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ABSTRACT
Osteoarthritis (OA) is a degenerative disease characterized by loss of articular
cartilage, synovial inflammation and bone remodelling. Due to the low cellularity
and avascular nature of articular cartilage it does not spontaneously repair.
Mesenchymal stem cells (MSCs) are a potential therapeutic for cartilage
regeneration, with delivery of MSCs shown to slow the progression of cartilage
degradation. Yet our understanding of the mechanism of action remains unclear.
Further to this, loss of transplanted cells from the desired site remains a key
biological obstacle. It is now recognised that the synovial joint environment
contains tissue-specific progenitor cells, activation of which would signify an
additional treatment approach by initiating an endogenous repair programme.

Given that biomaterials, such as microspheres have been used as model delivery
system to enhance MSC differentiation and also recruit endogenous cells for repair,
the first aim was to investigate the use of Hyaluronan (HA) microspheres as growth
factor delivery vehicles for in situ differentiation of hMSCs and assess whether
functionalization of these microspheres with an antibody to a degraded cartilage
epitope would enable specific targeting to OA cartilage. Secondly, the presence of a
mesenchyme progenitor cell within the joint was investigated using a Prx1-CreERT2;
R26LacZ mouse model. Prx1 is a paired-class homeobox gene that is expressed in
undifferentiated limb bud mesenchyme that gives rise to all mesenchymal cell
populations, including osteo-chondroprogenitors. Additionally, the fate and
biological behaviour of mesenchyme progenitor cells, isolated from foetal limb buds
at embryonic stage 11.5 (E11.5) on delivery into OA knee joints was investigated.
Specifically, localization and persistence of these cells were assessed and the affects
they had on catabolic and anabolic gene expression was analysed.

XVII

In vitro/ex-vivo results support the use of transforming growth factor beta-3 (TGFβ3)-loaded HA microspheres for in situ differentiation of hMSCs. Furthermore,
antibody functionalization of HA microspheres enabled localization to human OA
cartilage in an ex-vivo model system. With regards to the presence of a progenitor
population, lineage tracing of Prx1-CreERT2; R26LacZ cells from 2, 4, 6 and 12 week
old animals identified Prx1-positive cells in locations consistent with stem cell
niches. Furthermore, following intra-articular injection of E11.5 mesenchyme
progenitor cells, cells homed to sites previously identified as stem cell niche areas
and elicited a paracrine anti-inflammatory effect.

These findings indicate that HA microspheres could be utilized as targeted growth
factor reservoirs for the differentiation of exogenously delivered MSC/progenitor
cells or coupled with other bioactive compounds could potentially recruit
endogenous progenitor cells for repair, such as the Prx1 expressing cells identified.
Furthermore, we confirmed an anti-inflammatory role of mesenchyme progenitor
cells within an OA joint environment.
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CHAPTER 1

INTRODUCTION

Sections of this chapter have been previously published:
Ansboro, S., Greiser, U., Barry, F., & Murphy, M. (2012) Strategies for improved
targeting of therapeutic cells: implications for tissue repair. European cells &
materials, 23, 310.

Chapter 1

1.1 Osteoarthritis
The synovial joint is a complex and intricate organ that permits almost frictionless
articulation with free movement. It is composed of several specialised tissue types
including articular cartilage, synovium, subchondral bone, menisci and ligaments.
These tissues all play critical roles in the maintenance of a healthy, functioning
joint. Osteoarthritis (OA) is one of the most common forms of arthritis and can be
characterised in part by the progressive degeneration of the synovial joint (Figure
1.1). Features include changes to the morphology, composition and mechanical
properties of not just articular cartilage and its extracellular matrix but all the
tissues of the joint (Guilak, 2011). Given its complex nature, early diagnosis and
treatment is often challenging (Goldring and Goldring, 2007). As a consequence,
late diagnosis of OA is common, by which stage the only treatment option available
is a total joint replacement. In Ireland, it is estimated that almost 750,000
individuals are affected by some form of arthritis, the majority suffering from OA.
This equates to 1 in 6 people in the Irish population (Arthritis Ireland, 2009). It is
estimated that 20% of people in Europe and the US will suffer from OA by 2030.
With increasing costs associated with devices, medicines, surgery and time off
work, the burden to worldwide health systems is reaching a healthcare crisis
(Becerra et al., 2010)(WHO web link).

Figure 1.1: Degenerative changes that occur during OA
3
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In contrast to the previously conceived idea that OA is a disease solely due to wear
and tear, in reality it is multifactorial (Weiss and Jurmain, 2007); aging, genetics and
joint inflammation all play a role in the onset and/or progression of the disease
(Loeser, 2006, Berenbaum, 2013, Panoutsopoulou and Zeggini, 2013). With aging,
the prevalence of OA reaches as high as 80% after the age 75 (Arden and Nevitt,
2006). The aging process leaves cartilage weaker and with lower tensile strength. In
addition, the metabolic activity of the cell is altered with chondrocyte senescence
attributing to these effects (Loeser, 2013). Age-related changes occurring in joint
tissues besides articular cartilage, such as menisci (Pauli et al., 2011) and ligaments
have also been suggested to contribute to the pathology of OA (Hasegawa et al.,
2012, Levy et al., 2013). Although the genetic link to the disease is regarded as
strong, there are only 11 known susceptibility loci identified in European
populations, with the most recent published by the arcOGEN consortium (arcOgen,
2012). Inherited mutations in the loci of the growth and differentiation factor 5
(gdf5) gene, which plays a critical role in the developmental process of the knee, is
just one such example which links genetics to OA development (Pan et al., 2014,
Evangelou et al., 2009). More recently, epigenetic dysregulation has been
implicated (Barter et al., 2012); in particular modifications to DNA methylation at
CpG sites (Rushton et al., 2014).

Although not traditionally considered an inflammatory disease, joint swelling and
pain, both features of an inflammatory state, are present in OA (Hill et al., 2007, de
Lange-Brokaar et al., 2015). It is now widely accepted that synovial inflammation is
a component of OA, with prevalence and severity increasing with advancing disease
states (Scanzello and Goldring, 2012). Studies both in vitro and in vivo have
demonstrated that interleukin (IL)-1 and tumour necrosis factor (TNF)-α are the
predominant pro-inflammatory and catabolic cytokines involved in the initiation
and progression of articular cartilage destruction in OA (Goldring, 2001). Cytokine
expression is thought to be regulated by several cell types, including synoviocytes
and infiltrating inflammatory cells, such as macrophages (Bondeson et al., 2006)
and lymphocytes (Sakkas and Platsoucas, 2007). These cytokines stimulate
4
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chondrocytes to produce enzymes such as matrix metalloproteinases (MMPs),
which in turn degrade matrix proteins and collagens (Goldring et al., 2011). The role
of toll-like receptors and their ligands in addition to the complement cascade have
also been shown to play a part in synovial inflammation (Wang et al., 2011, Nair et
al., 2012). Given the significant role that inflammation and associated cytokines
have on the joint environment in OA, this will undoubtedly have an effect on
treatment options and must be taken into consideration.

1.2 Current treatment strategies for OA and cartilage regeneration
Currently, no biological treatment strategy is available to induce efficacious healing
of articular cartilage lesions in OA. Treatments available consist principally of
analgesic agents and viscosupplements, and address symptoms such as joint pain,
which is a common concomitant feature of OA (Malfait and Schnitzer, 2013).
Interventional

approaches,

including

surgical

procedures,

have

become

commonplace since the 50’s when Pridie first noticed that articular cartilage
derived nutrients from the underlying bone and that drilling into sclerotic bone
areas in OA patients promoted the formation of smooth fibro-cartilage over the
surface (Pridie and Gordon, 1959). Now referred to as microdrilling, this technique
involves drilling multiple holes into the bone plate, trabeculae and marrow spaces
which encourages spontaneous repair by stimulating bleeding from the
subchondral bone and subsequent blood clot formation (Steadman et al., 2001).
Although the repair response is successful, the tissue formed is unstable and often
fibrous in nature (Insall, 1967). Another technique, referred to as autologouschondrocyte implantation (ACI) is a procedure whereby a biopsy of healthy articular
cartilage is harvested from a non-load bearing location of the diseased or injured
joint and digested to release a cell population of chondrocytes. These chondrocytes
are subsequently expanded and introduced back into the defect and secured in
place by a periosteal flap (Brittberg et al., 1994). Matrix-induced autologous
chondrocyte implantation (MACI), is a modification of the ACI method;
chondrocytes are embedded in a matrix (usually hyaluronan (HA) or collagen5
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based), securing them in place and obviating the need for the periosteal flap (Jones
et al., 2008a). ACI and MACI are considered costly practices given that they require
two invasive procedures in addition to ex vivo culture of isolated chondrocytes.
Moreover, harvesting the healthy tissue necessitates the creation of further lesions,
which is undesirable. Although the above approaches to articular cartilage repair
are clinical realities, alternative means to tackle this problem are under
investigation. Tissue engineering is one such strategy, which encompasses all the
essential building blocks required for tissue regeneration including cells, signalling
molecules and biomimetic scaffolds (Johnstone et al., 2013).

1.3 Cell therapies for the treatment of OA and cartilage defects
Mesenchymal stem or stromal cells (MSCs), originally identified in bone marrow,
are multipotent adult stem cells capable of self-renewal and differentiation
(Friedenstein et al., 1970). Although originally thought to be restricted to bone
marrow, MSCs have been isolated from trabecular bone (Nöth et al., 2002), adipose
tissue (Yoshimura et al., 2006), synovium (De Bari et al., 2001b), skeletal muscle and
cord blood (Wagner et al., 2005). They have the capacity to differentiate into cells
of connective tissue lineages including bone, fat and cartilage (Pittenger et al.,
1999). Therapeutic benefits of MSCs have been attributed to their activation by
signals from injured tissue and in turn either modulating the immune response,
promoting host cell survival, and/or activating and recruiting endogenous tissue
progenitor cells to the site of injury. More recently, it has been suggested that
these activated MSCs can also respond by releasing microvesicles that transfer
micro-RNAs and even mitochondria to other cells which in turn may elicit the
beneficial effects (Lai et al., 2011).

MSCs are possibly the most utilized cell type for articular cartilage regeneration,
owing to their accessibility, ability for self-renewal and capacity for chondrogenesis
under suitable conditions. They have been shown to easily undergo chondrogenesis
under several conditions in vitro including cell aggregates (Noble et al., 1995),
6
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micromass culture (Denker et al., 1995) and pellet culture (Johnstone et al., 1998).
These culturing techniques promote high density aggregation, recapitulating the
three dimensional (3D)-environment that MSCs are exposed to during early
mesenchyme condensation, as seen during embryonic cartilage development
(DeLise et al., 2000). They lose their fibroblastic-like appearance and become
rounded like chondrocytes, with the upregulation of cartilage-specific genes
including SOX9, collagen type II, aggrecan, fibromodulin and cartilage oligomeric
matrix protein (Barry et al., 2001). However, these in vitro culturing systems
additionally promote induction of hypertrophic markers, as demonstrated by the
expression of collagen type X, alkaline phosphatase and matrix metalloproteinase
(MMP)-13 (Mueller and Tuan, 2008, von der Mark et al., 1992, Giovannini et al.,
2010). This is seen as a great challenge when considering MSCs for cartilage
regeneration given that MSC pellets undergo mineralisation and vascularisation
after ectopic transplantation in a process similar to endochondral ossification
(Pelttari et al., 2006, Scotti et al., 2010). Moreover, this process is not exclusive to
BM-MSCs and has also been shown to occur when adipose-derived MSC spheroids
were subcutaneously transplanted into immune comprised mice, resulting in
comparable mineralisation and microossicle formation (Hennig et al., 2007). Given
that this process negatively impacts the therapeutic potential of MSCs, several
strategies are currently under investigation attempting to minimise hypertrophic
chondrogenesis (Chen et al., 2015b, Gawlitta et al., 2012)

Years of preclinical assessment of MSCs for articular cartilage repair has generated
positive results with regards their clinical application (Steinert et al., 2012). They
have been used to treat both chondral and osteochondral defects in large animals
such as sheep (Zscharnack et al., 2010), pig (Zhou et al., 2004), and small animal
models including rabbit (Im et al., 2001), rat (Nishimori et al., 2006) and mouse (ter
Huurne et al., 2012, Diekman et al., 2013). Repair of a partial-thickness chondral
defect in porcine knee joints was observed by Lee et al., 12 weeks post injection of
bone marrow-derived MSCs (BM-MSCs) in combination with HA (Lee et al., 2007).
Similarly, a study by Murphy et al., showed that delivery of autologous BM-MSCs to
7
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caprine joints that were subjected to a total meniscectomy and transection of the
anterior cruciate ligament resulted in regeneration of meniscal tissue and elicited a
chondroprotective effect (Murphy et al., 2003). A more recent study using purified
MSCs from C57BL/6 mice or superhealer mice (MRL/mpJ) demonstrated that these
cells were able to prevent the development of OA in a traumatic joint injury model
(Diekman et al., 2013).

Stem cells isolated from other tissue sources (Figure 1.2) have also shown potential
for articular cartilage repair, including synovial (Desando et al., 2013), fat pad
(Wickham et al., 2003) and periosteal-derived cells (Nakahara et al., 1991). Synovial
MSCs in particular are an attractive cell for cartilage repair given their close
proximity to the cartilage but also due to their high chondrogenic ability (Sakaguchi
et al., 2005, Lee et al., 2010b). Similarly, synovial fluid contains a population of cells
that have shown enhanced chondrogenic differentiation (Jones et al., 2008b).
Embryonic stem cells (ESCs) have also been considered as a potential cell for
cartilage regeneration. Wakitani et al. transplanted ES cells into articular cartilage
defects in the patellar groove of immunosuppressed rats. Cells were detected up to
8 weeks after transplantation. Cartilage was detected in the repair tissue with no
signs of teratoma formation (Wakitani et al., 2004).
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Figure 1.2: Adult and foetal derived MSC-like cells for articular cartilage
regeneration and their proposed mechanisms of action.

Interestingly, in a more recent study, Yamashita et al. generated scaffoldless hyaline
cartilage from human induced pluripotent stem cells (iPSCs). IPSCs cells were
chondrogenically primed in vitro to form chondrogenic particles through sequential
treatment with various factors (ascorbic acid, bone morphogenetic protein-2
(BMP2), transforming growth factor beta-1 (TGF-β1) and GDF5). Particles injected
into subcutaneous spaces of severe combined immunodeficient (SCID) mice did not
form teratomas and were able to form and maintain hyaline cartilage in vivo for 12
weeks. However, long term observations did reveal that some cartilage underwent
hypertrophic differentiation, an unwanted outcome. In a further study using SCID
rats, transplanted iPSC-derived cartilaginous particles in an articular cartilage defect
showed good integration with host tissue and stained positive for toluidine blue
and type II collagen (Yamashita et al., 2015).
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1.4 Cell therapies and tissue engineering
There are drawbacks associated with intra-articular injection of stem cells for
cartilage regeneration, which include the lack of precision associated with delivery
of injected cells to the lesion site and also the unpredictability of their
differentiation potential in vivo. To mitigate the challenges associated with intraarticular cell injection, tissue engineering has come into the forefront of articular
cartilage regeneration with the development of biomaterial constructs. These
constructs are designed to incorporate MSCs into a matrix scaffold enabling both
their localization and also, if desired, their differentiation through incorporating
signalling factors. Moreover, tissue scaffolds provide micro- and macroenvironmental cues at both the compositional and structural levels that assist in
guiding the cellular phenotype (Nguyen et al., 2011, Nikkhah et al., 2012).

Enhanced in vitro chondrogenesis was observed when ESC-derived embryoid bodies
were encapsulated in poly (ethylene glycol)-based (PEG) hydrogels compared to
monolayer culture. Gene and protein expression of cartilage-relevant markers were
significantly upregulated in the hydrogels, suggesting

it was a more

chondroinductive environment (Hwang et al., 2006). Cheng et al., reported on the
generation

of

chondroprogenitors

from

human

ESCs.

In

this

study,

chondroprogenitors were incorporated into a fibrin gel and implanted in
osteochondral defects in the patella groove of nude rats. Human cells were
detected in the repair tissue, showing that they remained at the defect site.
Moreover, tissue stained positive for collagen II with little collagen I positivity,
indicating that the tissue formed was more hyaline-like cartilage (Cheng et al.,
2014). Jurgens et al. isolated stromal like cells from the infrapatellar fat pad and
showed that their chondrogenic differentiation capacity on a 3D poly (L-lactic-co-ϵcaprolactone) was comparable to that of adipose-derived stem cells (ADSCs) in
terms of gene expression of cartilage-associated markers and glycosaminoglycan
(GAG) staining (Jurgens et al., 2009). In an in vitro cartilage defect model, Diekman

10

Chapter 1

et al. utilized an agarose gel to incorporate iPSCs predifferentiated down the
chondrogenic lineage (Diekman et al., 2012).

Nanofibrous hollow microspheres, self-assembled from star-shaped polymers were
shown to be optimal injectable cell carriers for cartilage repair (Liu et al., 2011). This
group hypothesised that these nanofibrous hollow spheres would mimic the
structural features of collagen fibres, a major component of the extracellular matrix
(ECM) surrounding cartilage, and provide an appropriate scaffolding material to
promote cell migration and proliferation which would ultimately facilitate in tissue
regeneration and integration with the host. It was demonstrated that these
nanofibrous hollow microspheres mimicked the nanoscale architecture of the ECM
and were functional as micro-carriers for chondrocytes. High quality hyaline
cartilage regeneration was demonstrated in a mouse implantation model and in a
critical-size rabbit osteochondral defect-repair model using these microspheres (Liu
et al., 2011).
Matrices that have been used to deliver MSCs include HA (Lisignoli et al., 2005,
Kayakabe et al., 2006), fibrin (Park et al., 2011, Jung et al., 2010), chitosan, alginate,
polylactic acid (PLA) (Wayne et al., 2005) and poly(l-glutamic acid) (PLGA) (Uematsu
et al., 2005), to name but a few. Wang et al. incorporated MSCs and plasmid DNA
encoding TGFβ1 in a fibrin gel and PLGA sponge. At 12 weeks post transplantation,
neo-cartilage was formed that integrated well with surrounding tissue and
subchondral bone (Wang et al., 2010). In a similar rabbit study, autologous ADSCs
were seeded on PLGA/Chitosan scaffolds and transplanted to repair a full thickness
articular cartilage defect in the femoral trochlea. Histological observations found
that the articular defects were covered with newly formed cartilage 6 weeks post
implantation, which had integrated well with the surrounding native tissue by 12
weeks (Zhang et al., 2013b). Decellularized scaffolds have also become increasingly
popular as cell delivery matrices for cartilage repair, primarily due to the fact that
they are biodegradable, do not elicit an immune response and have biomechanical
characteristics that can mimic that of native cartilage (Benders et al., 2013). Yang et
11
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al. developed an acellular, 3D interconnected porous scaffold derived from ECM
from human cartilage. This scaffold provided a suitable environment for
proliferation and differentiation of BM-MSCs to chondrocytes in culture, in addition
to supporting cartilage-like tissue formation in vivo (Yang et al., 2008). Using a
similar scaffold, comparable results were obtained by Zheng et al. (Zheng et al.,
2011).

These studies highlight the benefits of incorporating biomaterial scaffolds with
cellular

therapies

to

ultimately

guide

differentiation,

proliferation

and

fundamentally cell fate.

