using the two-way ANOVA as in previous
methods 2.2.9.
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4.3 Results

4.3.1 Porcine Cartilage Staining of the Polyclonal Collagen 2 3/4m

Immunohistochemical staining was performed on porcine cartilage sections with and
without collagenase digestion. Sections were incubated with biotinylated collagen 2
3/4m antibody, non-biotinylated collagen 2 3/4m antibody and a collagen type Il
antibody. Additionally, sections were stained with Safranin O stain and negative
controls were stained without antibody incubation (Figure 4.1). The biotinylated
collagen 2 3/4m antibody demonstrated superficial positive staining on sections
digested with collagenase for 1 hour (A) and non-superficial staining on non-
digested sections (F). The non-biotinylated collagen 2 3/4m antibody showed a
similar staining pattern on digested cartilage with higher signal intensity (B);
similarly, non-digested sections stained non-superficially (G). The collagen type 1l
antibody demonstrated a similar staining pattern on digested cartilage, comparable to
the polyclonal biotinylated and non-biotinylated collagen 2 3/4m antibody.
However, staining was less intense (C). Staining on non-digested cartilage showed
an intense, superficial staining pattern, different to that of the polyclonal biotinylated
and non-biotinylated collagen 2 3/4m antibody (H). Safranin O staining showed a
characteristic osteoarthritic cartilage staining pattern, the loss of GAGs superficially
with staining observed in the middle and deeper zones (D). Staining of non-digested
cartilage showed an intense stain, demonstrating maintenance of GAG (I). Negative
controls for both digested and non-digested cartilage showed no positive staining
(E,J).
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4.3.2 Collagen 2 3/4m Peptide Block on Degraded Cartilage

Immunohistochemical staining of the biotinylated collagen 2 3/4m antibody was
performed on porcine collagenase digested cartilage sections with or without
collagen 2 3/4m peptide blocking (Figure 4.2). Peptide blocking demonstrated no
positive antibody staining (A) with only minimal non-specific staining compared to
the negative control (C). Sections stained without peptide block showed a strong
positive staining pattern as observed previously (B). The negative control section

showed no signs of positive staining but artifactual staining was visible (C).

— —
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Figure 4.2: Specificity of the Polyclonal Collagen 2 3/4m Antibody

Porcine collagenase digested cartilage sections were blocked with the collagen 2
3/4m peptide prior to biotinylated collagen 2 3/4m antibody staining. Blocked
sections demonstrated no positive staining of antibody (A). Un-blocked sections
showed positive staining (B) and negative sections without antibody demonstrated

no staining (C). Scale bar, 250uM.
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4.3.3 Biotinylated Collagen 2 3/4m Antibody Staining on Porcine

Meniscus and Muscle

Immunohistochemical staining of the biotinylated collagen 2 3/4m antibody was
performed on porcine meniscus and muscle sections (Figure 4.3). Positive staining
was observed in small, specific areas on porcine meniscus (A), however, no positive
staining was evident on muscle sections as expected (C). Negative control sections,

without antibody incubation demonstrated no positive staining (B, D).
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Figure 4.3: Polyclonal Collagen 2 3/4m Antibody Staining of Meniscus and
Muscle

Porcine meniscus and muscle sections were immunostained with the biotinylated
collagen 2 3/4m antibody. Meniscus sections stained positively in small areas (A)
and muscle sections demonstrated an absence of positive staining (C). Negative

sections (B, D) showed no positive staining of antibody. Scale bar, 500uM.
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4.3.4 MSC Adhesion to Degraded Cartilage with the RGDStBADb

Construct and RGDSt: Fluorescence Imaging

MSC adhesion after incubation with varying concentrations of RGDStBAb construct
and RGDSt construct to the top surface of collagenase digested cartilage was
visualised fluorescently (Figure 4.4A). MSCs were labelled with cell tracker red and
sections mounted with DAPI nuclei stain, staining both MSCs and cartilage sections.
The MSC alone control (A, B) showed some adherence of cells to the cartilage
surface, but only in small isolated areas. MSCs pre-incubated with the lowest
concentration of RGDStBADb (5ug/ml), demonstrated the highest amount of adhered
MSCs that were consistently spread over the surface of the cartilage explant (C, D).
MSCs pre-incubated with 10pg/ml of RGDStBADb, showed an increase in adherence
over the 500ug/ml concentration and MSC alone control. However, adherence of
MSCs occurred as aggregations on the cartilage surface (E, F). The highest
concentration of RGDStBAb construct (500ug/ml) demonstrated the lowest
adherence of MSCs which was observed in small areas, but with an increase over
that of the MSC alone controls (G, H). MSC pre-incubation with the lowest
concentration of RGDSt (5ug/ml) demonstrated increased MSC adhesion, more
consistently spread across the surface of the cartilage (I, J). However, numbers of
MSCs adhered were lower than that of the 10ug/ml RGDSt concentration. MSCs
pre-incubated with RGDSt construct at a concentration of 10pg/ml also
demonstrated an increased adhesion of MSCs in aggregations at the surface of the
cartilage, higher than all other groups, but less than with 5ug/ml of the RGDStBADb
construct (K, L). All MSCs pre-incubated with either RGDStBAb or RGDSt alone
demonstrated overall, flatter adhered cell morphologies as compared to MSCs alone
that were rounder in shape. Observations of the entire explant for each treatment
group (Figure A, C, E, G, I, K) also show adherence of MSCs to the sides and
bottom of the explants, however only the articular top surface was analysed.
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Figure 4.4A: Fluorescence Analysis of MSC Adhesion to Degraded Cartilage

MSCs labelled fluorescently with cell tracker red, pre-incubated with RGDStBAb and RGDSt
constructs delivered to the degraded porcine cartilage surface were photographed and a mosaic image
of the entire explant was constructed (A, C, E, G, I, K). Adhered MSCs are shown as red with DAPI
labelling both chondrocytes and MSCs. MSCs alone showed a small amount of adherence to the
cartilage surface (A, B). A small increase in adherence compared to MSCs alone was shown with
500pg/ml of RGDStBADb construct (G, H). An increase in adherence was observed with both 5ug/ml
and 10pg/ml RGDStBAb construct (C-F, respectively), with an even spread of MSCs over the
cartilage surface for the 5ug/ml concentration (C, D). Both concentrations of RGDSt demonstrated
an increase in MSC adherence (I-L) with an even spread at 5ug/ml (I, J) compared to aggregated
MSCs observed using 10pg/ml (K, L). Scale bars, 0.5mm for A, C, E, G, | and K; 50uM for B, D, F,
H, Jand L.
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4.3.5 MSC Adhesion to Degraded Cartilage with the RGDStBADb
Construct and RGDSt: Stereology

A stereological analysis of cell number was performed for the top surface of
collagenase digested porcine cartilage explants cultured with MSCs for 20 minutes.
MSCs were pre-incubated with 5ug/ml, 10ug/ml or 500ug/ml of RGD-streptavidin
conjugate, followed by the same concentration of biotinylated collagen 2 3/4m
(RGDStBAb).  Additional controls included 5upg/ml or 10pg/ml of RGD-
streptavidin construct (RGDSt) and a count was also performed on MSCs alone
retained on the cartilage surface (Figure 4.4B). MSC adhesion was demonstrated in
small numbers by MSCs alone. Pre-incubation of MSCs with 5ug/ml of
RGDStBADb construct showed a significant increase of adhered MSCs compared to
MSCs alone. MSCs pre-incubated with 10pug/ml of RGDStBADb construct also
demonstrated an increase in MSC adhesion over MSCs alone at levels higher than
the 500ug/ml treated explants, where MSC adhesion was only slightly increased
over MSCs alone. Treatment of collagenase digested porcine cartilage explants with
10 or 500upg/ml construct was not statistically significant compared to the control
MSC alone group Pre-incubation of MSCs with concentrations of 5ug/ml or
10pg/ml RGD-streptavidin construct alone also demonstrated enhanced MSC

adhesion and similar to the 10pg/ml concentration of the RGDStBAb construct.
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Figure 4.4B: MSC Adhesion at the Degraded Cartilage Surface: Stereological
Analysis

MSCs labelled fluorescently with cell tracker red, pre-incubated with RGDStBAb
construct and delivered to the degraded porcine cartilage surface were quantified for
adherence by stereology. MSCs alone showed small amounts of adherence to the
degraded cartilage surface. MSCs pre-incubated with RGDStBAb construct
demonstrated enhanced adhesion with decreasing concentration. A statistically
significant increase was shown with RGDStBAb construct at a concentration of
5ug/ml compared to cells alone. MSCs pre-incubated with RGDSt demonstrated
enhanced adhesion, with 10pg/ml on average higher. Data is presented as the mean
+ SD of n=3 biological replicates, generated using triplicate measurements
*=p=<0.05.
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4.3.6 MSC Adhesion to Non-Degraded Cartilage with the
RGDStBAb Construct and RGDSt: Fluorescence Imaging

MSCs were pre-incubated with 5ug/ml concentrations of RGDStBAb and RGDSt
construct and adhesion to the top surface of non-degraded cartilage was visualised
by fluorescence (Figure 4.5A). MSCs were labelled with cell tracker red and
sections mounted with DAPI nuclei stain, staining both MSCs and cartilage sections.
MSCs alone, demonstrated very little adhesion to the non-degraded cartilage surface
(A, B). MSCs pre-incubated with RGDStBAb construct demonstrated comparable
adhesion to that of MSCs alone, with only a small increase in adhesion (C, D). Pre-
incubation of MSCs with RGDSt construct showed a higher number of adhered

MSCs in small aggregations (E, F).

Figure 4.5A: Fluorescence Analysis of MSC Adhesion to Non-Degraded Cartilage

MSC:s labelled fluorescently with cell tracker red, pre-incubated with 5ug/ml RGDStBAb construct
or RGDSt alone and delivered to the degraded porcine cartilage surface, were photographed at the
cartilage surface and a mosaic image of the entire explant was constructed (A, C, E). Adhered MSCs
are labelled red and DAPI nuclei stain labelled both chondrocytes and MSCs. MSCs alone showed a
small amount of adherence to the cartilage surface (A, B). A small increase in MSC adherence was
observed with the RGDStBAb construct (C, D) and the highest amount observed with the RGDSt
alone (E, F). Scale bars, 0.5mm for A, C and E; 50uM for B, D and F.
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4,37 MSC Adhesion to Non-Degraded Cartilage with the
RGDStBAb Construct and RGDSt: Stereology

A stereological cell count was performed on the top surface of non-degraded porcine
cartilage explants cultured with MSCs for 20 minutes. MSCs were pre-incubated
with 5ug/ml of RGDSt, followed by the same concentration of BAb (RGDStBAD).
Controls included 5ug/ml of RGDSt construct alone and a control of MSCs alone
(Figure 4.5B). MSCs alone demonstrated a small amount of adhesion (average
66.948/mm?), however this was much lower than previously seen on degraded
cartilage (average 226.1561/mm?). MSCs pre-incubated with 5ug/ml of RGDStBAb
construct demonstrated a non-significant increase in MSC adhesion over MSCs
alone, however still at lower levels compared to that on degraded cartilage. The
highest amount of MSC adhesion was observed on explants cultured with MSCs pre-
incubated with 5ug/ml of RGDSt construct. However, this increase was not

statistically significant over the MSC alone control.
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Figure 45B: MSC Adhesion at the Non-Degraded Cartilage Surface:
Stereological Analysis

MSCs labelled fluorescently with cell tracker red and pre-incubated with 5ug/ml
RGDStBADb construct or RGDSt alone were delivered to the non-degraded porcine
cartilage surface and quantified for adherence by stereology. MSCs alone showed a
small amount of adherence to the cartilage surface. A non-significant increase of
MSC adherence was shown with the RGDStBADb construct and a further increase
observed with RGDSt alone. Data is presented as the mean + SD of n=3 biological

replicates, generated using triplicate measurements.
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4.3.8 MSC Morphology after Binding of the RGDStBAb Construct

MSCs were pre-incubated with 5ug/ml of RAD-streptavidin (RADSt), RGDSt,
BADb, streptavidin (St), RGD alone or RGDStBAb. MSCs were then cultured in
monolayer and morphology observed at day 3 of culture (Figure 4.6). All MSCs
demonstrated the characteristic fibroblastic, spindle-shaped morphology, typical of
MSCs (A-G). It was observed that MSCs pre-incubated with RGDSt, BAb, RGDSt
alone and the RGDStBAD construct also demonstrated small aggregations of MSCs
(indicated by red arrows) (C, D, F, G).

Figure 4.6: MSC Morphology with RGDStBAb and Components in Monolayer
MSCs were pre-incubated with 5pug/ml RGDStBAb construct (G), RADSt (B),
RGDSt (C), BAb (D), St (E) and RGD (F) alone. An MSC alone control (A) was
included and cultured in monolayer for 3 days before photography. All MSCs

showed characteristic MSC fibroblastic morphology (A-G). MSCs pre-incubated
with RGDSt, BAb, RGD and RGDStBAb demonstrated small aggregations (C, D, F,
G respectively, red arrows). Scale bar 5S00uM.
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439 SEM Analysis of MSC Morphology Upon Adhesion to
Degraded Cartilage

MSCs were pre-incubated with 5ug/ml concentrations of RGDStBAb construct,
RGDSt and incubated with collagenase digested porcine cartilage explants for 20
minutes. An MSC alone control was included (Figure 4.7). Explants were fixed in
glutaraldehyde and analysed by SEM. MSCs alone (A-D) bound to the degraded
cartilage surface to a lesser extent (A) and demonstrated mostly a typical rounded
morphology (B-D) than MSCs incubated with the RGDStBAb construct (E-H). The
construct promoted binding of the MSCs (E) with bound cells demonstrating more
of a flattened, spread morphology on the cartilage surface (F-H). MSCs incubated
with RGDSt alone (I-L), also showed a higher number of adhered cells compared to
MSCs alone (I), a similar flattened morphology with MSCs adhered in aggregates
(J-L).

Images at higher magnification, (20um D, H, and L) demonstrated differences in
morphology of MSCs between groups. MSCs alone (D) demonstrated rounded
MSC morphology with some projections of pseudopodia and surface protein
projections. MSCs with RGDStBAb at higher magnification (H), showed more
pseudopodia/filapodia, suggesting enhanced MSC adhesion to the cartilage. Higher
magnification of MSCs incubated with RGDSt (L), also demonstrated surface
protein projections and increased pseudopodia/filapodia projections compared to
MSCs alone. Low magnification overviews (A, E, I) show that MSCs can also be
seen on the vertical sides of the biopsied tissue cylinder, adhering to the artificial cut

surface of the cartilage explant.

Higher magnification images (Figure 4.8), reveal all MSC surfaces showing proteins
(A-1) and some evidence of membrane blebbing (B, D). Pseudopodia attachment to
the articular surface was observed in MSCs alone (A-C), however MSCs incubated
with either RGDStBAD construct (D-F) or RGDSt (G-1) alone demonstrated more

surface proteins and pseudopodia.
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Figure 4.7: Analysis of MSC Adherence to Degraded Cartilage Explants with SEM
MSCs were pre-incubated with 5ug/ml with RGDStBAb or RGDSt alone and delivered to

collagenase digested porcine cartilage explants for 20 minutes and analysed by SEM. A range of
images at different magnifications are shown (A-L). Low magnification views of articular surface of
explants show a topical overview of numbers of MSCs bound, alone or with RGDStBAb or RGDSt
(A, E, I respectively). MSCs alone showed a predominantly rounded morphology at the articular
surface with fewer numbers bound compared to cells pre-treated with RGDStBAB and RGDSt (A-D).
MSCs incubated with RGDStBAb demonstrated a more flattened, spread morphology at the articular
surface with higher numbers bound (E-H). At higher magnification many filapodia/pseudopodia were
observed (H, red arrow). MSCs incubated with RGDSt demonstrated a flattened morphology with
higher numbers at the articular surface (I-L) and showed projections of many filapodia on adhered,
flattened MSCs (L). Scale bars, Imm for A, E and [; 100um for B; 200um for F and J; 50um for C;
40pum for G and K; 20um for D, H and L.
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Figure 4.8: MSC Surface Topography on Degraded Cartilage Explants with SEM
MSCs were pre-incubated with 5pg/ml with RGDStBAb or RGDSt alone and delivered to

collagenase digested porcine cartilage explants for 20 minutes and analysed by SEM. A range of

high magnification images are shown (A-1). All MSC surfaces show proteins (A-l) and some
evidence of membrane blebbing (B, D, red arrows). MSCs alone (A-C), showed some pseudopodia
attachment (red arrow head) to the articular surface. MSCs incubated with either RGDStBADb
construct (D-F) or RGDSt (G-I) alone demonstrate more surface proteins and pseudopodia. Scale
bars, 20um for A and G; 10um for D; 5um for B, E and H; 1um for C and F; 3um for 1.
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4.3.10 SEM Analysis of MSC Morphology Upon Adhesion to Non-
Degraded Cartilage

MSCs were pre-incubated with 5ug/ml concentrations of the RGDStBAb construct,
RGDSt and incubated with non-degraded porcine cartilage explants for 20 minutes.
A MSC alone control was also included (Figure 4.9). MSCs showed morphologies
similar to that of MSCs adhered to degraded cartilage; MSCs alone demonstrated a
rounded morphology (A) compared to the flattened, spread morphology that can be
seen of the MSCs over the articular surface when incubated with RGDStBAb
construct and RGDSt alone (B, C).