1.5 Cell therapies and cartilage repair; In the clinic
There are many clinical trials testing the efficacy of MSCs in cartilage regeneration
with encouraging results emerging from several case studies investigating the
safety of MSCs. Centeno et al. showed that there was an increase in cartilage and
meniscus volume and an improvement in range of motion and pain score following
treatment of a cartilage lesion with BM-MSCs (Centeno et al., 2008). Promising,
albeit variable results, were also reported in a study by Davatchi et al. Six months
post MSC injection, pain scores improved for three out of four patients with only
minor improvements in range of motion; moreover x-rays showed no change in
joint space. (Davatchi et al., 2011). Emadedin et al. reported on their phase I clinical
trial where six patients with radiological evidence of knee OA were recruited.
Following one injection of BM-MSCs, no adverse events were described and pain,
functional status of the knee and walking distance showed improvement up to 6
months post-injection. Moreover, three out of six patients showed an increase in
cartilage thickness, detected by magnetic resonance imaging (MRI) (Emadedin et
al., 2012). In a more comprehensive phase I trial reported by Jo et al. a single
injection of ADSCs not only improved pain and function scores but the size of
cartilage defect decreased, suggesting regeneration of hyaline-like cartilage (Jo et
al., 2014).
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These case studies and early-phase clinical trials describe encouraging clinical
outcomes favouring the use of MSCs as an effective treatment for cartilage injury.
Yet, the mechanism of action of these cells still remains elusive. Importantly, vital
questions remain unanswered regarding our understanding on the fate of these
cells once delivered into these diseased and injured microenvironments.

1.6 Employing the joint stem cell niche
In spite of the preclinical success and reported clinical benefits of MSC therapy for
articular cartilage regeneration, a therapy that restores the structural, mechanical
and functional components of articular cartilage has still not been achieved. With
this in mind, there has been a recent shift in the paradigm for cartilage repair from
transplantation of cells towards manipulation of the endogenous cell niche. Much
of our insight into the MSC niche in the joint has been obtained from studies of
articular cartilage formation and synovial joint development in mice.

Articular cartilage is the primary cartilage associated with the joint and most
affected of all joint tissues in OA. It originates from hyaline cartilage produced
during the development of the synovial joint in the appendicular skeleton (Umlauf
et al., 2010). The first sign of synovial joint formation is the emergence of a
population of mesenchyme cells, referred to as the interzone (Khan et al., 2007,
Archer et al., 2003). These cells are distinguished by their elongated flat shape and
gene expression profile (Archer et al., 2003). Soon after the interzone is established,
cavitation occurs whilst the joint capsule consisting of the ligaments and inner
synovial membrane develops connecting the two cartilaginous skeletal elements
(Pacifici et al., 2005). The utilization of genetic tools to better understand synovial
joint formation has been instrumental in identifying the origin of cells within the
joint, their niche and also identification of potential precursor cells. In particular the
use of conditional gene targeting methods, such as the Cre/LoxP recombinase
system has been invaluable. This system consists of a single enzyme, Cre
recombinase derived from the P1 bacteriophage, which recombines two of its thirty
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four base pair DNA recognition sites referred to as loxP sites. Using this system,
genes can be activated, repressed, or exchanged for other genes (Nagy, 2000, Sauer
and Henderson, 1988). Inducible systems, such as Cre-ERT (Brocard et al., 1997, Feil
et al., 1997) and Cre-ERT2 (Indra et al., 1999) are also commonly used in cell lineage
tracing studies as they allow both spatial and temporal recombination. Reporter
mice are routinely used to monitor Cre expression, one example is the insertion of
lacZ gene downstream of the ROSA26 house-keeping gene, flanked by loxP sites so
that on Cre recombination, the ROSA26 gene is excised and lacZ is expressed under
the control of the ROSA26 promoter. LacZ encodes the protein beta-galactosidase
which on activation causes cells expressing the gene to appear blue (Soriano, 1999).
Another commonly used reporter, discussed in more detail in chapter 4, is the
double Cre-reporter described as mT/mG that expresses membrane-targeted
tandem dimer Tomato (mT) prior to Cre-mediated excision and membrane-targeted
green fluorescent protein (mG) after excision.

Using these genetic approaches, Hyde et al. generated a matrilin-1-Cre knock-in
mouse, where the Cre recombinase gene was expressed under the control of the
matrilin-1 promoter. Matrilin-1, plays an important role in extracellular matrix
organization and is associated with growth plate chondrocytes (Deak et al., 1999).
The Matrilin-1-Cre mouse was crossed with mice carrying the floxed ROSA26
reporter transgene (R26R) which allowed Cre expression to be monitored.
Although, previously demonstrated using immunohistological methods (Aszodi et
al., 1994, Murphy et al., 1999), this study elegantly demonstrated that emerging
articular chondrocytes at embryonic stage 13.5 (E13.5) were LacZ negative
(matrilin-1 negative) while the growth plate chondrocytes were positive, an
expression pattern that persisted over time. Thus chondrocytes of the articular
surface arise from a subpopulation of early chondrocytes that do not activate
matrilin-1 expression and must come from a distinct progenitor population than
that for growth plate chondrocytes (Hyde et al., 2007). Pacifici and co-workers
similarly confirmed this by exploiting the fact that mesenchyme cells in the
interzone express gdf5 (Storm and Kingsley, 1999), and linked its expression with
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progenitor potential. Using the LacZ-reporter with Gdf5-Cre mice (Rountree et al.,
2004), they observed LacZ-positive cells within the interzone that persisted in jointforming areas throughout development. These progenitor cells formed articular
cartilage and joint tissues, such as the synovial lining, but minimally contributed to
the growth plate cartilage and bone. This confirmed that the synovial joint
components and articular cartilage were of a shared GDF5-expressing mesenchymal
origin and that this cell population constituted a progenitor cell with joint formation
capability (Koyama et al., 2008).

More recently, it has been suggested the proteoglycan 4 (PRG4) or lubricinexpressing cells mark early progenitors within the joint. Kozhemyakina et al.
demonstrated that PRG4-expressing cells were located at the joint surface in the
embryo and served as a progenitor population for all deeper layers of the mature
articular cartilage. Furthermore, it was demonstrated that PRG4 is expressed by
superficial chondrocytes in young mice, but expands into deeper regions of the
articular cartilage as the animals age, thus possibly serving as a stem cell pool
(Kozhemyakina et al., 2015). Prg4 has also been shown to exhibit chondroprotective
effects (Flannery et al., 2009). In a study by Ruan et al., overexpression of PRG4 in
mice protected against both age-related and post-traumatic OA. In a series of
experiments they demonstrated that these protective effects were linked to the
inhibition of transcriptional programs that promote cartilage catabolism and
hypertrophy (Ruan et al., 2013).

Prx1 (paired related homeobox gene) plays an essential role in regulating skeletal
development in the limb (Martin and Olson, 2000). It is expressed in the mesoderm
with the Prx1–Cre transgenic mouse targeting all cells derived from limb bud
mesoderm (Logan et al., 2002). Akiyama et al. utilized the Prx1-Cre transgene to
investigate the role of the transcription factor, SRY (Sex Determining Region Y)-Box
(Sox9), in chondrocyte differentiation. In addition to elucidating this role, they
showed that Prx1-expressing mesenchymal cells give rise to all sox-9-expressing
osteochondroprogenitor cells and that these cells in turn differentiate into Sox-9
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expressing chondrocytes and runx-2 expressing osteoblasts (Akiyama et al., 2002,
Akiyama et al., 2005b). The presence and potential role of Prx1 expressing cells is
discussed further in Chapter 4.

1.7

The structure of mature articular cartilage

Mature articular cartilage is divided into three typical zones; the superficial zone,
transitional zone and the deep zone (Becerra et al., 2010, Pearle et al., 2005). Each
zone has a distinct ECM composition, organisation and cellular phenotype which
have direct effects on the intrinsic mechanical properties. While the superficial
region has a dense network of collagen fibers, primarily aligned parallel to the joint
surface, the middle region collagen fiber orientation is more random and
perpendicular to the underlying subchondral bone in the deepest areas of the
tissue(Responte et al., 2007). Furthermore, the proteoglycan content is lowest in
the superficial zone and increases through the middle and deep regions, as these
are the regions that provide the greatest resistance to compressive forces (Poole et
al., 2001). These differences in the composition of the tissue may in part be
attributed to the metabolic specialization of the chondrocytes present in various
tissue zones (Siczkowski and Watt, 1990, Vanderploeg et al., 2008). The superficial
zone consists of flattened chondrocytes, orientated with collagen type II fibres
parallel to the direction of shear, optimizing tensile resistance (Cohen et al., 1998).
Although the superficial zone only accounts for a small proportion of the total
articular cartilage thickness, it plays an essential role in resisting shear during
articulation, and acts to adjust fluid permeability (Sophia Fox et al., 2009). Not
surprisingly, these superficial chondrocytes are also responsible for secreting
lubricin, which acts to reduce friction resistance of the cartilage (Rhee et al., 2005,
Chan et al., 2012). The transitional or middle zone contains type II collagen and
aggrecan, with larger, rounder chondrocytes and randomly distributed collagen
fibres in the matrix. This zone acts as a functional bridge between the superficial
zone and the deep zone and is the first line of resistance to compressive forces. In
the deep zone, chondrocytes form columns, with collagen fibres facing
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perpendicular to the cartilage surface within a calcified zone adjacent to the cortical
bone. The deep zone is responsible for providing the greatest resistance to
compressive forces. The arrangement of the collagen fibres, perpendicular to the
articular surface allows integration by anchoring the cartilage to the bone. Thus, the
deep zone contains the largest diameter collagen fibrils and the highest
proteoglycan content to provide this resistance (Aigner and Stove, 2003).
The tissue itself is avascular and aneural, thus is dependent on the synovial fluid for
its nutritional needs. Water is the most abundant component of articular cartilage,
contributing up to 80% of its wet weight; the remaining 20% is comprised of
collagens, proteoglycans and other minor components such as glycoproteins,
signalling peptides and non-fibrillar collagens (Anderson et al., 1964). The interplay
between the ECM of articular cartilage and the interstitial fluid surrounding the
chondrocytes plays an important role in the biomechanics of cartilage since the
transmission of mechanical forces within the ECM allows cells to respond to
mechanical stress (Zhang et al., 2009). Collagens are largely responsible for the
maintenance of the tensile properties and integrity of articular cartilage while
proteoglycans, due to their negative charge, maintains high levels of water content
to resist compressive forces, thus contributing to compressive strength (Responte
et al., 2007, Williamson et al., 2003). In healthy articular cartilage, the interaction
between the collagens and proteoglycans are essential. The volume occupied by
proteoglycan aggregates is limited by the collagen framework which restricts their
expansion. On compression of cartilage, the negatively charged proteoglycans are
pushed closer together, and this in turn increases their mutual repulsive force and
adds to the compressive stiffness of the cartilage (Loret and Simoes, 2004). In
injured or diseased cartilage tissue, where there is a loss of proteoglycan and
aggregated proteoglycans, resistance to compressive loads is decreased, since they
are not as easily trapped in the collagen matrix. Moreover, damage to the collagen
network itself can also reduce the compressive stiffness of the tissue, since the
aggregated proteoglycans cannot be contained as efficiently. These changes in the
ECM of the cartilage tissue can result in detrimental changes impairing the ability of
the cartilage to withstand the forces associated with normal weight bearing. To
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truly generate a tissue that recapitulates native articular cartilage, engineering
strategies will need to rely on successfully reconstructing the complex collagen
framework within the different zones to ensure structural integrity.
Chondrocytes represent the main cell type in articular cartilage and play a critical
role in maintaining normal tissue homeostasis (Poole, 1997). However, given the
distinct zonal organisation of cartilage and lack of vascular supply, the selfregenerative capacity of the tissue is limited (Becerra et al., 2010). Yet, there are
intrinsic cells present in the synovial joint; some previously mentioned above that
may have potential to participate in regeneration.

1.8 Resident progenitors of the synovial joint
The use of bromodeoxyuridine (Brdu) and tritium thymidine facilitated the first
studies in identifying populations of slow-cycling cells, characteristic of stem cells,
within the superficial zone of articular cartilage (Ohlsson et al., 1992, Hayes et al.,
2001). When superficial chondroprogenitor cells were first isolated from postnatal
bovine cartilage by differential adhesion to fibronectin, they showed high colony
formation capacity and expressed several markers in common with MSCs
(Dowthwaite et al., 2004). Chondroprogenitors have since been successfully
isolated from healthy and osteoarthritic human articular cartilage (Williams et al.,
2010a, Tallheden et al., 2006, Alsalameh et al., 2004, Fickert et al., 2004) and adult
joints (Candela et al., 2014, Wu et al., 2013a). It is believed that these
chondroprogenitor cells may also have enhanced migratory ability (Koelling et al.,
2009b). In an injury-induced osteochondral explant model, Seol et al. identified cells
with progenitor-like characteristics homing to the site of injury, suggesting they
respond to injury signals and may play a role in repair (Seol et al., 2012).

Another area of interest with regards to progenitor cells in the joint is the groove of
Ranvier (Henriksson et al., 2013, Karlsson et al., 2009). This groove is found along
the periphery of the long-bone epiphyseal growth plates which during development
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extends and becomes a part of the perichondrium/periosteum region (Shapiro et
al., 1977). In a study examining this niche, Karlsson et al. administered Brdu for 12
days to three-month old rabbits. Labelled cells were found in the groove of Ranvier
after a 44 day wash out period. These cells also stained positive for several cell
surface markers expressed by stromal progenitors including Stro-1 which enriches
for colony forming cells and Jagged1, the ligand for the receptor Notch-1,
suggesting that these slow-cycling cells may represent a progenitor cell population
that could participate in articular cartilage repair (Karlsson et al., 2009).

As mentioned previously, MSC-like cells have been isolated from synovial tissue (De
Bari et al., 2001b, Futami et al., 2012). Kurth et al. identified a slow-cycling
population of MSC-like progenitor cells that responded to injury in the synovium by
using the thymidine analogues iodo-deoxyuridine and chlorodeoxyuridine
(IdU/CIdU) (Kurth et al., 2011). Similarly, Koyama et al. demonstrated that the
synovium responds to injury using the Gdf5-Cre; ROSA26RLacZ transgenic mouse. For
this experiment, mice either received an articular cartilage injury or a skin incision
as control. One week post injury, a population of GDF5-expressing cells, expanded
and proliferated in the synovium again suggesting there is pool of progenitors that
are activated in response to injury (Koyama et al., 2008). Synovial fluid has also
been found to contain progenitor cells, although the origin of these cells could be
the synovium or indeed the fat pad (Jones et al., 2008a, Buckley et al., 2010).
Interestingly, these cell numbers are elevated in OA patients and increase with the
severity of disease (Lee et al., 2012, Jones et al., 2004, Morito et al., 2008, Jones et
al., 2008b).
The presence of these progenitor cells and their role in the synovial joint under
normal and diseased states remains unclear, yet this will be imperative for the
development of methods to activate and immobilise these cells to aid in the
regeneration of articular cartilage.
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1.9 Cell recruitment for cartilage regeneration; A biomaterial
approach
An approach that is becoming increasingly common is the direct application of
biomaterials in-built with exogenous molecules such as growth factors, genes or cell
specific peptides to recruit endogenous cells to repair injured tissue (Stoddart et al.,
2014) (Table 1.1). The most common method to activate local progenitor cells to
encourage their activation into circulation is the incorporation of signalling
molecules. Hunziker and Rosenberg were one of the first groups to demonstrate
that endogenous cells can be activated and recruited to the site of injury using
signalling molecules, specifically TGF-β3 (Hunziker and Rosenberg, 1996). This laid
the foundation for further studies using biomaterials including one by Lee et al., in
which the proximal humeral condyle of skeletally mature rabbits was excised and
replaced with a novel bioprinted 3D scaffold incorporating TGF-β3. The authors
reported that this acellular scaffold induced resurfacing of the removed cartilage
four months post implantation through recruitment of endogenous cells (Lee et al.,
2010a). Yu et al. examined the potential of recombinant human stromal cell-derived
factor 1-alpha (rhSDF-1α), incorporated into a HA/fibrin gel, to promote
recruitment of chondroprogenitors in an ex vivo bovine chondral defect. SDF-1α, a
key chemokine involved in stem cell migration and homing was able to enhance the
recruitment of migratory progenitor cells into the defect while chondrogenic
treatment of the explant was able to generate repair tissue with similar properties
to native cartilage (Yu et al., 2015a).
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Title of Study

Author

Radially oriented collagen scaffold
with SDF-1 promotes osteochondral
repair by facilitating cell homing

(Chen et al.,
2015a)

Functional full-thickness articular
cartilage repair by rhSDF-1α loaded
fibrin/HA hydrogel network via
chondrogenic progenitor cells homing
Mechano growth factor (MGF) and
transforming growth factor (TGF)-β3
functionalized silk scaffolds enhance
articular
hyaline
cartilage
regeneration in rabbit model
Adhesive
barrier/directional
controlled release for cartilage repair
by endogenous
progenitor
cell
recruitment
A functional biphasic biomaterial
homing mesenchymal stem cells for in
vivo cartilage regeneration
A transduced living hyaline cartilage
graft releasing transgenic stromal cellderived factor-1 inducing endogenous
stem cell homing in vivo

Collagen
Scaffold

(Yu et al.,
2015b)

Fibrin
hyaluronic
hydrogel

(Luo et al.,
2015)

Silk
Scaffold

(Lee et al.,
2015)
(Huang et
al., 2014)
(Zhang et al.,
2013a)

Polycaprolactone electrospun mesh
conjugated with an MSC affinity
peptide for MSC homing in vivo

(Shao et al.,
2012)

Self-attaching and cell-attracting insitu
forming
dextran-tyramine
conjugates hydrogels for arthroscopic
cartilage repair

(Moreira
Teixeira et
al., 2012)

Regeneration of the articular surface
of the rabbit synovial joint by cell
homing: A proof of concept study

(Lee et al.,
2010a)

Regeneration of ovine articular
cartilage defects by cell-free polymerbased implants

(Erggelet et
al., 2007)

Homing
Mechanism

Biomaterial

Stromal cell-derived
factors 1-alpha
and
acid

fibroin

Chitosan patch
with
heparinconjugated fibrin
gel
Chitosan
Demineralized
Bone Scaffold
Cartilage graft
(Chondrocytes in
Gelatin/ Alginate
hydrogel)
polycaprolacton
electrospun
meshes
Dextrantyramine/
Heparin-tyramine
Hydrogel
poly-ɛcaprolactone and
hydroxyapatite
Bioscaffold
Polyglycolic acid
scaffold

Stromal cell-derived
factors 1-alpha
Mechano
growth
factor
and
Transforming
growth factor beta 3
Platelet-derived
growth
factor-AA
and
Transforming
growth factor beta 1
MSC affinity
Peptide
Adenoviral
vector
with Stromal cellderived factors 1alpha transgene
MSC affinity
Peptide

-

Transforming
growth factor beta 3
Hyaluronan
and
autologous serum

Table 1.1: Overview of biomaterial-based strategies to stimulate endogenous cell
recruitment for in vivo cartilage repair.

Biomaterials alone may also hold the ability to enhance cell recruitment. For
example, Laroui et al. developed HA-coated nanoparticles for the therapeutic
targeting of cartilage-based on the affinity of HA to bind the CD44 receptor
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expressed on chondrocytes (Laroui et al., 2007). The authors suggest that such HA
particles may have the potential to actively target chondrocytes and increase the
natural repair process by recruiting these cells to the site of tissue repair. Shao et al.
fabricated a MSC-homing device using polycaprolactone (PCL) electrospun meshes
conjugated to a MSC-specific peptide. In a cartilage defect in a rat, they observed
immobilization of endogenous MSCs into the defect site when the mesh was used
in combination with a microfracture procedure (Shao et al., 2012).

Recently, the small molecule kartogenin was identified to have the ability to
promote chondrogenic differentiation of human MSCs (hMSCs) and protect
articular cartilage through its anabolic effect on chondrocytes (Johnson et al.,
2012). Moreover, kartogenin protected cartilage after intra-articular injection in an
OA animal model. Subsequent studies using the molecule demonstrated that it had
potent anabolic effects on limb development by boosting several key signalling
pathways including TGFβ signalling (Decker et al., 2014). By combining this
knowledge with a tissue engineering strategy, Kang et al. used kartogeninconjugated chitosan microspheres as an intra-articular drug delivery system to treat
OA. They reported that using micro- and nano-conjugated particles had beneficial
effects in reducing degenerative changes compared to the control (Kang et al.,
2014).

The use of biomaterial-based strategies, with or without bioactive agents, for the
recruitment of endogenous cells offers a promising approach. Their effectiveness,
however, is reliant on the biomaterial, and the bioactive load being located at the
desired tissue. Methods to enhance targeting and localization of biomaterials have
mainly relied on antibody functionalization and although only a few studies have
been performed specifically targeting materials to articular cartilage, several
reports on targeting other tissue especially in the areas of cancer therapy have
been reported (Macura et al., 2013, Lu et al., 2008). This highlights the need to
develop ways to target biomaterials as discussed in chapter 3 of this thesis,
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especially in the instance of injectable biomaterials such as nano- and microspheres
to ensure cell recruitment at the relevant site of injury.

It is clear from the literature that stem cell-based therapies, be it in the form of
delivery of an exogenous source or stimulation of the resident population will
require some form of scaffold, growth factor, chemokine or drug agent for efficient
differentiation and/or migration. Ultimately through understanding the in vivo stem
cell niche, the resident progenitors and the signals that they respond to, a
biomaterial or cell-based method to activate and recruit intrinsic cells to repair
articular cartilage defects can be achieved.
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1.10 Hypothesis and aims of thesis:
The inadequate ability of articular cartilage to self-repair contributes to the onset of
OA, which results in widespread degeneration of the articular cartilage surface.
Therapeutic approaches to treat OA symptoms and repair articular cartilage include
activation of the endogenous stem cell niche and the use of exogenously added
stem cells, in particular MSCs. Within this thesis, aspects of both approaches are
investigated.

The specific hypotheses and aims for each chapter were as follows:

Chapter 2:

Hypothesis: TGF-β3 growth factor released from HA microspheres will act as an
optimal injectable delivery vehicle, enabling in situ differentiation of BM-MSCs.

Aim: The aim of this chapter was to design, characterize and evaluate a TGF-β3
growth factor delivery system for in situ differentiation of stem cells; specifically
BM-MSCs. HA microspheres were developed and assessed for their compatibility
with hMSC, ability to encapsulate the growth factor TGF-β3 and to stimulate
chondrogenic differentiation in 3D pellet culture.

Chapter 3

Hypothesis: Functionalization of HA microspheres with an antibody specific to an
exposed epitope of degraded type II collagen will allow microsphere localisation to
degraded articular cartilage.

Aim: Localising HA microspheres through the use of an antibody would be
advantageous for enhancing the recruitment and retention of endogenous cells in
addition to providing a platform for differentiation of exogenously added cells. Thus
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the aim of this study was to functionalize HA microspheres with an antibody to
degraded type II collagen (anti-COL2-3/4M) to enable localization and to test this on
human degraded OA cartilage explants.

Chapter 4

Hypothesis (A): Through the isolation of mesenchyme progenitor cells (MPCs) from
genetic mouse models (Prx1CreERT2; R26mTmG and AcanCreERT2; R26mTmG) it will be
possible to track potential phenotypical changes of MPCs on injection into a mouse
model of OA.

Aim (A) In an attempt to address the fate of exogenously delivered cells in an OA
environment, The aim of this chapter was to inject MPCs isolated from transgenic
mice, specifically Prx1CreERT2 or AcanCreERT2 mice on a R26mT/mG reporter
background and assess cell fate based on the expression of either Prx1 (remains
mesenchyme) or Acan (differentiated into chondrocyte). Furthermore, the
localization and effects of these cells on the synovial joint were investigated.

Hypothesis (B): Prx1 is expressed in tissues of the synovial joint at early postnatal
time points and may be activated in response to injury.

Aim (B) Recent focus on biomaterial-based strategies to recruit endogenous cells
for articular cartilage repair has been driven by the growing awareness that the
synovial joint contains populations of progenitor cells that may have the ability to
contribute to repair. The aim of this study was to examine the presence of a
mesenchyme progenitor cell population within the synovial joint by utilizing the
prx1 transgenic mouse. To achieve this, the Prx1CreERT2 mouse was crossed with
the R26RLacZ reporter mouse and Cre expression monitored at early postnatal time
points and post-injury.
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A CHONDROMIMETIC MICROSPHERE FOR IN
SITU, SPATIALLY-CONTROLLED CHONDROGENIC
DIFFERENTIATION OF HUMAN MESENCHYMAL
STEM CELLS

Sections of this chapter have been have been previously published in the Journal
of Controlled Release. Ansboro, S., Hayes, J.S., Barron, V., Browne, S., Howard, L.,
Greiser, U., Lalor, P., Shannon, F., Barry, F.P., Pandit, A., Murphy, M.J. (2014). A
chondromimetic microsphere for in situ spatially controlled chondrogenic
differentiation of human mesenchymal stem cells. Journal of Controlled Release,
179, 42-51.

Chapter 2

2.1 Introduction
Controlling MSC differentiation within a complex in vivo milieu represents a
challenging task requiring finely tuned growth factor delivery to initiate cellular
signalling networks (Ng et al., 2008, Pittenger et al., 1999). Biomaterials have been
used as model delivery systems to enhance MSC differentiation. In addition to
releasing signalling molecules, biomaterials can provide a substrate for cell
attachment. Encapsulation of bioactive molecules can be achieved through
chemical crosslinking or simple protein adsorption. This typically exploits direct
charge–charge interactions between growth factors and matrices or via
intermediate proteins such as heparin (Park et al., 2009). Such material approaches
include microspheres, hydrogels, scaffolds or combination of scaffolds/hydrogels
and microspheres (Deng et al., 2007, Fan et al., 2006, Park et al., 2008b, DeFail et
al., 2006). Microspheres derived from materials such as alginate (Bian et al., 2011),
chitosan (Niu et al., 2009, Kim et al., 2003) and chondroitin sulphate (Lim et al.,
2011) have been described as appropriate carriers for coordinated release of
growth and differentiation factors. By combining TGF-loaded alginate microspheres
within a HA hydrogel, Bian et al. demonstrated chondrogenic differentiation of
hMSCs (Bian et al., 2011). Similarly, porcine chondrocytes embedded in a chitosan
scaffold containing TGF-β1-loaded chitosan microspheres showed increased
proliferation and differentiation with increased production of ECM in vitro (Kim et
al., 2003). Chitosan microspheres have also been used to deliver peptides with
potential to direct rabbit MSC osteogenic differentiation (Niu et al., 2009).
Moreover, synthetic microspheres composed of PLGA have shown promise for
controlled chondrogenic induction of hMSCs (Moioli et al., 2006, Park et al., 2008a).

Encapsulation of both cells and growth factors is another method of investigation
(Moshaverinia et al., 2013). This study used hMSCs and an antibody specific for
bone morphogenetic protein encapsulated in alginate microspheres for bone
regeneration. Recently, chemical modification of the surface of PLGA microspheres
was shown to affect hMSC differentiation. The addition of amine groups induced
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hMSC

osteogenesis while

hydroxyl

modification

promoted

chondrogenic

differentiation (Curran et al., 2013). The use of microspheres to direct
differentiation is not limited to hMSCs (Natesan et al., 2010, Bratt-Leal et al., 2011).
For example, gelatin microspheres incorporating different growth factors have been
shown to influence lineage commitment of ESCs (Bratt-Leal et al., 2013).

A key advantage of microspheres is the potential for minimally invasive local
delivery allowing for optimal construct-tissue integration (Kang et al., 2005).
Bioactive microspheres, loaded with therapeutic drugs or signalling agents, offer
the capacity for controlled and sustained delivery to stimulate tissue
regeneration/differentiation (Eswaramoorthy et al., 2012, Bible et al., 2012). As
discussed above, one application where the use of microspheres for controlled
growth factor delivery may be beneficial is the treatment of articular cartilage
defects. hMSCs have been described as an attractive cell source for cartilage
regeneration due to their chondrogenic potential and the accessibility of source
tissues in comparison to chondrocytes (Coleman et al., 2010). However, hMSC
chondrogenesis in vitro requires the repeated addition of TGF-β, usually the 1 or 3
isoform (Mackay et al., 1998). Whether MSCs are implanted immediately after
incorporation into scaffold/hydrogels or pre-differentiated as a bioengineered
cartilage construct prior to in vivo implantation (Johnstone et al., 2013), the
availability and/or cost of TGF-β limits the in vivo potential of this approach. This
limitation is of particular relevance in the context of OA where current cartilage
tissue engineering applications cannot meet the requirement for repair of large
defects or resurfacing of the whole joint (Johnstone et al., 2013). Previous studies
using microspheres to promote chondrogenic differentiation of hMSCs have
generally focused on materials that are not considered native to articular cartilage
(Bian et al., 2011, Niu et al., 2009, Moioli et al., 2006). Herein, we describe the
development and characterization of a chondromimetic HA microsphere, a system
which we believe is more compatible with cartilage ECM. HA is a critical component
of the cartilage ECM and plays a role in lubricating the joint and mechanical
support. It also acts to modulate the function of various cells including MSCs and
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chondrocytes (Kawasaki et al., 1999, Zhu et al., 2006, Lisignoli et al., 2006). Given
that HA is an essential component of matrix, we believe these microspheres will
mimic native cartilage tissue more closely than previously utilized materials.
Furthermore, the approach supports the control of microsphere size (Browne et al.,
2012) compared with previously reported studies (Moioli et al., 2006, Solorio et al.,
2012), an important consideration for a clinically desirable intra-articular injectable
delivery system.

The release of TGF-β3 from microspheres signifies a translatable approach for in
situ differentiation of hMSCs. Moreover, the use of microspheres would allow for
potential functionalization of their surface with antibodies/peptides for site-specific
targeting to enable a more localized concentration of growth factor with reduction
in potential off-target effects (Ansboro et al., 2012, Rothenfluh et al., 2008). For the
purpose of this study we examined the application of HA microspheres loaded with
TGF-β3 to induce chondrogenic differentiation of hMSCs in 3D pellet culture
(Mackay et al., 1998) in vitro and in an ex vivo osteoarthritic cartilage explant
system. Furthermore, localization of HA microspheres following intra-articular
injection into a murine joint was investigated.
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2.2 Materials and Methods
Note: All reagents were purchased from Sigma–Aldrich unless otherwise stated.

2.2.1 Preparation and characterization of hollow HA microspheres
HA microspheres were prepared using a previously reported methodology with
modifications (Browne et al., 2012, Szarpak et al., 2008) (Fig. 1A). Firstly,
polystyrene beads (PS; 1±0.4 µm and 10.5±2.5µm GENTAUR, Brussels) were
sulphonated by incubating with sulphuric acid (95—97%) under constant stirring at
50°C for 18 hr. The sulphonated beads were precipitated by washing with ethanol
(100%) followed by 3 washes in 0.9% sodium chloride (NaCl). Layered microspheres
were formed by alternate adsorption based on charge. Briefly, 2mg/ml of the
cationic polymer, poly(allylamine)(PAA) in 0.9% NaCl was deposited onto the
negatively charged polystyrene beads for 1 h at room temperature (RT) with
agitation. This was followed by incubation with 2mg/ml anionic HA solution
(851kDa-1190kDa, LifeCore, USA). Residual non-adsorbed polyelectrolyte was
removed by repeated washing with 0.9% NaCl. Following layer deposition,
consisting of one layer of PAA and one layer of HA, microspheres were stabilised by
chemical cross-linking. HA carboxylic groups were activated using water-soluble
carbodiimide, 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride and
N-hydroxysulfosuccinimide, both at concentrations of 0.2M in 0.1M 2-(Nmorpholino)ethanesulfonic acid buffer (MES) (pH 4.7). Polystyrene cores were
removed by treating with tetrahydrofuran (THF). For in vitro tracking, microspheres
were labelled with fluorescein isothiocyanate–dextran (FITC) (1.0 mg/mL). Collagen
(COLL) microspheres, prepared as previously reported were included as a
microsphere control in initial experiments (Browne et al., 2012). To confirm that
THF successfully removed the polystyrene core, Fourier transform infrared (FTIR)
spectrophotometry and transmission electron microscopy (TEM) were employed.
Particular attention was paid to the characteristic peaks of polystyrene. Three
samples were examined: uncoated polystyrene beads, hollow COLL microspheres
and hollow HA (washed with THF). Samples were examined following drying using a
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Shimadzu FTIR-8200. For TEM analysis, THF-treated samples were observed using
the Hitachi H7500 transmission electron microscope (Hitachi Japan).

The size and surface uniformity of HA, control PS and COLL microspheres were
evaluated by scanning electron microscopy (SEM) using the Hitachi S2600N Variable
Pressure SEM with an electron acceleration voltage of 10kV. 10µl sample was
placed on aluminium stubs, allowed to air dry and gold-coated prior to analysis
using a sputter coater. The size distribution of microspheres and surface charge
(zeta potential) were measured using the Zetasizer Nano ZS (Malvern instruments,
UK).

2.2.2 Isolation and characterisation of hMSCs
hMSCs were isolated from bone marrow harvested from the iliac crest of healthy
donors (18-30 years) with approval from the National University of Ireland Galway
and University College Hospital ethics committees and after informed consent.
Characterisation of surface receptors was performed by using CD105, CD73, CD90
(positive) and CD34, CD45 (negative). Tri-lineage differentiation capacity was
determined

using

standard

chondrogenic,

adipogenic

and

osteogenic

differentiation assays (Murphy et al., 2002a). Cell characterization was kindly
performed by Georgina Shaw. hMSCs were derived from three separate donors
which remained consistent for all subsequent studies. hMSCs were expanded in
Minimum Essential Medium Alpha Medium (α-MEM, Invitrogen) supplemented
with 10% fetal bovine serum (FBS, Lonza), 1 ng/ml fibroblast growth factor 2 (FGF-2,
R&D systems) and 1% penicillin/streptomycin (10,000 units/10,000 µg; Gibco). All
cells were cultured at 37°C and 5% CO2, unless stated otherwise.

2.2.3 Interaction of hollow HA microspheres with hMSCs
hMSCs were seeded at 2.5 x 103 cells/cm2 and incubated with varying
concentrations (20, 50, 100, 200μg/ml) of HA or COLL microspheres for 48 h. Cell
proliferation and metabolic activity were determined for 3 separate hMSC donors
using the Quant-iT™ PicoGreen® dsDNA and alamarBlue® assays (Invitrogen)
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following manufacturer’s instructions. As a control for donor variability, hMSCs
grown on tissue culture plastic were included as an additional control as were PS
alone. Metabolic activity was measured by absorbance (550/595nm) while DNA,
isolated by digestion of cells for 4 h at 60°C using papain (1 mg/ml in 50mM sodium
phosphate,

pH

6.5,

containing

2mM

N-acetyl

cysteine

and

2mM

ethylenediaminetetraacetic acid (EDTA)) was detected by measuring fluorescence
(485/535nm) on a microplate plate reader (Wallac 1420 Victor 3, Perkin-Elmer Inc.).

2.2.4 Monocyte activation in response to HA microspheres
Human monocytic leukemia THP-1 cells were plated at a density of 1 x 105 cells/cm2
and cultured in RPMI 1640 supplemented with 10% FBS, 5mM L-glutamine and 1%
P/S. Cells were incubated with 200μg/ml HA, COLL or PS microspheres for 12 h at
37°C. Stimulation of THP-1 cells with 0.1μg/ml lipopolysaccharide (LPS) was used as
a positive control for monocyte responses. THP-1 cells stimulated with LPS were
additionally incubated with HA microspheres to evaluate potential antiinflammatory properties. Levels of TNF-α, secreted into the medium was measured
by an enzyme-linked immunosorbent assay (ELISA) from 3 independent
experiments (Human TNF-alpha R&D Systems) as per the manufacturer’s
instructions and absorbance read at 450nm.

2.2.5 Cellular interactions of HA microspheres
2.2.5.1 Flow cytometry
hMSCs were plated at 2.5 x 103 cells/cm2 and incubated with 20μg/ml FITC-labelled
HA or COLL microspheres for 12, 24 and 48 h at 37°C. Trypsinised cells were washed
twice with PBS to remove extracellular microspheres and resuspended in PBS with
1% bovine serum albumin (BSA). Cell-associated fluorescence was analysed by flow
cytometry using a BD FACSCanto™ Flow Cytometer and data processed using
FlowJo software; 1 x 104 cells were measured in each sample for 3 independent
studies using 3 hMSC donors. The percentage of cells with internalised
microspheres was calculated by gating on the number of fluorescence events in the
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FITC forward scatter signal. Dead cell exclusion was achieved using SYTOX® Dead
Cell Stain (Invitrogen).

2.2.5.2 Confocal microscopy and transmission electron microscopy
To determine cellular internalization of HA microspheres, 2.5 x 103 cells/cm2 were
seeded on sterile glass cover slips and incubated with 20µg/ml FITC-labelled
microsphere dispersions at 37°C, 5% CO2. After 24 h, culture medium was removed
and cells washed three times with PBS prior to fixation with 4% formaldehyde for 1
h at RT. Following two PBS washes, cells were incubated with rhodamine phalloidin
(Invitrogen) for cytoskeleton staining and 4’6-Diamidino-2-phenylindole (DAPI) slow
fade mountant (Invitrogen) for nuclear staining. Stained cells were imaged using the
Andor Revolution confocal microscope. For TEM, 2.5 x 103 hMSCs/cm2 were
incubated with 20μg/ml of HA and COLL microspheres for 24 h. Trypsinised cells
were washed twice with PBS and fixed with 3% glutaraldehyde in freshly prepared
0.2 M sodium cacodylate/HCL buffer (pH 7.2) buffer for 1 h. After washing in the
sodium cacodylate buffer the samples were resuspended in 1% osmium tetroxide
for 2 h, washed and samples dehydrated by immersion in graded ethanols and left
to dry on the sample holder. Embedding in an epoxy-based resin (Agar Low
Viscosity Resin kit) was by sequential exposure to a 50:50 resin/propylene oxide
mixture for 4 h, a 75:25 mixture overnight and finally in pure resin for 6 h. After
thermo-crosslinking at 65°C for 48 h samples were observed using the Hitachi
H7500 transmission electron microscope (Hitachi Japan).

2.2.6 In vitro chondrogenic differentiation of hMSCs by TGF-β-bound HA
microspheres
TGF-β3 was incorporated onto HA microspheres via diffusional loading by directly
mixing the hollow HA microspheres with growth factor (400ng/1mg microspheres)
in PBS containing 1% BSA-0.05% Tween 20. The solution was incubated on a shaker
overnight at 4°C. Microspheres were spun down and supernatant collected for
calculation of loading efficiency by ELISA (Human TGF-beta3 ELISA, R&D systems).
TGF-β3 release profile from 14.1µm HA microspheres was characterized in
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incomplete chondrogenic medium (ICM) (1mM Sodium pyruvate, 1% InsulinTransferrin-Selenium supplement, 4mg/ml L-Proline, 0.1mM Ascorbic acid 2Phosohate, dexamethasone, Dulbecco's Modified Eagle Medium, high glucose
(DMEM-HG), 1mM Antibiotic/Antimycotic 100x solution) at 37°C. 2.5mg loaded
microspheres were incubated with 200µl ICM and the supernatant was collected
and replaced at various time points. Cell viability of chondrogenic pellets after 21 d
was analyzed using calcein-acetoxymethylester (Calcein AM)/ethidium Homodimer1 (EthD-1) fluorescence staining. Pellets were washed twice with PBS and then
incubated with Calcein-AM (1μM) and EthD-1 (2μM) for 30 min at RT. After
washing, pellets were analysed by fluorescence microscopy (Zeiss LSM 510 Axiovert
inverted confocal microscope).
For chondrogenesis, 2.5 x 105 hMSCs were cultured in either ICM or complete
chondrogenic media (CCM) (ICM supplemented with 10ng/ml TGF-β3) or with TGFβ3-loaded (250ng) or unloaded HA microspheres. hMSCs were mixed with TGF-β3loaded or unloaded HA microspheres to ensure even dispersion prior to pelleting.
Cells were maintained in hypoxia (2% O2) for 14 or 21 d. Medium was changed
every

two

days.