Figure 4.9: MSC Adherence to Non-Degraded Cartilage Explants with SEM
MSCs were pre-incubated with 5ug/ml with RGDStBAb or RGDSt alone and

delivered to non-degraded porcine cartilage explants for 20 minutes and analysed by
SEM. MSCs alone demonstrated a rounded morphology at the articular surface (A).
MSCs incubated with RGDStBAb demonstrated a mixed morphology of flattened
and rounded cells at the surface of the cartilage (B). In contrast MSCs incubated
with RGDSt showed a flattened, spread morphology over the articular surface (C).

Scale bars,50um.
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4.3.11 MSC Viability and Proliferation after Binding of the
RGDStBAb Construct

MSCs were pre-incubated with 5ug/ml and 10upg/ml concentrations of RGDS,
followed by the same concentrations of BAb (RGDStBAD) for 20 minutes and then
cultured in monolayer for 3 days. Controls included MSCs alone, RGDSt at 5ug/mi
and 10pg/ml and biotinylated antibody at 5pg/ml and 10upg/ml. Viability was
assessed by WST-1 assay and a PicoGreen assay for DNA concentration (Figure
4.10). MSCs pre-incubated with RGDStBAb and the separate components
demonstrated higher metabolic activity at all concentrations compared to MSCs
alone, however this was not statistically significant (A). Pre-incubations with both
concentrations of biotinylated antibody and RGDSt alone demonstrated highest
levels of metabolic activity over MSC alone control and RGDStBAb construct (A).
RGDSt incubation with MSCs at a concentration of 10ug/ml, showed the highest
amount of formazan production as compared to all other treatment groups, however,

this was not statistically significant.

MSCs alone demonstrated the highest concentration of DNA compared to all other
treatment groups but results were not statistically significant (B). Analysis of the
ratio of metabolic activity to DNA concentration (C), showed an increase in activity
of MSCs pre-incubated with RGDStBAb construct and separate components as
compared to the MSC alone control. RGDSt at a concentration of 10ug/ml again

demonstrated the highest metabolic activity (C).
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Figure 4.10: MSC Viability and Proliferation after Incubation with
RGDStBAb, RGDSt or BAb

MSCs were pre-incubated with 5 or 10ug/ml RGDStBAb, RGDSt or BADb,
cultured for 3 days in monolayer and analysed by WST-1 and PicoGreen
assays for viability and DNA content. All groups demonstrated non-
significant increases in metabolic activity per cell compared to MSCs alone
(C). MSCs incubated with BAb and RGDSt alone demonstrated highest
levels of metabolic activity (A). MSCs alone demonstrated a non-significant
higher concentration of DNA compared to treatment groups (B). Data is
presented as the mean = SD of n=3 biological replicates, generated using

triplicate measurements.
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4.3.12 MSC Osteogenesis after Pre-Incubation with the
RGDStBAb Construct

MSCs were pre-incubated with varying concentrations of RGDSt followed
by the same concentration of BAb (RGDStBAD) for a period of 20 minutes
each. MSCs were then plated and cultured in osteogenic medium for 21
days, after which calcium was analysed as a measure of mineralisation.
Controls were set up of RGDSt, BAb and MSCs alone (Figure 4.11B). Pre-
incubations of MSCs with RGDStBADb construct at concentrations of 5ug/mi,
10pg/ml and 500ug/ml demonstrated maintenance of osteogenic potential.
Calcium concentrations were comparable to the MSC alone control. Pre-
incubation of MSCs with the same concentrations of biotinylated antibody
alone demonstrated a trend of increased mineralisation. In contrast, pre-
incubation of MSCs with RGDSt construct alone at all three concentrations
showed a trend for a decrease in mineralisation, however these observations

were not statistically significant.

MSC mineralisation was also visually observed by Alizarin Red stain for
each treatment group (Figure 4.11A). MSCs alone cultured in osteogenic
medium for 21 days demonstrated red staining indicating mineralised
deposits (B) in contrast to the negative control where MSCs cultured in non-
osteogenic media demonstrated no staining (A). MSCs pre-incubated with
varying concentrations of RGDStBAb construct, 5ug/ml, 10ug/ml and
500ug/ml (C-E respectively), also demonstrated staining for mineralised
deposits comparable to that of the MSC alone positive control. MSCs pre-
incubated with biotinylated antibody alone at concentrations of 5ug/ml (F),
10pg/ml (G) and 500ug/ml (H) showed an increase in Alizarin Red staining
as compared to the MSC alone positive control. Concentrations of 5ug/ml
and 10pg/ml of antibody (F, G) demonstrated a visual increase in red
staining with the lowest concentration of 5ug/ml showing red staining
covering the entire culture (F). MSCs pre-incubated with RGDSt alone at
concentrations of 5pg/ml (1), 10ug/ml (J) and 500ug/ml (K) demonstrated a
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decrease in staining, showing a trend of reduced mineralisation correlating
with calcium content.

Figure 4.11A: MSC Osteogenesis after Incubation with RGDStBAD,
RGDSt or BAb

MSCs pre-incubated with different concentrations of RGDSt or BADb,
combined or separately were cultured to undergo osteogenesis for 21 days
and analysed by Alizarin Red stain. Negative controls showed an absence of
red staining of mineralised deposits (A). MSCs alone demonstrated positive
red staining of mineralised deposits (B). MSCs pre-incubated with
RGDStBAD construct at 5, 10 and 500ug/ml showed positive staining of
mineralised deposits (C-E respectively). MSCs pre-incubated with BAb at 5,
10, 500ug/ml showed increased positive staining of mineralisation (F-H
respectively). An evident visual increase in red staining was observed at 5
and 10ug/ml (F, G). MSCs pre-incubated with 5, 10 and 500ug/ml RGDSt
alone demonstrated visually lower amounts of positive red staining (I-K

respectively). Scale bar, 200uM.
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Figure 4.11B: MSC Osteogenesis after Incubation with RGDStBAD,
RGDSt or BAb

MSCs pre-incubated with 5, 10 or 500ug/ml RGDStBAb, RGDSt or BADb
were induced to undergo osteogenesis for 21 days and analysed by calcium
quantification. Osteogenesis was maintained in all treatment groups. A non-
significant increase in mineralisation was observed in cultures incubated with
all BAb concentrations. Data is presented as the mean + SD of n=3 biological

replicates, generated using triplicate measurements.
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4.3.13 MSC Adipogenesis after Pre-Incubation with the
RGDStBAb Construct

MSCs were pre-incubated with 5pg/ml, 10pg/ml  and  500ug/mi
concentrations of RGDSt, followed by the same concentration of BADb
(RGDStBAD) for a period of 20 minutes each and then induced to undergo
adipogenic differentiation. Controls were set up with RGDSt, BAb and
MSCs alone. Quantification of Oil Red O staining of lipid droplets
demonstrated a trend of a decrease in lipid accumulation in all treatment
groups as compared to the MSC alone control; this trend was not statistically
significant (Figure 4.12B). Oil Red O visualisation of lipid droplets in
adipogenic treatment cultures indicated maintenance of lipid droplet
accumulation in all treatment groups (Figure 4.12A, A-K). The negative
MSC alone control showed an absence of lipid vacuoles (A). MSC alone
positive control (B) demonstrated lipid accumulation. MSCs pre-incubated
with RGDStBAb at 10pg/ml showed lipid accumulation similar to that of the
MSC alone positive control (D) and a decrease was observed at 5ug/ml and
500ug/ml concentrations (C, E). Further decreases in lipid vacuoles were
observed with MSCs pre-incubated with all 3 concentrations of biotinylated
antibody and RGDSt construct (F-K).
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Figure 4.12A: MSC Adipogenesis after Incubation with RGDStBAD,
RGDSt or BAb

MSCs pre-incubated with 5, 10 or 500pg/ml RGDStBAD (C-E respectively),
RGDSt (F-H respectively) or BAb (I-K respectively) were cultured to
undergo adipogenesis and analysed by Oil Red O Staining of lipid droplets.
Negative control showed an absence of lipid droplets (A). Positive staining
was observed in the MSC alone control (B). Maintenance of adipogenesis
was observed in all treatment groups (C-K). Comparable lipid droplet
staining with MSC alone control was observed with MSCs incubated with
10pg/ml RGDStBAb (D). A visual decrease in lipid droplet staining was
observed in all other treatment groups and concentrations (C, E-K). Scale
bar, 200uM.
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Figure 4.12B: MSC Adipogenesis after Incubation with RGDStBAD,
RGDSt or BAb

MSCs pre-incubated with 5, 10 or 500ug/ml RGDStBAb, RGDSt or BADb,
were cultured to undergo adipogenesis and analysed by Oil Red O Staining
of lipid droplets. Quantification of Oil Red O staining demonstrated
maintenance of lipid droplet formation, showing a non-significant decrease
in all treatment groups compared to MSC alone control. Data is presented as
the mean £ SD of n=3 biological replicates, generated using triplicate

measurements.