For

histological

and

immunohistochemical

evaluation,

chondrogenic pellets were sequentially dehydrated in graded ethanol solutions
(70–100%), paraffin-embedded, cut into 5μm-thick sections and mounted on slides.
Sections were stained with 0.04% Toluidine blue for 5 min at 60°C to visualize
sulfated proteoglycans. Immunohistochemistry was performed using a KPL
Histomark Biotin Streptavidin-HRP System and 3, 3'-diaminobenzidine (DAB) kit
(Abcam DAB Substrate Kit; ab94665) as described previously (Murphy et al., 2003)
using (Abcam; 1/100ab2601) for detection of type II collagen. Negative controls
were without primary antibody. Glycosaminoglycan (GAG) and DNA were measured
after digestion in a papain solution (0.0025mg/ml) at 60°C overnight. Digests were
assayed for DNA using the Picogreen® assay and GAG content was determined
using a dimethylmethylene blue dye assay. The total amount of GAG was
normalized against the total amount of DNA.
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2.2.7 Quantitative real-time polymerase chain reaction (qRT-PCR)
Gene expression was analysed by quantitative qRT-PCR from 3 independent studies
using 3 separate hMSC donors. Total RNA was extracted using Tri-Reagent
(Invitrogen) after grinding with an Eppendorf® micropestle and quantified using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, DE). Each PCR included
10μl 2X SensiFAST SYBR Hi-ROX One-Step Mix, 0.4μl RiboSafe RNase Inhibitor
(0.2U/μl), 0.5μl of forward and reverse primers (400nM), 3.6μl of DEPC-H20 and 5μl
of template (20ng RNA). Real-time PCR reactions were performed using SYBR Green
chemistry on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, CA);
conditions were 45°C for 10 min, 95°C for 10 min and 45 cycles of 95°C, 60°C and
72°C at 15 sec each. Collagen X and aggrecan primers were purchased (Qiagen, CA).
Collagen II (5’-3’TCCCTTTGGTCCTGGTTGCC and ATCTGCCCAACTGACCTCGCCA) and
drosha (5’-3’TCCATGCACCAGATTCTCCTG and TACGGACAGAGCTTGGTTTCG) primers
were designed and purchased from Sigma. Cycle threshold (CT) values were
established and normalized to the endogenous control drosha, as described
previously for MSC differentiation (Coleman et al., 2013). Results were expressed as
fold change compared to the ICM MSC control.

2.2.8 Ex Vivo osteoarthritic cartilage explant culture
Fresh human articular cartilage samples were obtained under institutionally
approved protocols from patients with end-stage OA who were undergoing total
knee arthroplasty at Merlin Park Hospital, Galway. Full thickness cartilage explants
(1-2 mm thick and 3 mm diameter) were taken by biopsy punch (Pan Vet) from the
medial tibial plateau. Cartilage explants were allowed to equilibrate at 37°C for 48 h
in DMEM with 10% FBS and subsequently for 24 h in ICM in a 2% solidified agarose
well. ICM was removed from the explants and hMSCs alone, hMSCs with HA
microspheres or hMSCs with TGF-β3-loaded HA microspheres were added. Groups
were either cultured in ICM or CCM in hypoxia for 21 d. Cartilage explants were
prepared for histological analysis and stained with 0.04% Toluidine blue to assess
production of sulfated proteoglycan as described above.
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2.2.9 In Vivo assessment of Targeting
Procedures performed on animals were approved by the Animal Ethics Committee
of the National University of Ireland, Galway and conducted under licence from the
Department of Health, Ireland. Additionally, animal care and management followed
the Standard Operating Procedures of the Animal Facility at the National Centre for
Biomedical Engineering Science, Galway, Ireland. FITC-labelled HA microspheres
(5mg) were dissolved in 0.9% saline and administered as an intra-articular injection
(6µl) into the knee joint of C57BL/6 mice (n=3 animals). Knee joints were isolated at
days 3 post microsphere injection. Joints were fixed in formalin and decalcified in
10% EDTA at 4°C with repeated changes. The decalcified joints were paraffinembedded and processed for histological analysis. Tissue sections (5µm) were
sequentially rehydrated in xylene and graded ethanol solutions (100-70%) and
stained with 0.04% Toluidine blue (5 min at 60°C), Mayer’s haematoxylin (TCS
Biosciences LTD) and eosin (6 and 2 min, respectively) (H&E) for cellularity and DAPI
nuclear stain.

2.2.10 Statistical analysis
GraphPad Prism® software Inc. (version 5.03) was used for statistical analysis.
Significance was assessed using one-way or two-way ANOVA followed by Tukey or
Bonferroni post hoc analysis, respectively. Error bars represent the mean ±
standard deviation or standard error of the mean when indicated. p-values ≤0.05
were considered statistically significant.
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2.3 Results
2.3.1 Characterisation of HA microspheres
HA microspheres were successfully fabricated (Figure. 2.1A) and SEM was utilized
to assess the structure compared to control COLL microspheres and the PS
template. Microspheres exhibited a uniform, spherical shape with HA microspheres
using the 10.5±2.5µm template having a mean diameter of 14.1±1.5µm and
1.2±0.3µm using the 1±0.4µm template (Figure 2.1B). FTIR analysis confirmed the
removal of polystyrene following washing the microspheres with THF, with the
decrease in the characteristic peaks of polystyrene (solid lines) (Figure 2.1C). This
was further confirmed visually using TEM (Figure 2.1D&E).

Figure 2.1: Fabrication and characterization of microspheres. (A) Illustration of the
fabrication of hollow HA microspheres. (B) Average size distribution and charge
(zeta potential) of HA and COLL microspheres. (C) FTIR spectrum showing the
removal of the polystyrene core following treatment with THF. The characteristic
peaks of polystyrene (solid lines) were removed from the sample following THF
treatment. (D & E) Representative TEM images of hollow HA spheres. Scale bar,
100µm (D) 500µm (E).
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The microspheres had a relatively smooth surface with evidence of some porous
indentations due to the layer deposition (Figure 2.2 A a-d) compared to the smooth
polystyrene beads (Figure 2.2A e, d). SEM also confirmed that hMSCs interact with
the microspheres and appeared to bind to their surface (Figure 2.2 A g-j). Both
1.2µm and 14.1µm HA microspheres showed negative zeta potential (charge)
values of -23.4±1.5 and -45.6±4.5 respectively, indicating that the larger HA
microspheres may be more stable (Figure 2.1 B).

Figure 2.2: Characterization of surface morphology and interaction with hMSCs.
(A) Representative SEM images showing surface morphology, size distribution and
interaction with hMSC of HA microspheres (a, b, h), COLL microspheres (c, d, i) and
the polystyrene bead template (e, f, j), hMSCs alone (g). Scale bars 5μm (a, c, e, i),
10μm (b, d, f, h, j) and 25μm (g). Data is representative of the mean ± SD of 3
independent microsphere preparations.
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2.3.2 Cellular response to HA microspheres
In vitro compatibility studies were performed to determine the possible toxicity of
HA and COLL microspheres when exposed to hMSCs. Cell viability in the presence of
HA and COLL microspheres at varying concentrations was assessed relative to cells
exposed to PS and cells alone as controls. HA microspheres (1.2 or 14.1µm) or COLL
microspheres (1.8 or 11µm) had no effect on hMSC proliferation. Although DNA
levels were higher in cultures treated with 100 and 200µg/ml HA 14.1µm
microspheres, respectively, this was not statistically significant (Figure 2.3 A and B).
Metabolic activity of cells grown in the presence of the HA and COLL microspheres
compared to cells alone was not statistically decreased with a reduction of less than
20% across all concentrations tested (Figure 2.3 C and D). Furthermore, to assess
whether HA or COLL microspheres might elicit a pro-inflammatory response, the
release of TNF-α from THP-1 cells was analysed in the supernatant following
incubation with microspheres for 12 h. Similarly, no significant increases in TNF-α
were detected. Since high molecular weight HA (>800kDa) has been associated with
anti-inflammatory and chondroprotective effects (Roth et al., 2005, Kang et al.,
1999), we assessed if HA microspheres could reduce an inflammatory response
using LPS-stimulated THP-1 cells. Although the addition of 14.1µm HA microspheres
appeared to reduce TNF-α production by LPS stimulation by 21%, results were not
statistically significant (Figure 2.3 E). These results confirm the low toxicity of the
microspheres to hMSCs. Furthermore, they do not elicit an inflammatory response,
as demonstrated by the inability of the microspheres to activate THP-1 monocytes.
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Figure 2.3: Cellular compatibility of HA and COLL microspheres. Influence of HA
and COLL microsphere size and concentration on proliferative state (A, B) and
metabolic activity (C, D) of hMSCs. (E) Production of TNF-α from unstimulated and
LPS-activated (0.1μg/ml) THP-1 cells. Data represents the mean ± SEM of 3 hMSC
donors (A-D) and mean ± SD of 3 independent experiments (E). Two-way ANOVA
(A-D) and one-way ANOVA (E), p>0.05.
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2.3.3 Cellular uptake/In vitro cellular association of HA microspheres
Confocal microscopy, flow cytometry and TEM were used to assess uptake of HA
microspheres by hMSCs. COLL microspheres (1.8 and 11μm) were included as
controls. Microspheres were fluorescently labelled with FITC to facilitate in vitro
tracking. Confocal images illustrated the interaction between hMSCs and
microspheres (Figure 2.4 Ac, d, g, h) while TEM confirmed the presence of
microspheres intracellularly (Figure 3Aa, b, e, f). The smaller HA and COLL
microspheres were detected within the cells, while larger microspheres were not
taken up to the same extent, although some were found intracellularly (red
arrows). Quantification of cellular uptake was carried out using flow cytometry. In
line with TEM analysis, there was a significant increase in uptake of smaller
microspheres across all time points with at least 85% more uptake of 1.8μm COLL
compared to 1.2μm HA microspheres. Similarly, there was a significant increase in
uptake of 11μm COLL compared to 14.1μm HA and also 1.2μm HA compared with
14.1μm HA microspheres (Figure 2.4 B&C). These results suggested that the 14.1µm
HA microspheres were more appropriate for growth factor delivery and
extracellular targeting and thus were selected and used in further in vitro and exvivo growth factor loading studies.

43

Chapter 2

Figure 2.4: Determination of cellular uptake of HA and COLL microspheres by
hMSCs. (A) Confocal microscopy images (c, g, d, h) and TEM analysis (a, e, b, f)
illustrate the interaction and uptake of HA and COLL microspheres by hMSCs at 12
h. Blue, Nucleus; Red, Cytoskeleton; Green, Microspheres. Microspheres located
intracellularly (red arrows) and extracellularly (purple arrow). N, denotes the
Nucleus, V, denotes location of vacuoles. (B) Flow cytometry analysis of hMSCs
incubated with HA and COLL microspheres (1.8 and 11μm) for 12, 24 and 48 h.
Mean fluorescence intensity was estimated for each group and normalized to
hMSCs alone. (C) Representative fluorescence intensity histograms for HA and COLL
microspheres. Data is representative of the mean ± SD of 3 hMSC donors. Two-way
ANOVA performed, *p<0.05 COLL 1.8 vs. COLL 11μm, COLL 11 vs. HA 14.1μm and
HA 1.2 vs. HA 14.1μm (across all times).

44

Chapter 2

2.3.4 HA microspheres as delivery vehicles for hMSC chondrogenesis
The ability of TGF-β3-loaded HA microspheres to promote chondrogenic
differentiation of hMSCs in pellet culture was assessed (Figure 2.5). A high loading
efficiency of TGF-β3, approximately 80%, was observed using 14.1μm HA
microspheres. The TGF-β3 release profile was investigated in a pellet culture system
with or without hMSCs. Figure 2.6 A shows the cumulative release of TGF-β3 into
ICM medium. Inclusion of the cells had no effect on the release of the growth
factor. An initial burst release extending up to 4 days followed by low but sustained
release up to day 10 was observed; a release profile similar to Bian et al., 2012.
Analysis indicated that this microsphere delivery system followed zero order
kinetics. Assessment of TGF-β3 levels released from the microspheres on days 5-10
indicated that 4 to 10ng/ml growth factor was detected (Figure 2.6 B). For
chondrogenesis to occur in vitro, hMSCs are exposed to 10ng/ml fresh TGF-β3 every
2 days (Mackay et al., 1998). Using these conditions, 3-8ng/ml TGF-β3 was detected
in the medium throughout the experiment (Figure 2.6 C) indicating that the levels
released from TGF-β3-loaded microspheres after 4 days were sufficient to promote
chondrogenesis. Viability of hMSC ± TGF-β3-loaded HA microsphere pellets was
assessed using live/dead stain after 21 d culture. There was no difference in cell
death between the MSC control group and TGF-β-loaded HA microsphere group.
(Figure 2.6 D).

Figure 2.5: Illustration of TGF-β3-loaded HA microsphere pellet culture system.
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Figure 2.6: Loading, viability and release of TGF-β3 from hollow HA microspheres.
(A) Cumulative release profile of TGF-β3 from microspheres alone and in the
presence of hMSCs over 10 d in ICM medium. (B) Concentration of TGF-β3 released
from HA microspheres cultured with hMSCs in ICM for 10 days. (C) Concentration of
detected TGF-β3 from chondrogenic pellets cultured in normal chondrogenic
conditions (+ 10ng/ml TGF-β3 every 2 days) with (black bars) or without (white
bars) HA microspheres. (D) Viability of chondrogenic pellets cultured for 21 d with
(d, e, f) and without (a, b, c) TGF-β3-loaded HA microspheres in ICM medium. Data
is presented as the mean ± SD of 3 technical replicates for experiments performed
with 2 hMSC donors and 2 individual microsphere preparations. Scale bar, 100μm.
Two-way ANOVA performed, (*p<0.05).
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2.3.5 In vitro chondrogenesis of hMSC with TGFβ3-loaded HA microspheres
To evaluate the bioactivity of released TGF-β3, hMSCs were cultured with TGF-β3loaded HA microspheres and assessed for their ability to promote in vitro
chondrogenesis after 21d culture. Histological sections were stained for
proteoglycan and assessed by blue to pink staining (metachromasia) with toluidine
blue (Figure 2.7 a-f) and brown immunostain indicative of collagen type II (Figure
2.7 g-l) to determine relative amounts and distribution within the pellets. Groups
included hMSC alone, hMSC with HA microspheres and hMSC with TGF-β3-loaded
HA microspheres treated with ICM with no TGF-β3 added throughout the culture
period, or CCM as a positive control with 10ng/ml TGF-β3 added every 2 days. In
ICM, type II collagen and toluidine blue staining were negative in both control hMSC
(Figure 2.7 Aa, g) and HA microsphere alone groups (Figure 2.7 Ab, h) as
demonstrated by no brown stain for collagen type II and weak blue stain for
proteoglycan. The most intense matrix staining was observed with the TGF-β3loaded microsphere groups (Figure 2.7 Ac, i), which showed strong metachromasia
(blue to pink) with toluidine blue and immunostained brown for collagen type II.
This was comparable to the positive control of hMSCs cultured with free TGF-β3
every 2 d (Figure 2.7 Ad, j). Positive staining was also detected in the additional,
positive control groups containing HA microspheres and TGF-β3-loaded HA
microspheres cultured in CCM (Figure 2.7 Ae, k, f, l).

Quantitative analysis of GAG in each group demonstrated that the amount of
deposition as well as DNA content was substantially higher in the hMSC group with
TGF-β3-loaded HA microspheres cultured in ICM compared to hMSC and hMSC with
HA microspheres alone groups (P <0.05, Figure 2.7 B, C). In addition, significantly
more GAG was detected compared to the hMSC cultured in CCM group (Figure 2.7
B). Results following normalization of GAG to the DNA content again support
staining results. Total GAG/DNA content in the group that received TGF-β3-loadedHA microspheres cultured in ICM was significantly higher than that of the hMSC
only and hMSC with HA microsphere groups cultured in the same conditions, where
negligible amounts of GAG/DNA were detected. There was also significantly more
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GAG/DNA content in the groups that received HA microspheres and TGF-β3-loadedHA microspheres compared with hMSCs alone cultured in CCM, where 10ng/ml
TGF-β3 was added every 2 days (Figure 2.7 D). This suggests a beneficial role of HA
microspheres in promoting GAG synthesis. Loading HA microspheres with 250ng/ml
TGF-β3 had no additive effect over HA microspheres alone in CCM. This group
exposed to fresh TGF-β3 every 2 days as well as growth factor released from HA
microspheres did not show increased GAG deposition compared to the TGF-β3loaded HA microspheres cultured in ICM. These results suggest that the initial burst
release followed by sustained release of TGF-β3 from the HA microspheres was
sufficient to initiate and maintain chondrogenesis of hMSCs.

Next we examined whether proteoglycan production was associated with the
induction of chondrogenic transcripts. Quantification of markers was performed on
RNA extracted from all test groups, cultured in both ICM and CCM for 14 d.
Collagen type II was significantly upregulated in the group that received TGF-β3loaded-HA microspheres cultured in ICM compared to hMSCs alone cultured in the
same conditions (385-fold increase) (Figure 2.8 A). Additionally, there was a
significant increase in collagen type II in the hMSC groups cultured in CCM with
TGF-β3-loaded-HA microspheres compared to hMSCs alone cultured in CCM. The
same trend was observed with aggrecan, with a significant increase detected in the
group that received TGF-β3-loaded-HA microspheres cultured in ICM compared to
hMSCs alone (Figure 2.8 B). Significantly, there was less collagen X in this group
compared to the hMSC cultured in CCM group (pellets receiving TGF-β3 every 2 d),
indicating the formation of pellets with a more hyaline-like articular cartilage
phenotype (Figure 2.8 C). These results demonstrate that culture of hMSCs in the
presence of TGF-β3-releasing HA microspheres enabled in vitro differentiation to
chondrocytes in addition to promoting the secretion of extracellular matrix
components, characteristic of hyaline cartilage.

48

Chapter 2

Figure 2.7: In vitro chondrogenesis of hMSCs by release of TGF-β3 from HA
microspheres. (A) Representative images of 21 d chondrogenic pellets sectioned
and stained with toluidine blue (a-f) and collagen type II (g-l). Negative control
groups included hMSC alone (a, g) and hMSC + HA microspheres (MSC+H) (b, h) in
ICM medium. Positive staining for GAG and collagen type II was evident in the test
group, hMSC + TGF-β3-loaded HA microspheres (MSC+H+T) in ICM (c, i). Positive
control groups included hMSC, hMSC + HA microspheres and hMSC + TGF-β3loaded HA microspheres H+T cultured in CCM throughout (d-l). Proteoglycan
content was quantified by measuring (B) GAG (C) DNA and (D) GAG/DNA ratio.
Results indicated a significant increase in GAG and GAG/DNA deposition in the test
group (hMSC + TGF-β3-loaded HA microspheres MSC+H+T in ICM) compared to the
negative and positive control groups. There was also a significant increase in GAG
when HA microspheres were added to the positive controls (MSC+H in CCM). Scale
bars, 200μm (e, f, k, l) and 100μm (a-d, g-j). HA = Hyaluronan microspheres, TGF-β3
HA = TGF-β3-loaded HA microspheres; Exogenous TGF-β3 = 10ng/ml TGF-β3 added
freshly to culture every 2 d. Data is representative of the mean ± SD of 3 hMSC
donors. One-way ANOVA and post-hoc Tukey post-tests were performed, *p<0.05.
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Figure 2.8: Effect of TGF-β3-loaded HA microspheres on gene expression of
chondrogenic markers. Levels of gene expression for chondrogenic markers (A)
collagen type II (COL2A1), (B) aggrecan (ACAN) and (C) collagen type X (COL10A1)
were investigated by real-time PCR after 14 d in culture. Expression was normalized
to drosha and expressed as fold change compared to hMSCs cultured in ICM. HA =
Hyaluronan Microspheres, TGF-β3 HA = TGF-β3-loaded HA microspheres;
Exogenous TGF-β3 = 10ng/ml TGF-β3 added freshly to culture every 2 d. Data is
representative of the mean ± SEM for 3 hMSC donors. One-way ANOVA and Tukey
post-hoc -tests were performed (*p<0.05).
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2.3.6 Ex- vivo culture of human osteoarthritic cartilage explant with HA
microspheres
The ability of HA microspheres loaded with TGF-β3 to support hMSC chondrogenic
differentiation was evaluated in a human osteoarthritic explant culture system.
Cartilage explants were exposed to ICM in a 2% agarose well (Figure. 2.9 A) in the
presence of hMSCs alone (B a, b), hMSCs with HA microspheres (B c, d) or with HA
microspheres loaded with TGF-β3 (B e, f). Explants with hMSCs and exposed to
fresh TGF-β3 every 2 d were included as positive controls (B g, h). Sections were
stained with toluidine blue for detection of proteoglycans. Exogenously added
hMSCs (*) were seen as blue flattened cells and HA microspheres (black arrow) as
white circles along the surface of the damaged articular cartilage or within
characteristic osteoarthritic fibrillations/clefts. An increase in GAG deposition in
exogenously added hMSCs (B f, dotted red arrow) and resident chondrocytes (B f,
solid red arrows) was seen after exposure to TGF-β3-loaded HA microspheres for 21
d. This was comparable to the positive controls where explants were exposed to
freshly-added TGF-β3 throughout the culture period (B g, h).
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Figure 2.9: Ex vivo culture of osteoarthritic human cartilage explants. (A)
Schematic representing the explant culture format with cartilage biopsies
embedded in 2% agarose gel. (B) Explants were exposed to hMSCs alone (a, b),
hMSCs with HA microspheres (c, d), and hMSCs with TGF-β3-loaded HA
microspheres (e, f) in ICM. The positive control explants were treated with hMSC
alone and cultured in CCM with fresh 10ng/ml TGF-β3 every 2 d (g, h). HA =
Hyaluronan Microspheres, TGF-β3 HA = TGF-β3-loaded HA microspheres,
Exogenous TGF-β3 = 10ng/ml TGF-β3 added freshly to culture every 2 d.
Representative images of n=3 explants with lower panels showing areas of the
explant surface in a, c, e and g. Scale bars, 200μm (a, c, e, g) and 100μm (b, d, f, h).
Insets (b, d) represent magnified images of the areas highlighted by the dotted
rectangles to highlight cell (b) and microsphere morphology (d). *, hMSCs; black
arrow, HA microspheres; dotted red arrow, MSC-like cells; solid red arrow, resident
chondrocytes.
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2.3.7 In vivo localization of FITC labelled HA microspheres
C57BL/6 mice were injected intra-articularly with 5mg/ml HA microspheres to
assess microsphere localization. Three days post injection, the animals were
sacrificed and the joints were taken for histological study. Microspheres were
clearly identified in the joint by their FITC label. Staining of the same slide with
toluidine blue identified these regions as the meniscus (Figure 2.10 B a & b), the
periosteal lining (Figure 2.10 B c (red box) & d) and the suprapatella bursa (Figure
2.9 B c (yellow box) & e). H&E staining of microsphere injected joints did not
highlight any immune cell infiltration in proximity to the microspheres indicating
that HA microspheres were well tolerated in the joints of mice (Figure 2.11 a-d).
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Figure 2.10: Localization of FITC labelled HA microspheres in murine joints. (A)
Pilot in vivo experimental design. (B) Toluidine blue stain of murine knee joints
injected with HA microspheres and harvested at day 3. Sequential slides were also
stained with DAPI. FITC-positive microspheres are clearly seen in the meniscus (B a
& b), the periosteum (B c (red box) & d) and the suprapatellar bursa (SB) (B c
(yellow box) & e) of the joint. Scale bars, 250µm; B b, e, d, 100µm; B c, 500µm.
T=Tibia, M=Meniscus.
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Figure 2.11: Histology of mouse knee joints 3 d after intra-articular injection of HA
microspheres.

FITC-labelled

HA

microspheres

identified

along

the

periosteal/synovial lining (a, b) and in the synovium (c, d). Knee joint sections
stained with DAPI (a, c) and H&E (b, d). No inflammatory infiltrates were visible in
joints injected with HA microspheres. Scale bars, 100µm (a-d). a, white dashed line
represents region indicated in (b) black dashed line with magnified inset outlined by
the black solid line. White arrow (c) and black arrow (d) indicate FITC-labelled HA
microspheres.
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2.4 Discussion
There is a growing demand for the development of injectable systems for the
regeneration of articular cartilage defects. The use of microspheres composed of
HA could form the basis for a chondro-conductive environment for hMSCs with
release of TGF-β3 from this reservoir acting to initiate chondrogenic differentiation
of hMSCs. This delivery system could also potentially act as a recruitment signal for
endogenous chondroprogenitor cells. The present study describes the preparation
of hollow HA microspheres through electrostatic layer-by-layer self-assembly. We
validated the microspheres as a chondromimetic platform for delivery of growth
factors to promote chondrogenesis of hMSCs in vitro and ex vivo. The basic
principle behind the methodology used to fabricate these microspheres has been
described previously and is based on the sequential and repeated electrostatic
adsorption of positively and negatively charged polymers onto a charged template
(Yu. Lvov, 1993). In addition to forming reproducible microspheres, another
advantage of the template method is the ability to remove the core for the
incorporation of bioactive molecules such as growth factors (Kim et al., 2004,
Skirtach et al., 2011, Browne et al., 2012).

Given that microsphere size and shape is a critical parameter affecting cellular
interaction and uptake (Champion et al., 2007), we compared microspheres with
regard to cellular uptake. As internalization was observed with smaller
microspheres, the larger 14.1µm HA microspheres were selected to investigate
their capability as a growth factor carrier for TGF-β3. Furthermore, HA 14.1µm
microspheres were more stable. The selection of this size range is similar to the
study by Ko et al., who utilized PLGA microspheres with a mean size of
14.5±0.81µm for the intra-articular delivery of an anti-inflammatory agent for
modulation of OA. In this study, necropsy of liver, spleen, kidney and bone marrow
was carried out with no gross or histological differences noted following injection of
these size particles (Ko et al., 2013). This would suggest that this size range does not
cause systemic toxicity. We have shown that HA microspheres are compatible with
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hMSCs and do not activate monocytes, an indicator of inflammation. This data
agrees with other studies where HA was employed as a delivery scaffold with no
adverse effects noted (Lisignoli et al., 2005, Mizrahy et al., 2011). HA has also been
used as an intra-articular treatment for management of pain in OA patients for a
number of years with a recent systematic review indicating positive effects
(Trigkilidas and Anand, 2013).

TGF-β3 has been identified as an effective stimulator of cartilage tissue
development and regeneration, and functions in regulation of several cellular
activities including proteoglycan metabolism (Davidson et al., 2007, Morales and
Roberts, 1988). For this reason, it was selected as a candidate for controlled
induction of chondrogenic differentiation of hMSCs. Additionally, members of the
TGF-β family have been shown to enable the recruitment of hMSCs and progenitors
in vivo (Lee et al., 2010a, Mendelson et al., 2011). Zeta potential results indicated
that the HA microspheres were negatively charged suggesting that they would be
optimal for electrostatically binding the cationic TGF-β3. This was verified by the
high loading efficiency, similar to that previously described for PLGA and chitosan
microspheres (Kim et al., 2003, Morille et al., 2013). Cumulative release data
suggested a strong initial burst release from the microspheres followed by a
sustained release of TGF-β3. We believe TGF-β3-loaded HA microspheres not only
provided a micro-milieu suitable for initiating the signals required for
chondrogenesis of hMSCs, but enabled release of sufficient TGF-β3 to maintain
differentiation over time. Although, not investigated in this work, incorporation of
microspheres within hydrogels can further delay the release profile of growth
factors, if desirable (Spiller et al., 2012). Previous studies have suggested that short
term exposure of TGF-β3 may be sufficient to initiate the key regulatory events for
chondrogenesis to occur (Huang et al., 2009, Byers et al., 2008). The addition of
high levels of TGFβ in the initial days of hMSC chondrogenic differentiation resulted
in similar levels of chondrogenesis compared to continuous culture (Caterson et al.,
2001). Similarly, bovine MSCs that were cultured in a methacrylated HA tissue
construct with 100 ng/mL of TGF-β 3 for 7 days demonstrated superior mechanical
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and biochemical properties, exceeding groups that received continuous TGF-β3
delivery (Kim et al., 2012). This suggests that the commitment of MSCs down the
chondrogenic lineage is influenced at the early stage of differentiation and that an
initial burst release seen in this study using HA microspheres may be advantageous.

In their native environment, many endogenous growth factors are found bound
within the ECM, where they are stored until required; thus ECM plays an important
role in regulating growth factor release and activation (Kim et al., 2011). Although
the mechanism of action of HA microspheres was not directly investigated in this
study, we postulate that it is both the presence of HA and TGF-β3 that is
successfully supporting chondrogenesis. This is in accordance with previous
literature that has shown stem cell interactions with HA promote expression of
early chondrogenic markers, such as the cartilage transcription factor SOX9 and
collagen type II. The inclusion of HA also enhanced TGF-β-induced chondrogenic
differentiation of hMSCs in an alginate layer system (Kavalkovich et al., 2002, Bhang
et al., 2011, Chung and Burdick, 2009, Wu et al., 2013b). This might explain why
incorporation of HA microspheres in normal chondrogenic conditions had a positive
synergistic effect on differentiation, as seen from the increased GAG/DNA ratio. It is
possible that exogenously added TGF-β3 bound to HA microspheres in the
developing pellet and allowed for more efficient availability of growth factor.
Moreover, this retention may be particularly important for growth factors with a
short half-life such as TGF-β3 (Dinbergs et al., 1996) and would be an advantage for
in vivo applications by providing protection from circulating proteases and enzymes.

Unregulated TGF-β3 signalling can be detrimental to some tissues and plays a
known role in many pathologies including liver fibrosis (Dooley and ten Dijke, 2012).
In chondrogenesis, release of high levels of TGF-β3 throughout the process is not
necessarily desirable and may drive cells to become hypertrophic or induce fibrosis
as previously demonstrated in a murine knee joint (van Beuningen et al., 1994, van
der Kraan and van den Berg, 2012, van Beuningen et al., 2000). We have shown that
compared to normal chondrogenic culture conditions the use of TGF-β3-loaded HA
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microspheres results in significantly less collagen type X expression, a marker of
undesirable late-stage chondrocyte hypertrophy and terminal differentiation. This
result is in accordance with similar studies (Bian et al., 2011) but also surpasses
previously reported results (Bouffi et al., 2010, Morille et al., 2013). Thus, the intraarticular injection and release of TGF-β3 from delivered microspheres could prove
advantageous in avoiding potential side effects described previously (Roberts et al.,
1986).

Given that HA has an affinity to the receptor CD44 expressed on chondrocytes,
localization of HA microspheres and also the biocompatibility of the microspheres
following injection into a murine joint was investigated. HA microspheres were
identified in the synovium/meniscus and perichondrium regions. Similarly,
Presumey et al. showed that 23.5µm PLGA localize to the same regions (Presumey
et al., 2012). In line with our results, no microspheres were located at the articular
cartilage surface. Biocompatibility is an important consideration for any delivery
system. The exposure of C57BL/6 mice knee joints to HA microspheres did not
appear to result in an inflammatory response. Thus, in the short term, HA
microspheres appear to be biocompatible.

Herein, in vitro and ex vivo evidence supports the use of TGF-β3-loaded HA
microspheres for in situ differentiation of hMSCs. The results indicate that in
addition to being compatible with hMSCs, these microspheres can provide a matrix
for in vitro chondrogenesis and may have potential to differentiate endogenouslyrecruited mesenchymal progenitors. In terms of HA microspheres as an injectable
therapeutic, our preliminary in vivo data suggests that HA microspheres localize to
the periosteal/perichondrium regions and meniscus. This highlights the need to
design specific targeting approaches to ensure microspheres and their bioactive
load is delivered to the desired site of action. Once this is archived, the use of
growth factor-releasing chondromimetic HA microspheres can be envisaged as a
one-step clinically translatable protocol for cartilage repair, presenting many

59

Chapter 2

advantages over current treatments such as autologous cartilage implantation, an
invasive two step procedure.
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3.1 Introduction
Hyaline articular cartilage is a remarkably durable tissue, however, once damaged it
has limited capacity for self-repair due to its avascular nature with the ultimate
outcome being the development of OA (Hunziker, 2002). Tissue engineering has
emerged as a very attractive approach to cartilage repair utilizing natural (collagen,
hyaluronan, silk protein and chitosan) (Lee et al., 2009a) and synthetic biomaterial
scaffolds such as PLA, as well as allogeneic and autologous sources of cells and
chondroinductive growth factors (Johnstone et al., 2013). Intra-articular injection of
therapeutic cells whether chondrocytes, MSCs or other progenitors for cartilage
repair represents a currently used interventional approach to cartilage
regeneration. However, a key biological obstacle to using cell therapy is loss of
transplanted cells from the desired site.

Tissue regeneration by cell homing is an approach that is not extensively
investigated in comparison to cell transplantation methods and may represent a
new approach for joint tissue repair. It is now recognised that the synovial joint
environment contains mesenchymal progenitor cells. These progenitors have been
isolated from various sources including intrapatellar fat pad (English et al., 2007,
Lopez-Ruiz et al., 2013), periosteum (De Bari et al., 2001a, Nakahara et al., 1990),
synovial membrane and fluid (De Bari et al., 2001b, Lee et al., 2012) and from the
articular cartilage itself, particularly the superficial layer (Alsalameh et al., 2004,
Williams et al., 2010b). Recruitment of such tissue-specific progenitor cells to the
site of damage, and activation of their repair programme in vivo may represent a
new approach in the treatment of cartilage defects.

The use of biomaterials in aiding the recruitment of cells has become a feature of
recent research, in particular the use of microspheres which can be loaded with
bioactive molecules and guide cells to the injury site and enable their proliferation
and/or differentiation (Bouffi et al., 2010, Liu et al., 2011). Moreover, microspheres
can acquire active targeting properties and can be modified with moieties such as
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antibodies or peptides specific to receptors expressed on particular cells or tissues
(Ansboro et al., 2012).

The signals that guide progenitor cells or MSC-like cells to appropriate
microenvironments are key factors to consider as these cues may vary depending
on the tissue or cell type (Andreas et al., 2014). Chemokine stromal cell-derived
factor-1 (SDF-1), the ligand for chemokine receptor 4 (CXCR-4) is expressed by bone
marrow MSCs (Wynn et al., 2004) and has recently been shown to promote the
migration of progenitor cells (Zhang et al., 2013c). In this study, SDF-1-loaded
collagen type I scaffolds were inserted into partial-thickness cartilage defects in a
rabbit model. The authors demonstrated that in defects left untreated or implanted
with collagen type I alone there was no repair whereas in the SDF-1-treated
samples, endogenous cells expressing MSC markers were recruited into the defect
and the tissue repaired. However, it must be noted that the repair tissue was rich in
collagen types I and X indicating a hypertrophic tissue response. In a study by Ponte
et al., 2007 it was revealed that growth factors (platelet-derived growth factor-AB
(PDGF-AB) and insulin-like growth factor 1 (IGF-1)) were more potent
chemoattractants for unstimulated bone marrow MSCs compared to chemokines
(RANTES, macrophage- derived chemokine (MDC), and SDF-1) (Ponte et al., 2007).

With regards to selecting a chemoattractant for articular cartilage, a growth factor
may be more appropriate. Growth factors not only influence chemotaxis, they also
play a crucial role in differentiation, proliferation and can have a direct effect on
chondrocyte activity, and thereby regulate cartilage healing. In a study by Lee et al.
host endogenous cells, recruited by TGF-β3 to a biomaterial scaffold, led to the
regeneration of cartilage after all tissue had been removed in the synovial joint in
vivo (Lee et al., 2010a). The potential advantage of TGF-β3 is its essential role in
enabling the differentiation of MSCs in addition to its role in chondrocyte
phenotype maintenance (Johnstone et al., 1998). Furthermore, in addition to its
role as a chemotactic factor, we have previously established that HA microspheres
loaded with TGF-β3 can efficiently initiate chondrogenic differentiation of hMSCs in
64

Chapter 3

vitro. In Chapter 2, data presented shows TGF-β3-loaded HA microspheres
significantly increasing GAG production (Figure 2.7) and chondrocyte specific gene
expression (Figure 2.8) (Ansboro et al., 2014). Thus, using TGFβ may not only
stimulate cartilage regeneration by recruitment of endogenous stem/progenitor
cells to the defect site but also potentially promote differentiation of these cells.

As discussed previously in section 2.3.7, HA microspheres when delivered by intraarticular injection into a murine knee, localized to the synovium/meniscus and
periosteum regions but not to the articular cartilage surface. This is clearly
undesirable if one wants localized delivery of bioactive molecules, like TGF-β3, to
articular

cartilage

where

it

can

be

released

and

stimulate

cell

recruitment/differentiation. Therefore, an approach to enhance targeting of HA
microspheres is required. Firstly, a selective and specific antibody to degraded
cartilage to enable specific localization of microspheres is necessary. Molecules
with increased levels in OA cartilage can prove useful targets, though only if found
in the desired superficial surface zone and exposed primarily in damaged tissue.
There are several possible ligands for OA cartilage targeting, including extracellular
matrix components and degraded collagen neoepitopes (Kraus et al., 2011). The
appearance of these neoepitopes is a signature marker of cartilage matrix
breakdown by proteases such as matrix MMPs and aggrecanases and is a
prominent feature of OA (Fosang et al., 2003). MMPs, specifically MMP1, 8, 13, and
MT1-MMP are the enzymes responsible for catalysing the cleavage of collagen type
II fibres. They preferentially cleave between Gly794 and Leu795 generating a C- and
N-neoepitope fragment, that are 3/4 and 1/4 the size of the collagen precursor
(Billinghurst et al., 1997). Once compromised, the triple helix of the type II
fragments unwinds and is susceptible to further degradation by a variety of
proteolytic enzymes such as gelatinases and cathespins (Fosang et al., 2003). The
1/4 fragment is particularly unstable and subject to further cleavage while the 3/4
fragment is stable and retained in the cartilage matrix (Billinghurst et al., 1997).
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Antibodies have been raised against neoepitope sequences at the C and N terminus
of the collagen type II fragments including a monoclonal antibody towards a 32
amino acid sequence in the CB11 region of collagen type II (Col2-3/4M). This
monoclonal antibody recognizes a defined epitope in denatured type II collagen but
not the native molecule.

Given that the 3/4 fragment is formed only when collagen type II is denatured and
is absent in native triple helical collagen type II, this formed the basis for our
antibody-targeted HA microsphere construct to articular cartilage. In this study we
focused on the development of a proof of concept methodology for targeting HA
microspheres to human OA cartilage. A COL2-3/4M antibody was generated in
chickens and isolated as a polyclonal IgY directed to the exposed degraded collagen
type II epitope. Specificity of the isolated antibody was evaluated using
immunohistochemistry; on confirming specificity the COL2-3/4M antibody was
tethered onto HA microspheres. Finally, targeting of the construct was assessed in
an ex vivo human cartilage model.
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3.2 Materials and Methods
Note: All reagents were purchased from Sigma–Aldrich unless otherwise stated.