4.3.14 MSC Chondrogenesis after Pre-Incubation with the
RGDStBADb Construct

MSCs were pre-incubated with 10ug/ml concentrations of RGDSt, followed
by 10ug/ml of BAb (RGDStBAD) for a period of 20 minutes each. Controls
of BAb, RGDSt and MSCs alone were included in the experiment. MSCs
were then induced to undergo chondrogenic differentiation by pellet culture
for 21 days. Analysis was performed by Safranin O staining and sulphated
GAGs quantified by DMMB assay normalised to DNA content per pellet and
represented as average fold change in GAG:DNA ratio (Figure 4.13A).
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There was a trend for a decrease in the average fold change of GAG:DNA
ratio of MSCs pre-incubated with RGDStBAb construct, RGDSt and BADb as
compared to the MSC alone control, however this was not statistically
significant (A). Safranin O staining of pellets demonstrated maintenance of
staining across groups, showing a visual reduction in staining for both
RGDStBAD construct and RGDSt alone (B-E).
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Figure 4.13A: MSC Chondrogenesis after Incubation with RGDStBAD,
RGDSt or BAb

MSCs pre-incubated with 10pg/ml concentrations of RGDStBAb, RGDSt or
BAb were cultured to undergo chondrogenesis for 21 days and analysed by
DMMB assay and Safranin O stain for GAG analysis. Chondrogenesis was
maintained in the presence of RGDStBAb, BAb and RGDSt alone (A-E).
Average fold change in GAG:DNA ratio was decreased non-significantly in
all treatment groups compared to MSC alone control (A). Pellet images
show comparable Safranin O staining of MSCs alone and BAb with a small
reduction in RGDStBAb and RGDSt (B-E, respectively). Data is presented
as the mean + SD of n=3 biological replicates, generated using triplicate

measurements.
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4.3.15 MSC Chondrogenesis after Pre-Incubation and Culture
with the RGDStBAb Construct

MSCs were pre-incubated with 10ug/ml concentrations of RGDSt, followed
by BAb (RGDStBADb) for a period of 20 minutes each. Controls of BAD,
RGDSt and MSCs alone were included in the experiment. MSCs were re-
plated and cultured until confluence and then induced to undergo
chondrogenic differentiation by pellet culture for 21 days (Figure 4.13B).
MSCs pre-incubated and cultured with RGDStBAb demonstrated
maintenance of chondrogenic potential as compared to the MSC alone
positive control.  Similarly, MSC pre-incubation and culture with
biotinylated antibody alone demonstrated maintenance of chondrogenic
potential, however revealing a non-significant reduction in GAG:DNA ratio.
MSCs pre-incubated and cultured with RGDSt alone demonstrated a
significant increase in average fold change in GAG:DNA ratio as compared
to the MSC alone control. Safranin O staining of pellets demonstrated
maintenance of GAG for MSCs pre-incubated with RGDStBAb construct
and BADb alone as compared to MSCs alone (B-D). An increase in Safranin
O staining of GAG was observed in pellets of MSCs incubated with RGDSt
alone as compared to MSC alone control (E).
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Figure 4.13B: MSC Chondrogenesis after Incubation and Culture with
RGDStBAb, RGDSt or BAb

MSCs pre-incubated with 10pg/ml concentrations of RGDStBAb, RGDSt or
BADb were re-plated until confluent and pelleted to undergo chondrogenesis
for 21 days. Pellets were analysed by DMMB assay and Safranin O stain for
GAG analysis. Average fold change in GAG:DNA ratio demonstrated
maintenance of chondrogenesis across all groups (A-E) with a-significant
increase in GAG observed with MSCs pre-incubated with RGDSt (A, E). A
non-significant decrease was observed with MSCs pre-incubated with BAb
alone (A). Data is presented as the mean + SD of n=3 biological replicates,

generated using triplicate measurements **=p<0.01.
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4.4 Discussion

The porcine explant model demonstrated a robust and reproducible method
of testing cell adhesion ex vivo; the coll 2 3/4m epitope was conserved in
porcine cartilage and the polyclonal coll 2 3/4m antibody was compatible
with the model. The RGDStBADb construct demonstrated significant
potential for enhancing MSC retention at the articular surface. Interestingly,
RGDSt alone also demonstrated its potential as a localisation method for
MSCs at the cartilage surface. However, this would be considered a less
specific technology. Importantly, the construct was biocompatible and non-
toxic with MSCs.  Adherence on plastic culture and on cartilage
demonstrated normal, viable, fibroblastic morphologies of MSCs, with the
potential for enhanced adherence, spreading and flattening on the articular
surface of MSCs localized with RGDStBAb and RGDSt constructs.
Proliferative potential was maintained, with an increase in metabolic activity
per cell. MSCs also maintained their osteogenic, chondrogenic and
adipogenic potential in the presence of the RGDStBAb construct and

individual components.

Due to the cost, time and source limitations associated with obtaining human
tissue, a readily available source of porcine tissue was instead used to design
and implement a set of experiments for testing the antibody-peptide construct
on a collagenase digested porcine explant model. Collagenases, are a
collection of enzymes specific to breaking the peptide bonds of collagen and
are often used for cell isolations from tissues (Atala and Lanza, 2002).
Collagenase was therefore chosen as the enzyme of choice for specifically
degrading the collagen on the porcine cartilage surface. The porcine explant
model could also be considered more reproducible over human tissue, as the
same treatment is applied to every explant and every donor. In addition, non-
digested tissue was used as a normal control whereas it was not possible to

source healthy human cartilage.
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The IBEX monoclonal collagen 2 3/4m antibody cross reacts with several
different species, including human (Hollander et al., 1995). Due to the
conservation of collagen across species (Boot-Handford et al., 2003; Huxley-
Jones et al., 2007), it was assumed that the collagen 2 3/4m epitope would
indeed be conserved in porcine cartilage after collagenase digestion. Testing
the polyclonal antibody on porcine cartilage sections was therefore a

requirement in order to proceed with the porcine explant model.

Immunostaining of the collagen 2 3/4m epitope demonstrated the
functionality of the polyclonal collagen 2 3/4m antibody on digested porcine
tissue and in contrast, non-digested sections showed its absence superficially.
There was staining observed in the deeper zones of the non-digested tissue
which may be attributed to background staining. Polyclonal antibodies are a
heterogenous mix that recognise many different antigenic epitopes (Lipman
et al., 2005). Due to the polyclonal nature of the collagen 2 3/4m antibody, it
is possible that within the mix of 1gGs there are also potential antibodies that
recognise elements of the collagen 2 3/4m epitope and account for some of

this background staining.

The difference in staining pattern and intensity between the biotinylated
polyclonal antibody and non-biotinylated polyclonal antibody on non-
digested cartilage suggested some staining is likely non-specific and again
possibly a consequence of the polyclonal nature of the antibody. The
biotinylated antibody showed stronger staining in areas either weakly stained
or where there was an absence of staining in the non-biotinylated antibody
section. It is possible also that biotinylation contributed to the non-specific
staining through a possible modification of antibody functionality (Bayer and
Wilchek, 1990; Diamandis and Christopoulos, 1991). However, this
background staining was not significant as there was an absence of stain
superficially in the non-digested sections compared to digested sections,
following the expected epitope staining pattern as previously seen (Figure
3.8). Human cartilage staining intensity was higher for the non-biotinylated

antibody, suggesting some partial loss of functionality by biotinylation.
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Comparison of the staining patterns of the collagen 2 3/4m polyclonal to the
collagen type Il antibody indicated intense superficial staining of collagen
type Il in non-digested sections and also in the deeper zones of the cartilage.
Weak superficial collagen type Il staining was in contrast observed in the
digested sections. These observations follow the pattern of degradation as
described by Hollander et al. where an early degradation of collagen Il
around chondrocytes was noted starting in the superficial and upper mid zone
and extending to the lower mid and deep zones with increasing degeneration.
Severely damaged matrix demonstrated deep fibrillation, accompanied by
loss of staining at the remaining articular cartilage surface, suggesting the
loss of the collagen epitopes (Hollander et al., 1995). The digested porcine
cartilage sections therefore, could be described as demonstrating moderate
levels of degeneration, since epitope staining is noted in the superficial and
upper mid-zones as seen in early to moderate stages of OA, but with more
severe degeneration there is a loss of staining at the articular surface,
accompanied with deep fissures and fibrillation (Hollander et al., 1995).

In an attempt to demonstrate the specificity and functionality of the
polyclonal collagen 2 3/4m antibody for the collagen 2 3/4m epitope on
porcine cartilage, the peptide sequence (Hollander et al., 1994) used to
produce the polyclonal antibody was used to block porcine digested sections.
The peptide successfully blocked the polyclonal collagen 2 3/4m antibody
with staining in sections comparable to that found in the absence of the

antibody.

In addition to demonstrating specificity of the antibody, staining for the
degraded cartilage epitope was also tested on two other tissues, meniscus and
muscle. Meniscus is a fibrocartilaginous tissue found adjacent to hyaline
cartilage and containing 75% collagen, including collagen type 11 (Brindle et
al.,, 2001). Muscle, a tissue of mesodermal origin is predominantly
composed of protein fibres, with a small proportion of collagen representing
just 1-2% found of the endomysium (Alberts et al., 1994). Positive
biotinylated antibody staining was observed within the porcine meniscus

sections, suggesting a staining due to the polyclonal nature of the antibody.
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Since the sections were not degraded it is likely that the antibody stained a
related epitope within the tissue as observed in non-digested cartilage
sections. No positive staining was observed in the muscle tissue as expected,
since the tissue contains very little collagen.

In an experiment localising MSCs to the surface of collagenase digested
porcine explants it was observed that the addition of the RGDStBAb
construct resulted in an increase in MSC adhesion with decreasing
concentration of the construct. This suggested that there was steric hindrance
or a ‘prozone effect’ (Butch, 2000) with the increased concentrations of
construct forming larger molecular complexes and the smaller concentrations
allowing better access to the antibody epitope on the cartilage and/or the
ability of the RGD peptide to bind to integrins on the MSCs. The RGDSt
alone conversely showed an opposite trend with increasing concentration of
RGDSt correlating with binding to MSCs. Chondrocytes are documented to
shed integrins into the extracellular matrix and other matrix molecules can
also bind RGD (Loeser, 2000; Ruoslahti, 1996; Schulze-Tanzil et al., 2001).
The increase in MSC adherence with increasing RGDSt concentration is a
possible result of either more RGD molecules bound to the surface of MSCs,
increasing the number of MSCs that are localised and/or an increased RGD
concentration was made available for enabling binding of the MSCs to the
cartilage. It was observed that MSCs also adhered to the sides and bottom of
the cartilage explants. These cut edges provide available ligands for the cells
to bind with or without antibody-peptide constructs. These surfaces were not
analysed stereologically since they were artificially produced and only the

original articular surface was of interest experimentally.

It was of interest to examine if MSCs would also localise to non-digested
cartilage further testing the specificity of the coll 2 3/4m antibody to
degraded cartilage. MSCs adhered alone to non-digested cartilage but in a
lower number compared to degraded cartilage. Similarly, as for digested
cartilage, an increase in adherence was observed with both the RGDStBAb
and RGDSt compared to MSCs alone. However, this binding was

considerably lower compared to the numbers of MSCs that adhered to
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degraded cartilage. In contrast to a ligand/epitope revealing the articular
surface that would be present on degraded cartilage, non-degraded cartilage
should possess little or no degraded epitopes and fewer available matrix
ligands for binding MSCs. The RGDSt demonstrated the highest number of
MSCs bound and was likely a consequence of RGD binding to integrins or
full length matrix molecules present in the cartilage matrix (Loeser, 2000;
Ruoslahti, 1996; Shakibaei et al., 1993; Shakibaei and Merker, 1999). The
RGDStBAD construct binding was dependent on the collagen 2 3/4m epitope
being present at the articular surface and in non-degraded cartilage the
epitope should not be evident as observed. It is possible that the RGDStBAb
incubated MSCs bound to the non-degraded cartilage via non-specific coll 2
3/4m antibody binding, but it is also possible that the RGDSt component

played a role in binding.

MSC morphology was examined as part of a series of steps to analyse MSC
potential in terms of proliferation, viability and differentiation after
incubation with the RGDStBAb construct and the various component
controls. Morphology was analysed in monolayer culture, demonstrating the
ability of cells to adhere to tissue culture plastic and maintain MSC
morphology. It was evident that the RGD peptide and BAb caused MSCs to
aggregate or cluster, as can be seen in the images of MSCs cultured with
RGDStBADb, BAb, RGDSt and RGD alone. However, the BAb would not be
expected to bind the MSC cell surface, but it is possible the antibody bound
either specifically to a surface molecule with sequence similarity to degraded
collagen type Il (Silva and Mooney, 2004) or non-specifically as a result of

biotinylation.

Furthermore, MSC morphology was analysed by SEM on cartilage explants
demonstrating MSC viability and morphological spread over the articular
surface. MSCs showed superior spread and a flattened, adhered morphology
when pre-incubated with both RGDStBADb and RGDSt constructs compared
to MSCs alone. This was evident in not only the shape of the cells but also
by the observation of many pseudopodia projections. This suggests that not
only do the RGDStBAb and RGDSt constructs have the advantage of
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enhancing the numbers of MSCs localised to the articular surface but
functionally they may induce MSC adherence and further cell activities such
as migration, signalling, proliferation and differentiation (Grzesiak et al.,
1997; Humphries et al., 2006; Khatayevich et al., 2010; Maheshwari et al.,
2000; Maheshwari et al., 1999; Ruoslahti, 1996; Vonwil et al., 2010).

MSCs pre-incubated with RGDSt and delivered to non-degraded cartilage
also demonstrated a flattened and spread morphology suggesting the peptide
was able to bind integrin receptors at the surface. The observed mixed
morphology of flat and rounded cells, with MSCs pre-incubated with the
RGDStBAD construct suggest an absence of the coll 2 3/4m epitope in the
non-degraded surface matrix and that binding was a possible result of RGDSt

binding through integrins or non-specific antibody binding.

MSCs pre-incubated with the RGDStBADb construct and its components
showed a trend for higher metabolic activity over cells alone. This was
possibly the result of the induction of internal cell-signalling activities as a
consequence of RGD peptide binding the MSC surface (Alberts et al., 1994;
Humphries et al., 2006). Although the BAb would not be expected to bind
the MSC surface, incubations with MSCs alone indicated a trend for an
increase in metabolism suggesting the antibody does in some way interact
with the cell to stimulate activity and supporting previous MSC aggregations
with BAb observed in culture. There was a trend for a decrease in DNA
content of wells containing MSCs pre-incubated with constructs. This was a
possible consequence of surface bound proteins reducing the numbers of

cells binding to tissue culture plastic.

Osteogenic analysis of MSCs pre-incubated with RGDStBAb combined or
separately demonstrated a maintenance of potential with observed increases
when MSCs were incubated with BADb alone as compared to MSC alone
controls. This again supports the possibility that the antibody alone also has
a functional role with the MSCs (Hall and Miyake, 2000; Sundelacruz and
Kaplan, 2009). Since results demonstrated no change in osteogenic potential

with RGDStBAb construct or RGDSt alone, this enhanced mineralization
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with BAb alone should not be a problem in vivo since BAb alone would not
be used and where also environment would play a large part in determining
MSC fate (Caplan, 2009b).

Adipogenic differentiation of MSCs pre-incubated with RGDStBADb
combined or separately demonstrated maintenance of adipogenic potential,
although a trend for a decrease in lipid droplet formation was observed, more
so when MSCs were cultured with BAb or RGDSt alone. Fibronectin has
been implicated in inhibiting adipocyte differentiation (Wang et al., 2010)
and Lin et al demonstrated that adipogenic phenotype was inhibited using
RGD-dependant disintegrins on primary cultured pre-adipocytes (Lin et al.,
2005). Therefore RGD MSC surface binding may have contributed to this
non-significant decrease in adipogenesis. MSC surface binding of the BAb

through a similar mechanism may also influence adipogenesis.