3.2.1 Production of the COL2-3/4M antibody
Polyclonal COL2-3/4M IgY antibody production was outsourced to Ovagen
Laboratories to ensure supply of sufficient antibody for preparation of the construct
and future experimental analyses. The peptide sequence of the commercially
available COL2-3/4M antibody (IBEX), a 21-amino acid sequence of the alpha chain
of collagen II (-Gly-Lys-Val-Gly-Pro-Ser-Gly-Ala-Hyp-Gly-Glu-Asp-Gly-Arg-Hyp-GlyPro-Hyp-Gly-Pro-Gln-) (Hollander et al., 1994) was used to immunize chickens
according to the schedule below (Table 3.1).

Time point

Procedure

Day 0

Pre-bleed 3X Female Leghorn chicken (5ml from wing vein –for
serum collection).
Immunize all chickens with 50µg antigen in Freund’s Complete
Adjuvant.
Separate serum from blood clot.
Immunize all chickens with 50µg antigen in Freunds Complete
Adjuvant.
Bleed all chickens – (5ml from wing vein for serum collection 24 h
later).
Remove all eggs from cage and discard.
Separate serum from blood clot.
Collect eggs and store at 4°C.
Immunize all chickens with 50µg antigen in Freunds Complete
Adjuvant.
Remove all eggs from cage and discard.
Collect and store eggs at 4°C.

Day 0
Day 1
Day 28
Day 35
Day 35
Day 36
Day 36-37
Day 42
Day 42
Day 43-45
Day 56

Eggs ready for IgY Isolation and functionality testing.

Table 3.1: Procedure used to make generate COL2-3/4M IgY in chickens.

The COL2-3/4M targeting antibody was selected based upon previous literature and
experience. In order to ensure sufficient supply, the COL2-3/4M antibody was
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generated by immunizing chickens and isolating the polyclonal antibody from egg
yolks. Besides the ease of production, scalability and isolation of IgY antibodies,
they have several advantages over mammalian antibodies in terms of their inability
to activate the complement system and failure to bind to Fc-receptors (Karlsson et
al., 2004). The commercially available COL2-3/4M IgG antibody was also included in
some experiments for comparison.

3.2.2 Isolation of COL2-3/4M antibody from egg yolks
COL2-3/4M IgY antibody was precipitated from egg yolks using the Pierce™Chicken
IgY Purification Kit. Briefly, egg yolks were separated from the egg white using the
egg separator supplied and the yolk sac rinsed with ultrapure water. The egg yolk
sac was then punctured using a Pasteur pipette and collected in a tared beaker,
allowing the weight of the yolk to be recorded (1ml of egg yolk = 1 gram). Under
continuous stirring, five times the egg yolk volume of cold delipidation reagent was
added to ensure adequate mixing. The beaker was covered and incubated at 4°C for
2 h. The diluted egg yolk solution was centrifuged for 15 min at 10,000g in a
refrigerated centrifuge, and the supernatant was decanted (colourless and
translucent) into a graduated cylinder and the volume recorded. The supernatant
was poured into a clean beaker and an equal volume of cold IgY precipitation
reagent was added under gentle mixing for 2 min. Again, the beaker was covered
and incubated at 4°C overnight. Following incubation, the suspension was added to
a cold centrifuge bottle and centrifuged for 15 min at 10,000g in a refrigerated
centrifuge. The supernatant was discarded and the white/clear pellet retained,
containing purified IgY. PBS at an equal volume to the original volume of egg yolk
was added to the pellets and mixed gently until completely dissolved. The volume
of the purified IgY solution was measured and recorded. The protein concentration
of the purified IgY was determined from the absorbance at 280 nm of purified IgY
diluted at 1:10 using 1.33 as the extinction coefficient.
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3.2.3 Protein analysis
The purity of the isolated IgY was determined using sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (PAGE). NuPAGE® Novex® Bis-Tris pre-cast minigels (4-12%) (Invitrogen) were placed in an XCell SureLock Mini-Cell and the inner
chamber was filled with approximately 250ml of 1X NuPAGE® SDS running buffer.
The outer chamber was filled with 1X NuPAGE® SDS running buffer. Samples
included COL2-3/4M IgY antibody and the reduced antibody (with 2βmercaptoethanol). Samples were prepared using an antibody concentration of 0.5
mg/ml in a total volume of 10μl with 2μl of sample, 2.5μl of NuPAGE LDS sample
buffer and 5.5μl of dH2O. Benchmark prestained protein ladder (Invitrogen) was
used to provide a measurement of size. Samples were run under reduced and
denaturing conditions and non-reducing denaturing conditions. Samples and ladder
were loaded onto the gel and run at 100V for 2-2.5 h. Following electrophoresis,
the gel was fixed (50% ethanol and 10% acetic acid in dH20), protein was stained
with Coomassie brilliant blue G-250 (0.1% Coomassie Blue, 20% methanol, 10%
acetic acid) and cleared with 10% acetic acid, 40% methanol in dH20 water.

3.2.4 Preparation of human OA cartilage for histology
To assess the functionality of the purified chicken COL2-3/4M antibody, human OA
cartilage sections were prepared from cartilage biopsies taken from the articular
cartilage surfaces of the tibia plateau of the knee of consenting patients with endstage OA undergoing knee arthroplasty at Merlin Park Hospital, Galway. The
procedure was approved by the Galway University Hospitals’ Clinical Research
Ethical Committee. Full thickness cartilage explants were created as described
previously (Section 2.2.8). Explants were fixed in 10% Formalin for 1 h and paraffinembedded. Briefly, the explants were dehydrated in an automated tissue processor
(Leica ASP300S) and embedded in paraffin wax prior to sectioning at a thickness of
5μm using the Leica RM2235 microtome. Samples were sectioned at 5µm,
deparaffinized in xylene, passed through an ethanol series and finally placed in
water for rehydration.
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3.2.5 Immunostaining of human OA cartilage
Immunostaining was carried out using a KPL Histomark Biotin Streptavidin-HRP
System and DAB kit (Abcam DAB Substrate Kit; ab94665) as per the manufacturer’s
instructions. After deparaffinisation and hydration endogenous peroxidases were
inactivated using a 0.3% hydrogen peroxide quenching solution. Pepsin, 4mg/ml in
0.2N HCL (DAKO) was incubated with the sections for 30 min at RT to achieve
antigen retrieval. Slides were washed 3 times in tris buffered saline (TBS) for 3 min.
Sections were blocked with 10% Goat serum for 60 min at RT followed by an
additional 3% ovalbumin in TBS block for 60 min at RT. Sections were then dried
prior to the addition of primary antibody (0.004mg/ml in TBS/1% BSA) or TBS as a
negative control for 60 min at RT. Slides were washed in TBS-0.5% Tween and
secondary antibody (Biotinylated Goat Anti-IgY H+L) was added for 30 min at RT.
Slides were again washed and streptavidin-peroxidase (KPL Kit) incubated with
sections for 30 min at RT. DAB as the substrate chromagen was added for 4 min to
develop colour. Slides were further washed in TBS and dH20, counterstained in
Mayers Hematoxylin (TCS Biosciences LTD.; HS315) for 10 seconds, washed in dH20
and tap water, and then dehydrated and cover slipped using histomount solution
(National Diagnostics). Imaging was performed using a Leica Upright brightfield
microscope.

3.2.6 Microsphere preparation and functionalization strategy
COL2-3/4M was tethered to the surface of HA microspheres (5mg/ml) by
conjugation of unbound available amine groups on the antibody to free carboxyl
terminals of the HA microspheres using carbodiimide chemistry. The free carboxyl
groups on HA microspheres were activated with EDC/NHS in MES pH7 buffer
solution for 30 min while agitating at 50 rpm. The COL2-3/4M antibody (0.5mg/ml)
was introduced to the suspension which was incubated under stirring overnight at
4°C. After incubation, COL2-3/4M-conjugated HA microspheres were centrifuged at
8,000g for 5 min, washed twice with PBS and resuspended in 1ml PBS and stored at
4°C.
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3.2.7 Detection of ligand conjugation
Protein conjugated to the HA microspheres was determined using the Bradford
Protein Assay Kit (Pierce). To quantify the protein amount, BSA standard protein
and the COL2-3/4M-modified microsphere samples were prepared and reacted
with BCA reagents for 10 min at RT. The quantification standard curve was obtained
by testing various amount of BSA. Before the absorbance measurement was
obtained, the microspheres were separated by centrifugation and the supernatant
was used for protein determination. The absorbance of the supernatant was
measured at 595 nm, which corresponded to the remaining protein after
conjugation to HA microspheres. The protein amount on each sample was
calculated by comparing the measured absorbance with the standard working curve
and subtracting the absorbance of blank sample which was obtained using
microspheres without conjugation with antibody.

Coupling (%) = (1 - Concentration of antibody in residual reaction mixture/Total
concentration of antibody initially added) × 100.

Flow cytometry analysis was also used to assess for successful antibody
conjugation. Microspheres functionalised with and without antibody were
resuspended at a concentration of 0.5mg/ml in FACS buffer (D-PBS, FBS (2%),
sodium azide 0.05%) and samples analysed on a FACSCanto™ Flow Cytometer (BD
systems). Microspheres were gated on side scatter and forward scatter to
determine if there was an increase in microsphere size following antibody
functionalization. Data was analysed using FlowJo.

3.2.8 Validation of COL2-3/4M antibody functionality by flow cytometry
To evaluate COL2-3/4M antibody conjugation and orientation on HA microspheres,
flow cytometry was carried out using a BD FACSCanto™ Flow Cytometer and data
processed using FlowJo software. HA antibody-conjugated microspheres were
suspended at 0.5 mg/ml and blocked with 100µl PBS+0.1% BSA for 30 min at 4°C.
Microspheres were incubated with 100μl biotinylated peptide specific for COL271
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3/4M antibody (1mg/ml) for 30 min at 4°C, followed by 3 washes with FACS staining
buffer to remove unbound peptide. Microspheres were then resuspended in 100µl
(1:400) streptavidin-conjugated phycoerythrin (PE) for a further 30 min at 4°C.
Sequential staining steps are depicted in Figure 3.1 (A).

Microspheres were

dispersed into a single microsphere suspension by filtering and analysed. As a
control for nonspecific antibody adsorption, separate aliquots of the microspheres
were incubated with 100µl biotinylated peptide only, a biotinylated antibody nonspecific for the COL2-3/4M antibody (isotype) and secondary antibody.
Microspheres first gated on side scatter area (SSC-A)/forward scattered area (FSCA) to exclude debris, followed by FSC- height by FSC- height to remove any
microspheres aggregates and finally the PE positive gate was set – all using the
isotype control (Figure 3.1 B).

Figure 3.2.1: (A) Schematic illustration of antibody orientation assessment. (B)
Gating strategy; microspheres were first gated (P1) on a forward scatter/side
scatter (FSC-A/SSC-A) dot plot. The P1 events were visualized using a FSC-A/FSC-H
dot plot and the singlets gated on gate P2. Microspheres were displayed on a
histogram and gated on PE positivity (P3) set using the isotype control.
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3.2.9 Live/Dead staining of human OA cartilage explants
Media was aspirated from the OA cartilage explants before cutting explants in half
prior to live/dead staining using the LIVE/DEAD viability/cytotoxicity Kit (Molecular
Probes). Staining was carried out according to the manufacturer’s protocol in which
2µM calcein AM and 4 µM ethidium homodimer working solution was added
directly to explants for 30 min. This solution was replaced with PBS and
fluorescence microscopy was performed using the Olympus Fluoview 1000 confocal
microscope.

3.2.10 Targeting COL2-3/4M functionalized HA microspheres Ex Vivo to human
OA cartilage explants
Microspheres alone, COL2-3/4M-conjugated microspheres and IgG-conjugated
microspheres (10µl) were incubated with human OA explants for 1h at 37°C
followed by 3 washes with PBS and processed as previously described (Section
3.2.4). Sections were stained with either 0.04% toluidine blue stain or 4’6Diamidino-2-phenylindole (DAPI) slow fade mountant (Invitrogen), cover-slipped
and visualised using an Olympus BX51 upright microscope.

3.2.11 Statistical analysis
GraphPad Prism® software Inc. was used for statistical analysis. Significance was
assessed using one-way followed by Tukey post hoc analysis. Error bars represent
the mean ± standard deviation. p-values ≤0.05 were considered statistically
significant.
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3.3 Results
3.3.1 Isolation and characterization of polyclonal IgY antibody against collagen II
epitope
Col2-3/4M antibody was isolated using a commercially available kit following the
steps outlined in section 3.2.2 and depicted in Figure 3.1A. The concentration of IgY
was approximately 4 mg/mL per egg yolk, as determined by absorbance at 280 nm.
In the reducing gel after SDS–PAGE and Coomassie brilliant blue staining, IgY
migrated as 26 and 68 kDa bands (Lane 2) that correspond to light and heavy
chains, respectively. The unreduced IgY was detected as a band of 180kDa (Lane 2).
The molecular weights of the antibody were estimated using a standard protein
marker as indicated in Lane 1 (Figure 3.1B).

Figure 3.1: Isolation of Chicken IgY Antibody. (A) Schematic representation of the
method used to isolate COL2-3/4M antibody from chicken egg yolk. (B) Isolated
COL2-3/4M IgY was analysed under reducing, denaturing conditions (Lane 2) and
under non-reducing, denaturing conditions (Lane 3). Bands were visualized using
Coomassie staining and the heavy and light chains and intact IgY are indicated. The
molecular weights (kDa) of the marker proteins are indicated on the left hand side
of the image (Lane 1).
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3.3.2 Specificity of anti-COL2-3/4M antibody
Binding of the COL2-3/4M antibody to human OA cartilage was analysed by
immunohistochemistry to demonstrate functionality. Positive staining of the COL23/4M epitope was evident on sections of human OA tissue using both the COL23/4M IgY and the commercially available COL2-3/4M IgG antibody. Positive staining
was observed around chondrocytes, with some staining observed in the matrix
surrounding the cells (Figure 3.2 A, C). Negative sections without COL2-3/4M
antibody demonstrated no positive staining of the epitope (Figure 3.2 B, D).

Specificity and functionality of the polyclonal COL2-3/4M IgY antibody for the
collagen II epitope was also tested by using the peptide sequence (Hollander et al.,
1994) used to produce the polyclonal antibody, to block the antibody prior to
staining (Figure 3.3 A). This peptide was pre-incubated with the COL2-3/4M
antibody prior to incubation with the human OA sections. The peptide successfully
blocked the polyclonal COL2-3/4M antibody with staining in sections comparable to
that found in the absence of the antibody (Figure 3.2 B). Furthermore, when COL23/4M IgY antibody was incubated with “normal” human cartilage sections staining
was similar to the negative control (Figure 3.3B).
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Figure 3.2: Immunohistochemical detection of collagen II neoepitope using
chicken polyclonal COL2-3/4M IgY and the commercially available IgG COL2-3/4M
antibody. (A) Human OA cartilage sections stained for the collagen II denatured
epitope using the chicken polyclonal COL2-3/4M and (B) commercially available
COL2-3/4M IgG on. (B, D) Control sections with absence of primary antibodies
stained negative. Scale bar, 200μm.
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Figure 3.3: Immunohistochemical staining demonstrating specificity of chicken
polyclonal COL2-3/4M IgY. (A) COL2-3/4M IgY pre-incubated with the immunising
peptide sequence blocked binding to the epitope as observed by negative staining
of human OA tissue. (B) COL2-3/4M did not stain human “normal” cartilage tissue
demonstrating specificity to the denatured epitope with no cross reactivity to
native collagen type II. Scale bar, 200μm.
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3.3.3 Detection of conjugated antibody
HA microspheres were functionalized with COL2-3/4M IgY antibody using EDC/NHS
coupling chemistry. This two-step procedure resulted in the formation of a covalent
bond between the carboxyl group of the HA microspheres and amine group of the
antibody (Figure 3.4A). Binding of COL2-3/3M to HA microspheres was confirmed
using a commercial protein assay kit. Quantification of antibody pre- and postfunctionalization indicated that the coupling efficiency was approximately
53.9±6.3%. Antibody functionalization was also confirmed using flow cytometry.
The presence of the antibody was indicated by the rightward shift in the forwardscattered light (FSC) which is a measure of surface area and size. There was a
distinct shift in the size of microspheres that were conjugated to COL2-3/4M
antibody (Figure 3.4B (i)) compared with unconjugated microspheres (Figure 3.4B
(ii)).

3.3.4 Assessment of orientation of conjugated antibody
To assess whether the bound COL2-3/4M antibody was orientated correctly on the
HA microspheres, flow cytometry analysis was carried out. As depicted in Figure
3.2.1, the orientation of the antibody was assessed by sequential antibody staining
steps, first with the biotinylated peptide directed to the conjugated COL2-3/4M
antibody followed by a streptavidin secondary antibody conjugated to
phycoerythrin (PE). The presence of the antibody in its correct orientation resulted
in correct binding of the biotinylated peptide and also the streptavidin-PE
conjugated secondary. In turn, this was indicated by the rightward shift in the PE
fluorescence histogram. If the antibody was not orientated correctly, the
subsequent biotinylated peptide and strep-PE secondary antibody would not have
bound and no shift in the PE fluorescence histogram would have been detected.
COL2-3/4M microspheres alone did not cause a change in PE fluorescence. For all
the antibody staining steps involved for flow cytometry, controls for nonspecific
antibody adsorption to the microsphere surface were included. Controls included
the COL2-3/4M microspheres with the biotinylated peptide only, the streptavidinPE (strep-PE) secondary only and as an isotype control, a biotinylated IgG antibody
78

Chapter 3

was also included. The addition of the biotinylated peptide alone, the strep-PE
secondary alone and the biotinylated IgG and secondary had no effect on
fluorescence intensity (Figure 3.5 A (ii, iii & iV)). However, when COL2-3/4M
microspheres with the biotinylated peptide specific for the epitope and strep-PE
secondary were assessed, there was a clear shift in the PE fluorescence (Figure 3.5
A (iv & v). This clearly demonstrated that at least some of the bound COL2-3/4M
antibody was orientated correctly on the microspheres.

Figure 3.4: Conjugation of COL2-3/4M onto HA Microspheres. (A) Schematic
illustrating the conjugation strategy for functionalization of HA microspheres with
COL2-3/4M IgY antibody using EDC/NHS coupling chemistry. (B) Confirmation by
flow cytometry of COL2-3/4M antibody functionalization to HA microspheres.
Contour plots of forward scatter vs side scatter for HA microspheres before
conjugation to COL2-3/4M (i) and microspheres after conjugation to COL2-3/4M
(ii).
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Figure 3.5: Assessment by flow cytometry of antibody conjugation onto HA
microspheres. (A) Detection by flow cytometry of COL2-3/4M microspheres (i),
with biotinylated peptide (ii), strep-PE (iii), biotinylated IgG isotype and strep-PE
(iv), biotinylated peptide for the epitope and strep-PE (v) and all histograms
overlaid (vi). Data are representative histograms of PE fluorescence. Relative
amounts of fluorescence are presented on the x axis (log scale) and the frequency
of microspheres on the y axis. (B) Quantification of percent PE positivity for 3
independent experiments. Data represented as mean ± SD, one-way ANOVA and
Tukey post hoc analysis, ***p>0.001.

3.3.5 Validation of antibody functionality
In an attempt to address the functionality of the conjugated antibody,
microspheres were incubated with human OA cartilage explants for 1 hour at 37°C
in the agarose gel system previously described (Section 2.3.6) (Figure 3.6 A)
followed by washing to remove unbound microspheres. Viability of explants
incubated with and without COL2-3/4M HA microspheres was assessed using a
live/dead stain. In addition to labelling dead cells red, the dead stain (ethidium
homodimer-1), also stained the COL2-3/4M microspheres, as indicated by white
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arrow heads (Figure 3.6 C). There appeared to be no difference in cell death
between the explants cultured with (Figure 3.6 B) and without COL2-3/4M
conjugated microspheres (Figure 3.6 A)).