Chondrogenic differentiation of MSCs pre-incubated with RGDStBAb
combined or separately also demonstrated maintenance of differention,
although there was a trend for a decrease in GAG compared to the MSC
control. RGD is known to have a functional role in chondrogenesis and can
influence the process at different times, depending on the stages of
chondrogenesis and concentration (Mann and West, 2002). Contrasting
results have suggested that RGD plays a role in initiating chondrogenesis and
maintaining hMSC viability, however it appears that the persistence of this
molecule inhibits chondrogenic differentiation (Salinas and Anseth, 2008;
Salinas et al., 2007). Normally, fibronectin protein expression is regulated
during embryonic chondrogenesis; it is increased at condensation and
decreased in quantity during maturation (Salinas and Anseth, 2008;
Shakibaei et al., 1995). It is possible that the trend for a decrease in GAG
with MSCs pre-incubated with RGDStBAb and RGDSt correlates with
persistence of the molecule in the pellet, since the MSCs were pre-incubated
and immediately put into pellet culture (Shakibaei et al., 1995). An
explanation for the BADb alone effect is that in a similar mechanism,

persistence of this antibody at the MSC surface or in the medium might block
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cell interactions or medium and supplement infiltration required for

differentiation.

A further experiment was conducted to observe if the transient presence of
RGD was sufficient to increase chondrogenesis as has been reported in the
literature in cell seeded scaffolds (Re'em et al., 2010; Salinas and Anseth,
2008). Chondrogenic differentiation was analysed after MSCs were pre-
incubated with RGDStBAb combined or separately, placed back in culture
until confluent and then placed into pellet culture. Results demonstrated that
there was maintenance of differentiation potential for both RGDStBAb and
BADb alone, however there was a significant increase in GAG with MSCs
cultured with RGDSt alone. This suggested that the transient exposure of
RGDSt to the MSCs was potentially advantageous, allowing a period of time
for the cells to process the peptide prior to putting them into pellet culture.
Because RGD effects are also suggested to be concentration dependent a
future experiment following this would be to observe the effects of different
concentrations. Importantly, the RGDStBAb construct did not compromise
chondrogenic differentiation. The BAb alone showed a non-significant
decrease compared to MSCs alone, but as a control this would not be used

separately with MSCs in vivo.
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4.5 Conclusion

The antibody-peptide construct demonstrated non-toxicity with MSCs and
successfully enhanced the number of MSCs localized to the degraded
cartilage surface. In addition, the construct components alone revealed
interesting functionalities with the MSCs, suggesting further potential for the
construct beyond cell localisation. These results complement the novel
technology as a method of functional cell localisation, suggesting the
technology may be considered both a ‘bispecific’ and ‘bifunctional’
antibody-peptide (Kriangkum et al., 2001). Chapter 5 will discuss
limitations, refinements of in vitro experiments and further in vivo
experiments that would determine pre-clinical efficacy of the technology as
the next step in development.
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Chapter 5

Discussion
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5.1 Enhancing Cellular Retention

Cartilage tissue is a complex, avascular and zonal tissue that consequently
demonstrates an inability to repair itself (Aigner and McKenna, 2002;
Becerra et al., 2010). Despite containing progenitor cells within the surface
zone (Dowthwaite et al., 2004), the progressive loss of surface layers at the
degraded articular surface, contribute to a possible loss of potential for repair
(Archer et al., 2012). Although, osteoarthritic cartilage has since
demonstrated the presence of migratory progenitor cells that postulate self-
repair attempts and potential for therapeutic manipulation (Khan et al., 2009;
Koelling et al., 2009), the transplantation of progenitor cells remains an
attractive option with advantages over ACI, including availability and
expansion. It has been previously shown that MSC transplantation has
potential to slow the progression of OA, but that further efficacy was
possibly compromised by the insufficient retention of MSCs within the joint

and at the articular surface (Murphy et al., 2003).

The objective of this thesis was to design, demonstrate and validate ways to
enhance cellular retention, whether MSC, chondrocytes or cartilage
progenitor cells, at the diseased cartilage surface. Enhanced MSC retention
was demonstrated by two different methods using human and porcine ex vivo
models. One method made use of the natural adhesive properties of the
polysaccharide pullulan for coating cartilage prior to cell application. In a
second more designed approach, a construct consisting of antibody and
peptide was designed to pre-coat cells and target MSCs specifically to
degraded cartilage. The biocompatibility of both technologies with MSCs
was assessed, revealing additional functionalities that may enhance MSC

therapeutic potential.

168



5.2 Pullulan: A Bioadhesive for Increasing Cellular Retention
and the MSC Therapeutic Response

The use of pullulan as a bioadhesive for attaching MSCs to the cartilage
surface has the advantage of being an inexpensive, regulatory-favourable and
relatively straightforward method. The adhesive already has an established
history of use in both the food and medical industry highlighting the ease by
which this method could be introduced and used in the clinic (Leathers,
2003; Rekha and Sharma, 2007). The bioadhesive demonstrated potential for
enhancing cellular adhesion to cartilage. In addition to its intended use as a
localisation method, it also demonstrated many favourable properties that
would enhance MSC therapeutic potential. It showed an advantage for a
trend of increased cellular proliferation, further contributing to increased

numbers.

Pullulan incubation with MSCs showed a decrease in MSC surface receptor
phenotype over 7 days, although this is unlikely to be an issue in vivo where
the rapid solubility of pullulan would prevent persistence of the material. If
the solubility properties of the adhesive were modified for longer persistence,
then this decrease in surface receptor phenotype might need further
consideration, since it might suggest differentiation of the MSCs (Diaz-
Romero et al., 2005; Jin et al., 2009). Lee et al. reported the decrease in
expression of MSC surface markers including CD105, CD44 and CD90
when MSCs were subjected to chondrogenic differentiation in 3D alginate
cultures (Lee et al., 2009).

Differentiation was maintained in the presence of pullulan, even increased in
the case of osteogenesis. The osteogenic potential of MSCs with pullulan
may not be a concern if the correct environmental cues for chondrogenesis
are presented in vivo (Caplan, 2009b). However, the potential of pullulan to
influence mineralisation and hypertrophy, already existing in OA cartilage,
might require further analysis (Aigner and McKenna, 2002; Fuerst et al.,
2009; Horton et al., 2005). Further MSC surface receptor analysis revealed
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the presence of the Dectin-2 receptor on MSCs. The Dectin-2 receptor has
only previously been documented on immune cells and was shown
upregulated on MSCs in association with increasing pullulan concentration,
suggesting a potential for enhancing MSC immunosuppressive properties

through pullulan conditioning.

Limitations to the pullulan method of cellular retention include non-
specificity to cartilage. However, this lack of specificity could be overcome
by arthroscopic placement of the cell/bioadhesive construct in areas of
cartilage degradation or in the joint cavity. An in vivo study would be
valuable to show whether this strategy could be effective in enabling a MSC
therapeutic response, whether in contributing to cartilage repair by a direct
cartilage replacement or trophic effects. The non-specificity however,
provides a wider application for use of the bioadhesive in other tissue
engineering fields.  As previously described, pullulan has the advantage of
being a flexible adhesive that can be modified to tailor its application. A
cross-linked form of the adhesive might be more favourable to decrease
solubility and increase retention time within the joint and an option for future
in vivo studies (Autissier et al., 2007; Rekha and Sharma, 2007; Wong et al.,
2011). The presence of Dectin-2 receptor expression on MSCs suggests a
possible mechanism of action through which pullulan may elicit an
immunosuppressive response at the articular surface. To further explore a
possible pullulan immunosuppressive potential with MSCs through the
Dectin-2 receptor, a mixed lymphocyte reaction (MLR) experiment could be
used. In a further experiment, an antibody block of the Dectin-2 receptor and
MLR would confirm the suggested Dectin-2 receptor mechanism of action

for this response.

The use of a bioadhesive for targeting and retaining cells at the cartilage
surface and within the joint, is a novel approach in the cartilage field.
Pullulan provides many advantages as a unique cell adhesive, such as an
accessible route to the clinic, ease of application through arthroscopy,

biocompatibility and ease of modification. In addition, the bioadhesive

170



appears to beneficially influence the MSC response with the potential for

contributing to an environment suitable for repair.

5.3 RGDStBAb: An Antibody-Peptide Construct for
Enhancing Cellular Retention and MSC Adhesive Properties

Antibody and peptide therapeutics represent a significant element of current
clinical trials, most of which concentrate on the field of cancer therapy
(Carlson et al., 2007; Kriangkum et al., 2001). There are fewer examples
within the regenerative medicine field, but it has been demonstrated that the
specific localisation of cells efficiently enhanced cell delivery and retention,
contributing to repair efficacy (Dennis et al., 2004; Ko et al., 2010; Lee et
al., 2007; Lum et al., 2004).

The antibody-peptide construct in contrast to the bioadhesive method of
localising cells is designed to be specific to degraded cartilage, consisting of
an antibody recognising the coll 2 3/4m epitope in degraded cartilage and an
RGD peptide that binds integrin receptors on delivered cells. The
RGDStBAD construct demonstrated enhanced adhesion of cells compared to
MSC alone control and showed biocompatibility as shown by viability,
differentiation and proliferation of MSCs pre-incubated with the construct
and individual components. The non-specific RGDSt peptide alone also
demonstrated enhanced retention of MSCs at the cartilage surface, providing
another method of localising cells, with a wider application. Additionally,
localising solely with the RGD peptide might have potential in the cartilage
field due to its positive influences on chondrogenesis (Jeschke et al., 2002;
Salinas and Anseth, 2008; You et al., 2011). Pre-incubation and culture of
MSCs with RGDSt prior to chondrogenic culture demonstrated significant
increased GAG compared to MSCs alone.

The construct has the advantage of localising MSCs specifically to the
cartilage, avoiding unwanted retention elsewhere in the joint. However,

specificity of the construct needs to be demonstrated in vivo. It remains to be
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shown if efficacy is compromised by cell retention elsewhere in the joint
such as the meniscus or synovium (Caplan, 2009b; Wagers and Weissman,
2004). If MSCs exert a response by trophic factor release, then direct
attachment to the cartilage itself might not be necessary. Indeed results
demonstrated that collagen 2 3/4m antibody staining was found in meniscus
tissue, possibly owing to the polyclonal nature of the collagen 2 3/4m
antibody. Meniscus contains 98% type | collagen (Sun et al., 2012).
However it also has small amounts of collagen type I, thus it is possible that
the epitope is recognised, even when the porcine menisci analysed was not
visibly degraded (Brindle et al., 2001).

The observed staining of the meniscus suggests that the construct also has
applicability for meniscus repair. OA is a disease of the whole joint including
the menisci (Sun et al., 2012). Grades of meniscal tears have been shown to
be correlated with the severity of cartilage lesions and changes in OA
meniscal cell expression compared to normal suggests menisci may be
actively involved in the OA disease process (Pabbruwe et al., 2010; Sun et
al., 2012). Meniscal tears that are located within the avascular regions have
been shown to have a limited capacity for repair, suggesting a cellular
therapy could be an attractive option for meniscal repair. Pabbruwe et al,
demonstrated the integration of meniscal interfaces through an MSC-seeded
collagen membrane (Pabbruwe et al., 2010). In a similar approach, through
application of the construct, where even a different antibody more specific
for menisci may be applied, the enhanced retention of MSCs at a meniscal
tear may contribute to repair efficacy and prevent further degeneration of the

joint.

An observational, qualitative approach was used to assess the RGDStBADb
construct binding to the cell surface in chapter 3. Ideally a quantitative
method would have been advantageous in order to assess the number of
constructs binding the MSC surface at one time. Unsuccessful attempts were
made using flow cytometry and a cell-based ELISA approach to address this
question (O'Kennedy and Reading, 1990; Repp et al., 2003). One method

that might have provided valuable data is surface plasmon resonance (SPR)
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to establish binding coefficients of the construct with MSCs (Leonard et al.,
2004). This would have provided robust quantitative information but was
beyond the scope of the current project; however, this application may be

valuable for future validation.

The stereological approach to quantifying MSCs on the cartilage surface was
developed to allow a 3D measure of cells across the surface (Curtin, 2009;
Garcia et al., 2007). Within this project, refinements of this method were
made to eliminate subjectivity and aid identification of delivered MSCs to
the cartilage surface by labelling MSCs with PKH26 or cell tracker red
fluorescence. Additionally, using Image J to manually count cells reduced
duplicates of counts. In chapter 4, bias was also eliminated through assisted

relabelling of images and randomisation.

The RGD component of the antibody-peptide construct naturally causes cell-
cell adherence. RGDSt bound to one cell, encompassing more than one
RGD available sequence will then bind to integrin receptors of another cell.
RGD binding to integrin receptors also stimulates an increase in integrin
expression, further amplifying the process (Humphries et al., 2006;
Ruoslahti, 1996). The two-step incubation used also enables this cell-cell
adherence. RGDSt is incubated alone first with MSCs to enable efficient
binding of RGD to the MSC surface prior to the addition of the biotinylated
antibody. In vitro, this cell-cell adherence did not appear to restrict the
efficiency of the RGDStBAb construct and likely contributed to increasing
the numbers of cells retained. Conversely, cell-cell adherence may have also
limited individual cell binding, where cell retention was dependant on only a
few cells bound to the cartilage. It will be interesting to observe whether this
cell-cell adherence will have any adverse effects for cellular delivery in vivo.
Additionally, whether direct cell adherence to cartilage is required or whether
indirect increased cellular retention through cell-cell contact and trophic

release is sufficient for repair will need to be elucidated in vivo.

Potential future in vitro experiments that will provide additional information

on the binding nature of the construct may include an RGD peptide block on
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the cartilage explant prior to addition of the construct. This will provide
information on the role the RGDSt plays as part of the construct in binding to
the cartilage. Further analysis of the specific nature of the antibody might be
elucidated by performing a stereological count of MSCs binding to explants
of other tissues such as meniscus and muscle. Further, an alternative MSC
retention method may be achieved by pre-incubating the cartilage explants
first with the coll 2 3/4m antibody, followed by an application of MSCs
incubated with RGDSt.

An antibody-peptide construct was tailored for application to degraded
articular cartilage as a method of enhancing MSC retention at the diseased
tissue. In a previous study of antibody targeting for cartilage repair, Dennis
et al. targeted chondrocytes through antibody linked protein G (Dennis et al.,
2004). Thus, the antibody-peptide construct is a unique example of a
construct with not only bispecific potential, but also an example for
localising MSCs to degraded cartilage. The use of an RGD peptide provides
a construct with a wide application to other cell types and further, linkage
through a streptavidin/biotin bridge allows the flexibility of any biotinylated
antibody specific to the target tissue to be used. The construct also provides
possible functionality through the RGD peptide, shown to influence MSC
adhesion and differentiation. Experiments demonstrated biocompatibility of
the construct with MSCs, further highlighting the potential of the designed

construct as a regenerative tool.

5.4 Regulatory Aspects for Clinical Translation

An important aspect of any applied research is to consider how the
technology might be applied in the clinical setting. This would be a
requirement in the initial design of a therapy, since for example, designing a
method of localising cells that then has to be later modified significantly to
adapt to a clinical setting would be both time consuming and costly.
Additionally, the new technology will need to demonstrate superiority over

the clinical standard in order to have a place within the clinic. The current

174



clinical standard for cartilage being microfracture, suggests that any new
therapy that requires regulatory approval and higher cost will inevitably need

to demonstrate superior efficacy.

With an aim of an easy route to market technology, pullulan was chosen as a
suitable bioadhesive to investigate for clinical translation, based on its history
of safe use and FDA approval for a variety of applications within the
pharmaceutical and food industry (Coviello et al., 2007; Leathers, 2003;
Rekha and Sharma, 2007). The simple arthroscopic application of pullulan
to cartilage as an adhesive, also suggests how close the material could be to
clinical translation. In vivo studies will confirm retention time of the material
within the joint and whether further modifications to the material need to be
made. There are many examples of modified pullulan currently being tested
and depending on the modification, should not add significantly to the
regulatory route (Akiyoshi et al., 1998; Autissier et al., 2007; Bae et al.,
2011; Bruneel and Schacht, 1995; Coviello et al., 2007; Wong et al., 2011).