On histological analysis of the cartilage explants, COL2-3/4M antibody conjugated
HA microspheres were detected in the fibrillations of the articular cartilage surface
(Figure 3.7 e & f). OA cartilage explants that were incubated with HA microspheres
alone (not functionalized) and IgG conjugated microspheres showed some
adherence to the cartilage surface, but only in small isolated areas compared to
COL2-3/4M conjugated microspheres. To make the distinction between
chondrocytes and microspheres, cartilage explants were also stained with a DAPI
nuclei stain. Microspheres also stained positive with the DAPI stain but were clearly
identified (white arrow Figure 3.7 B, d) and different from cells based on
morphology (Figure 3.7 B a-d).
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Figure 3.6: Schematic representing the explant culture model used to assess
microsphere targeting. (A) Human osteoarthritic cartilage biopsies were exposed to
microsphere groups for 1 h at 37°C. Live/Dead stain of human OA cartilage explant
alone (B) or following 1 h incubation with COL2-2/4M conjugated HA microspheres
(C). Red fluorescence indicates dead cells and green fluorescence indicates viable
cells. Representative images of n=3 explants. Scale bars, 200μm, white arrow heads
indicate

microspheres

stained

with

ethidium

homodimer-1

(dead

cell

stain).Orientation of cartilage: SZ, superficial zone; MZ, middle zone; DZ, deep zone.
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Figure 3.7: Ex-vivo targeting of antibody-conjugated HA microspheres. Human OA
cartilage explants were incubated with HA microspheres alone (A a & d), HA
microspheres conjugated to a non-specific IgG antibody (A, b & e) and COL2-3/4M
conjugated HA microspheres (A c & f). Adhered COL2-3/4M microspheres were
detected on the surface of the fibrillated cartilage (A c & f). Explants cultured with
COL2-3/4M conjugated microspheres stained with toluidine blue (B a) followed by a
DAPI counterstain to distinguish chondrocytes from microspheres (B b). Explants
stained with toluidine blue (A a-f, B a) and DAPI nuclear stain (B b-d). d, e & f
magnifications of black dashed boxes in a, b & c. B d, magnification of white dashed
box in B, c. Scale bars, A a-f and B a, 200µm, B b & c, 100µm. Black arrow (A f) and
white arrow heads (B d) indicating COL2-3/4M conjugated HA microspheres.
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3.4 Discussion
In chapter 2, the ability of TGF-β3-loaded HA microspheres to provide a chondroconductive environment for hMSCs in vitro and ex-vivo was demonstrated, with the
release of TGF-β3 from the microspheres initiating chondrogenic differentiation of
hMSCs. However, when injected intra-articularly into a murine joint, microspheres
localized to the meniscus, synovium and perichondrium regions and not to the
articular cartilage. If microspheres containing growth factors or bioactive molecules
could be targeted to specific cell types or tissues in vivo, it would greatly enhance
their effectiveness. Such targeting approaches have been successful with targeting
to sites of inflammation (Omolola Eniola and Hammer, 2005) and tumors (Lu et al.,
2008, Alexander-Bryant et al., 2013) but few studies have investigated targeting
biomaterials to cartilage. Thus, in this work we wanted to assess whether
functionalization of HA microspheres with an antibody specific to degraded
collagen type II would enable microspheres to localize to the articular cartilage.

COL2/3M antibody is directed to an epitope that becomes exposed following
proteolysis of collagen type II. This antibody only recognizes the exposed peptide in
degraded collagen type II which increases significantly with OA development and is
specific for damaged regions of articular cartilage. This specificity is important to
avoid off target side effects when considering delivery of growth factors or indeed
drugs. To confirm specificity of COL2-3/4M IgY, immunostaining of the COL2-3/4M
epitope on human OA cartilage was carried out. Similar to staining patterns
described previously (Lin et al., 2004, Wu et al., 2002), intense chromogenic
staining was present at the superficial surface of human OA cartilage stained with
COL2-3/4M IgY. Some background staining was observed, and this may possibly be
due to the purity of the IgY antibody. COL2-3/4M antibody was isolated using a
commercially available kit. Although the SDS–PAGE indicated that methods used
were effective for isolating and purifying IgY from egg yolks, there were some
unknown proteins present, as shown by the presence of some contaminating faint
protein bands in the gel analysis. Moreover, impurities present in the antibody
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isolate may also have interfered with antibody-microsphere conjugation, with a
binding efficiency of approximately 54% achieved. Higher IgY purity may have been
achieved if chromatographic gel filtration was carried out. Nevertheless, there was
still a substantial difference in staining pattern and intensity between the COL23/4M stained OA sections and that seen with the secondary control, peptide
blocked and normal cartilage stained slides.

Correct immobilization of COL2-3/4 antibody onto HA microspheres was a critical
step as it directly impacts the binding of the construct to the degraded articular
cartilage. For this study a heterobifunctional crosslinker, EDC/NHS was selected to
tether COL2-3/4M antibody onto HA microspheres. This ensured that the antibody
was immobilised in a stable manner and also in the right position. Correct
orientation of the antibody is crucial; it has been previously described that random
antibody immobilization lowers the number of sites available for antigen-binding,
resulting in weakened binding activity and efficiency (Markway et al., 2008).
Antibody conjugation and orientation were verified by flow cytometry as described
previously (Keegan et al., 2006).

Homing of endogenous cells to the surface of articular cartilage has been
demonstrated in studies by Hunziker and Lee (Lee et al., 2010a, Hunziker and
Rosenberg, 1996). In the first instance, the authors showed that digestion of
proteoglycans at the surface of articular cartilage using chondroitinase ABC,
followed by insertion of a fibrin clot containing TGF-β1 increased the migration of
cells over the defect (Hunziker and Rosenberg, 1996). Similarly, regeneration of the
articular surface of a synovial joint was demonstrated by homing of endogenous
cells into TGFβ3-infused bioscaffolds (Lee et al., 2010a). These findings suggest that
the articular surface of the synovial joint has potential to regenerate without cell
transplantation possibly through the recruitment of endogenous cells and
modulation by factors such as a member of the transforming growth factor beta
superfamily. This also opens the potential for enhancement using microsphere
delivery approaches.
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As previously mentioned, few studies have targeted microspheres to articular
cartilage; however, there have been some reports of targeting other factors to
articular cartilage and synovium. Hughes et al. demonstrated the superior efficacy
of the anti-inflammatory cytokine, IL-10 when targeted to inflamed arthritic joints
using a single-chain variable fragment (scFv) raised to reactive oxygen species (ROS)
modified type II collagen (CII) (anti-ROS-CII). They demonstrated that the anti-ROSCII vIL-10 localized specifically to the arthritic knee and reduced inflammation
significantly quicker than the vIL-10 fused to the control scFv. This study is an
example of how localized delivery of a therapeutic agent, in this case vIL10, by
antibody targeting can enhance therapeutic efficacy (Hughes et al., 2014, Hughes et
al., 2010). In an attempt to detect early OA changes, Cho et al. utilized antibody
conjugated liposomes directed to collagen type II. They developed nanosomes
(nano-scale liposomes conjugated to an antibody targeted to type II collagen) with
an infrared dye encapsulated which allowed visualization in vivo. These authors
demonstrated specific binding to degraded cartilage in a manner that was
proportional to the degree of injury (Cho et al., 2015). Articular cartilage specific
targeting of a non-viral vector was validated by Pi et al. by conjugating
polyethylenimine to a chondrocyte-affinity peptide previously identified by phage
display (Pi et al., 2011). These studies illustrate how tissue specific targeting can be
achieved in the joint and how they can enhance the overall therapeutic goal.
In the present study, we demonstrate the feasibility of targeting HA microspheres
to articular cartilage using an antibody directed to an exposed epitope in degraded
collagen type II. Although we observed binding of the antibody-microsphere
construct to human OA cartilage, quantification of this binding proved challenging
due to low numbers of human explants obtained. Ultimately, this is a proof of
principle study with positive observational results noted, however further
investigation is warranted to assess if this system could potentially recruit cells to
the surface of articular cartilage or indeed if encapsulated factors within these
microspheres could stimulate the present cells within the cartilage to initiate a
repair response.
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There is still a demand for biomaterial approaches to enhance the localization of
therapeutic agents or ways to augment endogenous homing to sites of injury. In
this study, an antibody-based construct specific for localising HA microspheres to
degraded OA cartilage was designed. The antibody-construct was evaluated using
an ex-vivo cartilage explant model in which functionality was demonstrated, with
successful COL2-3/4M conjugated microspheres effectively binding to fibrillated
human OA cartilage. The use of this targeting construct with a growth factor/drug
or chemokine could potentially act as a recruitment signal for endogenous
chondroprogenitor cells, however further studies are needed to confirm this
targeting construct, including its functionality in an in vivo OA environment.
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CHAPTER 4

PROGENITOR CELLS AND THE SYNOVIAL JOINT;
THEIR FATE AND POTENTIAL FUNCTION
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4.1 Introduction
It has been hypothesized that MSCs home to sites of injury where they elicit their
therapeutic effects. Various preclinical models have demonstrated MSC migration
to diseased tissues including kidney (Kunter et al., 2006), lung (Ortiz et al., 2003),
infarcted myocardium (Schenk et al., 2007) and sites of dermal wound healing (Li et
al., 2006). The mechanisms by which MSCs promote regeneration in these studies
include direct trans-differentiation into cell types resembling the damaged cells, but
also indirectly through modulation of the microenvironment and recruitment of
endogenous precursors.

Of particular interest in this study was the fate of MSCs post implantation in the
synovial joint, in the context of an OA microenvironment. There are several possible
paths accessible to MSCs after delivery to the synovial joint. Given their ability to
differentiate down the chondrogenic lineage, MSCs could undergo chondrogenesis
and act as a cell replacement therapy; alternatively as an undifferentiated cell they
could aid in repair by targeting the inflammatory component of OA with their
inherent ability to release anti-inflammatory factors (Ma et al., 2014). In reality, on
exposure to the harsh OA microenvironment, cell death could occur with MSCs
eventually being cleared by infiltrating inflammatory cells. Additionally, cells may
leave the joint, although to date there is limited evidence that shows this as a
potential path, with a recent publication indicating that 10 days following intraarticular injection of MSCs, no cells were detectable in tissues outside the joint
(Toupet et al., 2015).

The following study initially addressed the fate of progenitor cells isolated from
embryonic foetal limb buds, termed mesenchyme progenitor cells (MPCs), on
delivery into a post-traumatic model of OA. Specifically, where these cells home to
and whether they differentiate or remain in their undifferentiated state postdelivery.
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To address this, an inducible Cre-ERT2 system was used, which, permitted the
controlled activation of expression of two genes, Prx1 and Aggrecan. A CreERT2
recombinase consists of Cre fused to a mutated ligand-binding domain (LBD) of the
estrogen receptor (ER). In the absence of tamoxifen, CreERT2 is retained in the
cytoplasm. On administration of tamoxifen or 4-hydroxy-tamofien, binding of
tamoxifen to the LBD results in the translocation of the recombinase into the
nucleus where it can recombine its loxP-flanked DNA substrate. Thus depending on
where the CreERT2 transgene is placed, tissue-specific, spatiotemporally controlled
somatic mutagenesis can be achieved (Indra et al., 1999).

As previously alluded to in Chapter 1, Prx1 is expressed in the early limb bud
mesenchyme and plays an essential role in regulating skeletal development, with
Prx1-CreERT2 targeting all cells derived from limb bud mesoderm (Logan et al.,
2002). Aggrecan represents a major component of the ECM of both growth plate
and articular cartilage (Watanabe et al., 1998). The ACAN-CreERT2 targets cells
expressing aggrecan, which, include the cartilage of the growth plate and articular
cartilage as well as the fibrocartilage of the meniscus, trachea, and intervertebral
disks of growing and adult mice (Henry et al., 2009). Both Prx1-CreERT2 and AcanCreERT2 mice were crossed with the mT/mG double-fluorescent reporter mice
which expresses constitutive membrane-targeted tandem dimer tomato (mT) prior
to Cre-mediated excision and membrane-targeted green fluorescent protein (mG)
after excision (Muzumdar et al., 2007). Through using these transgenic crosses, a
distinction between recombined and non-recombined cells, or in other words cells
that retained or lost expression of Prx1 or started expressing Acan could be
visualized by means of fluorescence.

MPCs were isolated at embryonic stage E11.5 from limb buds of foetal mice
obtained from timed pregnant Prx1-CreERT2; R26RmT/mG and ACAN-CreERT2;
R26RmT/mG mice. Cells isolated from E11.5 limb buds are mainly mesodermal,
mesenchymal progenitor cells, which, can give rise to multiple lineages including
cartilage, perichondrium, tendon and other non-muscle cell types (Akiyama et al.,
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2005a). To evaluate if isolated MPCs remained in their undifferentiated state, cells
from the Prx1-CreERT2; R26mT/mG mouse were utilized, given that at stage E11.5, cells
are still undifferentiated mesenchyme and express Prx1 (Martin and Olson, 2000).
While to determine if cells differentiate, and in particular into cells with a
committed chondrocyte phenotype, cells from the Acan-CreERT2; R26mT/mG
transgenic mouse were used since aggrecan expression does not appear until E13 in
the forelimbs and E13.5 in the appendicular and axial skeleton (Henry et al., 2009).

Using these cells the in vivo fate of MPCs, whether they remain as Prx1 expressing
progenitors (Figure 4.1 A) or differentiate into Acan expressing chondrocytes
(Figure 4.1 B) was monitored based on the potential switch in fluorescence from
tdTomato to GFP.

Figure 4.1: Schematic demonstrating the tracing of the phenotypical change in
MPCs, based on tdTomato/membrane-targeted EGFP switch in fluorescence. (A)
Fate determination of Prx1-CreERT2; R26RmT/mG or (B) Acan-CreERT2; R26RmT/mG
MPCS on tamoxifen induction following delivery to MLI joints. Detection of green
cells or red cells either indicates cells remained as progenitors or differentiated and
either differentiated into an aggrecan expressing cell or not.
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This was investigated in the context of an injury model, specifically the meniscalligamentous injury (MLI)-induced murine OA model (Clements et al., 2003). In this
model, mice display histologic changes including articular cartilage erosion, loss of
proteoglycan and synovial membrane thickening at 8 weeks post injury.

As discussed in Chapter 1, stem cell precursors have been identified in the synovial
joint at various locations. It is postulated that a synergistic approach may be
required for the treatment of OA, in which delivered cells can aid in the repair
process while activating native precursors present in the joint environment. Under
normal conditions, stem cell precursors can remain quiescent in an in vivo
microenvironment until they are activated, for example after injury (Morrison and
Spradling, 2008). On receiving injury signals, stem cells can exit the niche and
proliferate in an attempt to repair (Wabik and Jones, 2015). Stem cell niches have
been identified for several cell types including hematopoietic cells (Zhang et al.,
2003), muscle satellite cells (Collins et al., 2005) and epithelial cells (Taylor et al.,
2000). Within the synovial joint, it has been proposed that several niches exist that
harbour a MSC-like population that can respond to injury (Kurth et al., 2011). Thus,
in the second part of this chapter, the expression of Prx1 within the synovial joint,
in particular within the synovium, articular cartilage and periosteum, was
examined. Moreover, it was investigated whether a population of Prx1-expressing
mesenchyme cells existent that can respond to injury, using the MLI model as
discussed above.
To accomplish this, Prx1-CreERT2 transgenic mice were crossed with R26R mice. The
Rosa26R mice have a lacZ gene inserted into the ubiquitously expressed ROSA locus
that is preceded by a transcriptional stop cassette flanked by loxP sites (Friedrich
and Soriano, 1991, Soriano, 1999). In Prx1-CreERT2; R26RLacZ transgenic mice, βgalactosidase activity was used to assess recombination and identify Prx1 positive
cells.
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Thus, the aims of this chapter were to use MPCs as a model of a true
chondroprogenitor of mesenchyme origin and track cell phenotype changes of
E11.5 limb bud MPCs following intra-articular injection in a post-traumatic mouse
model and identify potential stem/progenitor cell niches within an adult mouse
knee joint following injury.
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4.2 Materials and Methods
Note: All reagents were purchased from Sigma–Aldrich unless otherwise stated.

4.2.1 Experimental animals
All handling of mice and associated experimental procedures were reviewed and
approved by the University Committee on Animal Resources at the University of
Rochester Medical Center. The Prx1-CreERT2 mouse strain was generated and
provided by Dr. Malcom Logan (Hasson et al., 2007) and the Acan-CreERT2 by
Professor Benoit de Crombrugghe (Henry et al., 2009). The B6.129(Cg)Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice (stock number 007676)
B6.129S4-Gt(ROSA)26Sortm1Sor/J mice (stock number 003474) and C57BL/6 (stock
number: 000664) mice were purchased from The Jackson Laboratory. Mice were
housed 5 per cage in one-way housing on a 12 h light/dark cycle. Mouse crosses
were confirmed by genotyping as recommended by The Jackson Laboratory for
each strain. Briefly, tail clippings were collected from offspring and genomic DNA
isolated for PCR amplification. Tail snips were incubated with 1X alkaline lysis buffer
(10X 250mM NaOH, 2mM EDTA, pH 12) for 1 h at 95°C followed by neutralization
with 1X neutralization buffer (10X 400mM Tris-HCL pH 5). DNA was amplified
following manufacturer’s instructions using Promega GoTaq® Green Master Mix
(M7122). The primers utilized to detect Cre, and the mT/mG and LacZ reporters
were as follows (Table 4.1).
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Primer Type

Sequence 5'- 3'

mT/mG Common

CTC TGC TGC CTC CTG GCT TCT

mT/mG

Bands

Mutant band 250-bp
CGA GGC GGA TCA CAA GCA ATA

Wild type Reverse

Heterozygote; 250-bp and 330-bp
Wildtype; 330-bp

mTmG
TCA ATG GGC GGG GGT CGT T
Mutant Reverse
LacZ
GCG AAG AGT TTG TCC TCA ACC
Mutant Reverse
LacZ Common

Heterozygous; 650 and 340-bp
AAA GTC GCT CTG AGT TGT TAT

Homozygous; 340-bp
Wildtype; 650-bp

LacZ
GGA GCG GGA GAA ATG GAT ATG
Wild type Reverse
GCG GTC TGG CAG TAA AAA CTA TC
Cre

Single band; 100-bp
GTG AAA CAG CAT TGC TGT CAC TT

Table 4.1: Genotyping primers.

4.2.2 Isolation and Culture of Limb Bud MPCs
Embryos were harvested from timed pregnant Prx1CreERT2; R26RmT/mG and
ACANCreERT2; R26RmT/mG mice at stage E11.5 with approval from the animal medical
ethics committee of the University of Rochester. Briefly, pregnant mice were
sacrificed by CO2, followed by cervical dislocation (n=2 pregnant female dams).
After removal of the uterus, embryos were isolated using a dissecting microscope
(Olympus SZX12) and rinsed with sterile ice-cold PBS. For isolation of limb budderived MPCs, fore and hind limbs were digested with 1U/ml dispase for 90 min at
37°C with continuous rotation at 70 rpm using a reciprocal shaking bath. Cells were
then filtered through a 40µm strainer generating a single cell suspension before
being re-suspended in 0.9% saline solution in preparation for intra-articular
injection. Based on a pilot study using increasing concentrations of MPCs (5 x 10 3, 2
x 104 and 5 x 104), it was decided based on the ability to visualize the cells that the
optimal cell concentration to use was 5 x 104.
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4.2.3 Injury Models
MLI was performed on 12-week-old C57BL/6 mice (bilaterally) (Experiment 1 and 2)
and on 12-week old Prx1-CreERT2; R26RLacZ mice (unilaterally)(Experiment 3)
(Kamekura et al., 2005) (n=3 animals per group per time point). Briefly, following
anaesthesia (intraperitoneal (IP) injection of 60mg/kg ketamine, 4mg/kg xylazine), a
5mm incision was made on the medial aspect of the joint. The medial collateral
ligament was transected, the joint space opened slightly and the medial meniscus
detached from its anterior tibial attachment using a 25-gauge needle. Using a
castroviejo spring scissors, a piece of the anterio-medial horn of the meniscus was
excised, destabilizing the joint. The sham group involved a similar incision, but
tissues were not manipulated. The skin was closed with 4.0 silk sutures (Sampson et
al., 2011).