As part of the design specifications of the antibody-peptide construct, a less
complex regulatory route was favourable where possible. Delivery of a cell
therapy alone for cartilage has a regulatory route, defined by FDA criteria of
‘minimally manipulated vs. more than minimal manipulation’ (Centeno and
Faulkner, 2011). The addition of a further biologic in the form of an
antibody-peptide construct, adds an additional regulatory challenge,
extending to a definition of a ‘therapeutic biological product’ (FDA, 2009).
A first requirement for any biologic is for biocompatibility, already
demonstrated in vitro with MSCs; subsequently, this would be followed by

biocompatibility with cartilage and the synovial joint in vivo.

The development and design of the antibody-peptide construct highlights the
limitations that arise in terms of regulatory hurdles with more complex
design (Bulman et al., 2012). The combined components of the current
RGDStBADb design would need regulatory consideration for future
application. The RGD peptide is currently in use in various forms in clinical
trials (Haubner et al., 2001; Schafer, 1996), e.g. delta-24-RGD is a current
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biologic in clinical trials for treatment of recurrent gliomas (clinicaltrials.gov,
2013). Similarly, the streptavidin-biotin interaction has also been employed
in clinical trials. In a phase Il trial, streptavidin-conjugated NRLU-10 mAB
(NR-LU-10 recognising an antigen on epithelial tumours) was administered
and localised to tumours, followed by administration of yttrium-90-biotin
(Chivers et al., 2011; Grana et al., 2002; Knox et al., 2000). Encouraging
clinical trial results for both RGD and streptavidin-biotin for cancer
therapeutics suggest their potential use in developing a cartilage treatment.

To remove the use of a chemical linker for conjugating streptavidin to RGD,
it is possible that a genetic engineering or ‘recombinant’ approach could be
used, creating a streptavidin molecule engineered/fused with RGD (Carter,
2001; Cloutier et al., 2000; Dubel et al., 1995; Kipriyanov et al., 1995).
However, chemical crosslinking has been used in clinical trials for bispecific
antibody constructs (Doppalapudi et al., 2010; Repp et al., 2003). The coll 2
3/4m antibody to date has only been used for in vitro diagnostic testing

(Hollander et al., 1994) and has no prior testing in vivo.

Based on the current literature and clinical trials, the current antibody-peptide
design is already potentially clinically acceptable. Since the bioadhesive
approach is currently not specific to cartilage, the more complex antibody-
peptide design with targeting specificity may ultimately be more effective.
As for other areas of research, such as cancer therapeutics, the cartilage field
might also require more complex technologies such as these for efficacy.
Cartilage is a multicomplex, organised tissue that currently has no treatment
that results in hyaline cartilage. Traditional regenerative therapies, such as
application of a cell-seeded scaffold, have been shown to date to not provide
the requirements for efficacy (Brittberg, 2008; Gudas et al., 2005; Iwasa et
al., 2009; Knutsen et al., 2007). It is therefore important to look to other
fields for ideas to develop and advance the state of the art within the cartilage
field (Bulman et al., 2012; Carlson et al., 2007; Dinauer et al., 2005; Janssen
et al., 2002; Lum et al., 2005). This will consequently encompass more

regulatory challenges and hurdles that need to be accepted and overcome by
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not only the governing regulatory bodies but also researchers in the field
(Bulman et al., 2012; Mason, 2005).

5.5 Conclusion

Pullulan, the RGDStBADb targeting construct and RGDSt alone demonstrated
methods of enhancing MSC adhesion to degraded cartilage, including
biocompatibility and beneficial functional responses. Both pullulan and
RGDSt may be applied for enhancing cellular retention in any context, with a
possible easier regulatory and cost route to market. However, for specificity

a tailored construct like the RGDStBAb would be a more attractive choice.

5.6 Future In Vivo Experiments

A next-step for the approaches discussed for localising MSCs to cartilage, is
to assess not only retention and specificity in vivo, but also efficacy and
toxicity of the MSCs in combination with the technologies. The ex vivo
explant model was appropriate for observing cell retention. Under the
dynamic conditions created by a rocking platform and only a small explant
surface area, MSCs demonstrated an enhanced binding with the various
localisation technologies compared to MSCs alone, suggesting the superior

potential of the technologies tested.

In previous explant culture experiments using a human explant model system
with MSCs, it was reported that chondrogenic matrix deposition was evident
after 14 days in chondrogenic culture media (Curtin, 2009). However,
limitations to an ex vivo model include an absence of external load naturally
found in vivo that also influence the cartilage repair process and further
environmental cues not present within in vitro culture (Smith, 2007). Due to
limitations in studying efficacy ex vivo, an in vivo model would be more
suitable, providing the external influences that are absent in an artificial
environment. Although, in vitro models of mechanical load have also been
developed (Buschmann et al., 1999; Parkkinen et al., 1992; Smith, 2007), an
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in vivo study would provide more value, with the ideal environmental

conditions for demonstrating efficacy.

5.7 In Vivo in a Mouse Model

For preliminary screening of new therapies, mice are considered to be an
ideal pre-clinical model due to the low costs, maintenance and space required
for keeping them over larger species (Chu et al., 2010; Glasson et al., 2007).
Transgenic mouse models of OA exist that are usually characterised by a set
of specific symptoms and do not always represent the general and
progressive disease process of OA (Glasson et al., 2007; Glasson et al.,
2008). Surgical models are therefore favoured since they can replicate the
clinical situation of starting from a single lesion within the joint and
progressing to OA (Glasson et al., 2007).

Glasson et al. performed anterior cruciate ligament transection (ACLT) and
destabilisation of the medial meniscus (DMM) in 129/SvEv mouse knee
joints. The ACLT procedure demonstrated severe OA with subchondral
bone erosion and required high surgical proficiency in the mouse model,
inducing too severe/end stage OA not suitable for a pre-clinical model. The
less invasive procedure of DMM, resulted in lesions on the weight-bearing
regions of the medial tibial plateau and femoral condyles and progressed
from mild to severe over a period of 8 weeks post-surgery (Glasson et al.,
2007). The location and severity of the lesions following DMM surgery
were consistent with those observed in aged spontaneous mouse models of
OA, however, the DMM model is considered to be more consistent than
spontaneous OA models such as the STR/ort model (Glasson et al., 2007;
Glasson et al., 2008).

In a future study, the DMM mouse model could be used for demonstrating
MSC localisation and efficacy to the degraded cartilage (Cullen, 2010).
Despite some studies showing tolerance of hMSCs in mice (Mansilla et al.,
2005), it would be envisaged that the DMM mouse model would be
performed in a nude mouse model with the use of human MSCs for long

178



term study of MSC retention. Alternatively, murine MSCs may be used in a
non-nude DMM model.

One of the main issues in cell transplantation is locating the destination of
infused cells (Allers et al., 2004). An in vivo analysis of the number of
MSCs retained within the cartilage, with and without the localisation
methods using pullulan, RGDSt or RGDStBADb, their functional contribution
to the repair of the tissue and efficacy of repair would be of interest to
evaluate and compare. Cells may be fluorescently tracked in vivo to assess
both retention and contribution to newly formed tissue. In addition,
biocompatibility of the localisation methods with the cartilage tissue and
within the synovial joint as a whole will be demonstrated.

5.8 The Future of Cartilage Repair

Owing to the complexity of articular cartilage in terms of graded zonality and
hierarchical organisation, it is likely that combinatorial therapeutic
approaches are required for efficacious repair (Bulman et al., 2012). Often
the simplest and most regulatory favourable idea is favoured with a quick
route to market over more complex technologies; however to repair cartilage,
it may be that the complex idea is the most suitable and efficacious. Future
repair strategies for cartilage must consider the mechanical properties and
biological functions of native cartilage. Current strategies lack some of the
required properties and thus combining approaches might provide the most

suitable repair interface (Bulman et al., 2012).

It will be valuable for future cartilage studies to consider cellular retention,
within the three basic elements of tissue engineering, whether it is through
native progenitor infiltration into scaffolds encompassing a retention method
or through transplanted progenitors localised and/or encapsulated within
materials. Whether through increasing cell numbers retained at a surface of
repair by localisation methods, an increase in either cellular building blocks

and/or trophic factor release, increasing native progenitor tissue repair will
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improve the current lack of cellular engraftment and completion of repair
within a cartilage defect or scaffold. In addition, through specificity of
localisation, repair might be tailored through an organisational approach.
Cells might be placed or orientated through antibodies or peptides according
to the tissue hierarchy (Bulman et al., 2012; Klein et al., 2009; Nguyen et al.,
2011) or functional peptides might be used to determine and control the
transplanted, native progenitor or tissue differentiation and response
(Grzesiak et al., 1997; Hubbell, 2003; Jeschke et al., 2002; Khatayevich et
al., 2010; You et al., 2011).
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