Experimental timelines for each experiment are as follows:

Experiment 1: Localization of MPCs
MPCs were isolated from the fore and hind limbs of E11.5 embryos and digested
into a single cell suspension (as described in 4.2.2). Eight weeks post MLI bilateral
surgery, which is an established time point where OA is evident (Wang et al., 2013b,
Sampson et al., 2011), 5 x 104 MPCs were injected into the right joint of injured
mice; left joints acted as a control receiving vehicle only (0.9% saline). Mice were
sacrificed at various times as depicted in the experimental timeline for histological
and RNA analysis (Figure 4.2).

Figure 4.2: Schematic demonstration of experiment timeline. Experimental plan
and timeline for isolation and injection of MPCs, Inj, Injection; H, Harvest.
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Experiment 2: Fate of Injected MPCs
In an attempt to address the question of cell fate of injected MPCs and elucidate
whether these cells differentiate in the context of an OA microenvironment, E11.5
MPCs were isolated from the fore and hind limbs of timed pregnant Prx1-CreERT2;
R26RmT/mG and Acan-CreERT2; R26RmT/mG mice. It was anticipated that crossing the
Prx1-CreERT2 and Acan-CreERT2 mice with the mT/mG reporter mouse would allow
cell fate to be monitored in parallel experiments. On tamoxifen induction of cells
isolated from Prx1-CreERT2; R26RmT/mG and Acan-CreERT2; R26RmT/mG mice,
expression of Prx1 or Acan drives the cre-mediated excision of the mTomato
transgene, driving membrane-targeted green fluorescent protein expression.
Details of the transgenic cross and experimental plan are depicted in Figure 4.3.

Figure 4.3: Schematic diagram of experimental timeline to track cell fate. (A)
Schematic diagram of Prx1-CreERT2 or Acan-CreERT2; R26mT/mG construct before and
after Cre recombination. Arrows denote the direction of transcription. Triangles
represent loxP target sites for Cre-recombination. pA denotes polyadenylation
sequences and pCA denotes the CMV β-actin enhancer-promoter. (B) 7 d post MLI,
12-week old C57BL/6 mice received 5 x 104 E11.5 MPCs isolated from timedpregnant Prx1-CreERT2 or Acan-CreERT2 R26mT/mG female mice. Knee joints were
harvested 1, 2 weeks post cell injection for histological and PCR analysis. MLI,
meniscal-ligamentous injury; Tm, Tamoxifen; H, Harvest; Inj, Cell Injection.
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Experiment 3: Tracking Prx1 expression in the synovial joint
Prx1-CreERT2 transgenic mice were crossed with the Cre-activatable Rosa26-lacZ
reporter mice (Figure 4.4 A). On tamoxifen administration, the CreERT2 fusion
enzyme in Prx1-expressing cells is activated. Cre-mediated excision of the roadblock
sequence in the Rosa26-lacZ reporter should then irreversibly mark Prx1 cells,
driving the expression of β-galactosidase. In turn, β-galactosidase activity can be
detected in cells by using X-Gal staining. Prx1 expression was first assessed in
mouse knee joints at early postnatal time points of 2, 4 and 6 weeks of age. Next, to
examine the expression of Prx1 in the context of injury, 12-week old Prx1-CreERT2;
R26RLacZ transgenic mice underwent MLI surgery followed by tamoxifen induction 3
days prior to harvesting on days 5 and 14 post injury, as represented in the
experimental timeline (Figure 4.8 B).

Figure 4.4: Experimental plan for Prx1 cell tracing study. (A) Schematic diagram of
Prx1-CreERT2; R26RLacZ construct before and after Cre recombination. Arrows
denote the direction of transcription. Triangles represent loxP target sites for Crerecombination. (B) Schematic representation of the experimental timeline used to
analyse Prx1 expression pre- and post-injury. Tm, Tamoxifen; H, Harvest, MLI,
meniscal-ligamentous injury.
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4.2.4 Cre Induction
Tamoxifen was dissolved directly in corn oil at a final concentration of 10mg/ml,
and was injected IP at a concentration of 2.5mg per 25g body weight for 3
consecutive days. Delivery of tamoxifen allowed recombination to occur and in the
Prx1CreERT2; R26RLacZ mice, was associated with driving the expression of β-Gal in
cells expressing Prx1. In MPCs isolated from Prx1CreERT2; R26RmT/mG and
ACANCreERT2; R26RmT/mG mice, tamoxifen induced Cre-mediated recombination
causing the “mT” sequence to be excised and allowing the promoter to drive
expression of membrane-targeted enhanced green fluorescent protein “mG”. Thus,
allowing visualization and distinction of recombined and non-recombined cells.

4.2.5 Tissue Harvest for Frozen Sections
C57BL/6 mice harvested for histology were sacrificed by cardiac perfusion under
deep anaesthesia using 4% paraformaldehyde (PFA) pH 7.1-7.4 while Prx1-CreERT2;
R26RLacZ mice were sacrificed by CO2 and cervical dislocation. Knee joints were
isolated and excess muscle and tissue removed. Joints were fixed for 1 h in 4% PFA
at 4°C. Samples were decalcified for 5 d in 10% wt/vol EDTA except for 2 week old
Prx1-CreERT2; R26RLacZ mice, that were decalcified for 3 d. All samples were
washed 3 times in 1X PBS and exposed to a sucrose gradient of 10%, 15% and 30%,
each overnight at 4°C with rocking. Tissues were transferred into optimum cutting
temperature compound (O.C.T.) (Tissue-Tek) at room temperature for 10 min
before freezing by immersing the tissue into 2-methylbutane placed in a container
of liquid nitrogen. Coronal sections (8M) from the joint compartment were cut on
a cryostat (Leica) equipped with CryoJane Frozen Sectioning Kit (Leica) using the
CryoJane® tape transfer method as described previously (Jiang et al., 2005).

4.2.6 RNA isolation from synovial capsules and RT-PCR
C57BL/6 mice that received 5 x 104 E11.5 MPCs from mT/mG mice, Prx1-CreERT2;
R26mT/mG mice or Acan-CreERT2; R26mT/mG were sacrificed by CO2 followed by cervical
dislocation (n=3 animals per group per time point). Synovial tissues for RNA
isolation were harvested on day 14 from mice that received mT/mG cells from the
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initial study and on day 7 and 14 from mice that received Prx1-CreERT2; R26mT/mG or
Acan-CreERT2; R26mT/mG MPCs in the subsequent study. Joint capsule synovial
specimens were isolated from the medial and lateral sides of the mouse patella.
The patella was excised and synovial specimen snap-frozen in liquid nitrogen and
stored for RNA isolation using TRIzol reagent according to the recommendations of
the manufacturer (Invitrogen). Joint capsules were not pooled. RNA was reverse
transcribed and 20ng cDNA subjected to PCR. Transcript levels of target genes were
measured for synovial specimens at various time points. Gene expression levels
were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
relative expression calculated using the 2−ΔCT method (2-(CT gene of interest–CT internal control))
(Schmittgen and Livak, 2008). Primers used are listed in Table 4.1.

Gene

Forward Primer Sequence

Reverse Primer Sequence

Prg4

CTGAACTGAATACCACCCCTCTA

TGTTTCAGGGTTTGGAGTTTG

Acan

TGGCTTTCCCTCTGGATTTA

GATGGGCCACTTCCAATGT

Il4

GGTCTCAACCCCCAGCTAGT

TGGATATGGCTCCTGGTACAT

Tnf

ACTCCAGGCGGTGCCTAT

GGAGGCCATTTGGGAACT

Il6

TGATGGATGCTACCAAACTGG

TTCATGTACTCCAGGTAGCTATGG

Adamts5

GATGCAGCCATCCTGTTCA

CATTCCCAGGGTGTCACAT

Col2a1

TCCCTTTGGTCCTGGTTGCC

ATCTGCCCAACTGACCTCGCCA

Gapdh

AGCTTGTCATCAACGGGAAG

TTTGATGTTAGTGGGGTCTCG

Table 4.2 Primers used for qt-PCR

4.2.7 Immunofluorescence
Mouse knee joint frozen sections were rehydrated in PBS for 30 min prior to
staining. Sections were incubated in blocking buffer (10% normal goat serum in
PBS), then in primary antibodies (1/400) overnight and secondary antibody
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(1/1500) for 1 h at room temperature. The primary antibody was rabbit anti-GFP
(Millipore, AB3080P) and the secondary antibody was goat anti-rabbit Alexa 644nm
(Invitrogen, A21244). Sections were mounted with Prolong Gold anti-fade
(Invitrogen) and imaged using the Olympus Fluoview 1000 Confocal Microscope.
Images were processed with ImageJ software, and brightness and contrast was
adjusted for some images.

4.2.8 Alcian Blue Staining
Sections were washed in 1X PBS twice for 3 min to remove O.C.T, rinsed in dH20 3
times for 1 min and then placed in acid-alcohol (1% v/v) for 15 sec. Sections were
incubated in alcian blue haematoxylin (1% v/v) for 12 min followed by 4 washes in
dH20. Sections were then dipped quickly in acid alcohol, rinsed 3 times in dH20 and
blued in ammonia water (0.5% v/v) for 15 sec. This was followed by 30 sec in 95%
EtOH followed by Orange G (2%) for 30 sec. Finally, sections were dehydrated by
sequential immersion in 95% and 100% EtOH (x3) for 15 sec and Xylene (x3) for 3
mins.

4.2.9 X-Gal Staining
Frozen sections were prepared at 8μm. Before staining, sections were rehydrated
and treated with fixation solution (0.2% glutaraldehyde in PBS) at 4°C for 10 min.
After 3 washes with 0.1M phosphate buffer pH 7.4, containing 2mM MgCl2, 0.01%
sodium deoxycholate, 0.02% Nonidet P40, sections were incubated with X-Gal
staining solution (5mM potassium ferrocyanide, 5mM potassium ferricyanide,
0.5mg/ml X-Gal (GoldBio)) at 37°C overnight. Sections were washed twice with PBS
then dH20 and counterstained with nuclear fast red for 2 min followed by
dehydration in 75% EtOH, 100% EtOH and cleared in xylene before adding
coverslips.

4.2.10 Statistical Analysis
GraphPad Prism® software Inc. was used for statistical analysis. Statistical analysis
was performed using either Mann-Whitney U test or Kruskal-Wallis test followed by
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Dunn's test, since the data were not normally distributed. Error bars represent the
mean ± standard error of the mean. p-values ≤0.05 were considered statistically
significant.
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4.3 Results
4.3.1 Fate of MPCs post-implantation in the OA joint
The first group of experiments examined the localization of intra-articular injected
MPCs and their fate in a post-traumatic OA mouse model.

4.3.1.1 MPCs administered by intra-articular injection were detected up to 7
days in post-traumatic OA knee joints
The first objective was to investigate the localization of delivered MPCs following
intra-articular injection into the OA joint. Using timed-pregnant R26RmT/mG mice. All
MPCs were dtTomato positive prior to injection, as illustrated in Figure 4.5.

Figure 4.5: E11.5 MPCs isolated from timed pregnant R26mT/mG female mice.
Images illustrate the membrane bound tomato protein expression on the surface of
isolated MPCs (red fluorescence (a, c) and brightfield image of a (b)). Scale bars
20µm (a, b) and 20µm (c).

To investigate localization of MPCs in mice that received cells, joints were harvested
for histology 8 weeks post injury and at days 1, 5 and 7 after cell injection. Data
represents joints isolated at day 7. Labelled cells (red) were specifically localized to
areas within the synovium, including the synovial capsule lining (Figure 4.6 B (i) &
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(ii)). In addition, MPCs were also detected in the meniscus (White arrows Figure 4.6
B). No cells were identified localizing to the articular cartilage.

Figure 4.6: Localization of Intra-articularly injected MPCs. (A) Alcian blue stained
slide of a murine joint 7 days post injection of MPCs, (B) MPCs were detected by
fluorescence microscopy in the subintimal layers of the synovium and in the
meniscus. Representative images of joints isolated at day 7. Slides were
counterstained with DAPI nuclear stain. S, synovium; M, meniscus; F, Femur; AC,
articular cartilage. B represents the yellow boxed area in A., (i) and (ii),
magnification of cells enclosed in yellow box (B). Scale bar A, 500µm; B, 200µm; (i)
100µm; (ii), 10µm. n=3 mice/group.

4.3.1.2 MPCs exert an anti-inflammatory-like response following intra-articular
injection in an MLI OA model
Given that MPCs were found localized to the synovial lining, the effect of these cells
on the synovial lining was investigated. Specifically, inflammatory markers were
assessed as it is believed that OA is associated with increased inflammation within
the synovium (Scanzello and Goldring, 2012). Moreover, MSCs have been shown to
elicit an anti-inflammatory effect on inflamed synovium (Kehoe et al., 2014, ter
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Huurne et al., 2012). Synovial specimens were isolated for PCR quantification 14
days post cell injection. Compared to MLI joints that received vehicle only (0.9%
saline) (MLI group), knee joints that received a single intra-articular injection of
MPCs (MLI+MPC group) displayed a decrease in relative gene expression of several
inflammatory markers (Figure 4.7) including Il6 (d), Adamts5 (c) and Tnf (e).
Interestingly, an increase in Prg4 (a) was detected suggesting a potential condroprotective effect. Notably there also was an increase in Col2a mRNA levels (b),
suggesting that some cells that were injected into the joint potentially underwent
chondrogenesis.

Figure 4.7: Gene expression profile of synovial specimens. 12-week old C57BL/6
mice underwent bilateral MLI surgery and received an intra-articular injection of
saline (MLI) or 5 x 104 E11.5 MPCs (MLI+MPC) eight weeks post-surgery. Gene
expression for Prg4 (a) Col2a1 (b) Adamts5 (c) Il6 (d) and Tnf (e) for synovial
capsules isolated 14 days post cell injection. ** p= 0.05 Mann-Whitney U comparing
synovial specimen from MLI knee joints that were or were not injected with MPCs;
mean ± SEM n= 3 mice/group.
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4.3.1.3 No Change in Cell Fate detected following intra-articular injection of
E11.5 Prx1-CreERT2; R26RmT/mG or Acan-Cre T2; R26RmT/mG MPCs

To date, there is limited data to support the concept that mesenchyme progenitor
cells give rise to terminally differentiated chondrocytes in vivo, which in turn initiate
repair through cell replacement or alternatively maintain their undifferentiated
form following transplantation and elicit their effects through a more passive
mechanism such as immunomodulation. Addressing this question, we injected
transgenic MPCs, described above into the knee joints of MLI surgically-induced
mice.

Cell fate was examined by monitoring the switch in expression of tdTomato to GFP
in delivered cells as indicated in Figure 4.1. Specifically, injected MPCs isolated from
Prx1-CreERT2; R26RmT/mG mice that continued to express the tomato fluorescent
protein on tamoxifen induction of mice in vivo would have indicated that cells
differentiated whereas detection of GFP-expressing cells on tamoxifen induction
would have showed that the MPCs remained in an undifferentiated state. Similarly,
in the parallel study with mice that received MPCs from Acan-CreERT2; R26RmT/mG; if
these cells continued to express tomato fluorescent protein, it would have
suggested that the MPCs remained as progenitors or had potentially differentiated
into another cell type. However, if GFP-positive cells were detected on tamoxifen
induction it would have suggested that the injected MPCs lost their progenitor
phenotype and differentiated into aggrecan-expressing cells, indicative of a
committing chondrocyte.

Comprehensive fluorescence analysis of histological sections obtained from 3 mice
analysed at day 7 indicated that no GFP-positive cells were detectable in mice that
received either Prx1-CreERT2; R26RmT/mG or Acan-CreERT2; R26RmT/mG MPCs. In an
effort to amplify the GFP signal, an anti-GFP antibody for immunohistochemical
analysis was also utilized; however, again no signal was detected. Seven days post
injection, tdTomato cells were identified in knee joints of mice that received Prx1108
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CreERT2; R26RmT/mG cells (Figure 4.8 A & B) which would suggest that these cells
differentiated and lost their prx1 expression. However, in the case of mice that
received Acan-CreERT2; R26RmT/mG MPCs only tdTomato expressing cells were
identified (Figure 4.8 C & D), indicating that these cells either remained
undifferentiated or differentiated into a cell that did not express aggrecan.

Figure 4.8: Fate of Injected E11.5 transgenic MPCs. Prx1-CreERT2 or Acan-CreERT2
R26mT/mG MPCs were injected into mice on day 7 after MLI surgery. Knee joints were
isolated and processed from mice that had received 3 daily consecutive injections
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of tamoxifen were sacrificed 1 day later corresponding to 1, 2 and 4 weeks post cell
injection time points. Representative images of day 7 knee joint sections from
animals that received Prx1-CreERT2 (A & B) and Acan-CreERT2 R26mT/mG (C & D)
MPCs. Sections were counterstained with DAPI nuclear stain. Arrows indicate
mT/mG positive cells. No GFP-positive cells were detected. n=3 mice/group.

4.3.1.4 MPCs exerts an anti-inflammatory like response following intra-articular
injection in an MLI OA model
Gene analyses of joints that received MPCs 8 weeks post injury revealed that there
was a trend in MPCs reducing inflammatory mediators, with an increase in col2a1
expression detected (Figure 4.7). Therefore, when MPCs were injected 7 days post
injury, to assess their effect and fate at a more acute state of injury; synovial
capsules were obtained for qRT-PCR analysis (Figure 4.9). In accordance with
synovial gene expression analysis 8 weeks post-MPC injection after MLI induction of
OA, there appeared to be an increasing trend in Prg4 and Acan expression 7 and 14
days post injury, (Figure 4.9 a, b), especially at day 14 (b). In addition, there was a
trend seen towards an increase in Il-4 and lL-10 (Figure 4.7 d, e). There did not
appear to be any difference detected between Adamts5 and Il-6 expression at days
7 or 14 (Figure 4.9 c, f). Collectively, these data further support previous results
(Figure 4.7), that MPCs may activate an anti-inflammatory response in the
synovium. These experiments indicate a trend in the relative expression of the
discussed genes. However, given the small number of mice used in each group
(n=3) further experiments would be necessary with more animals to generate
powered data and make conclusive arguments of biological relevance.
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Figure 4.9: Gene expression of synovial capsules isolated 7 and 14 post injection
of transgenic MPCs. 12 week old C57BL/6 mice underwent MLI surgery. 7 days
post-surgery mice received an intra-articular injection of saline (MLI) or 5 x 104
E11.5 MPCs (MLI+MPC). Synovial capsule gene expression for Prg4 (a) Acan (b)
Adamts5 (c) Il4 (d) Il10 (e) and Il6 (f) 7 and 14 days post cell injection. Data is
represented as the mean ± SEM statistical analysis was carried out using a Kruskal–
Wallis test and Dunn’s post-test was used, n= 3 mice/group.
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4.3.2 Localization of Prx1 expressing cells in the joint
The following experiments aimed to investigate whether there is a Prx1 progenitor
population of cells within the joint that could potentially be manipulated to initiate
endogenous repair.

4.3.2.1 Prx1-CreERT2 targets several tissues of the synovial joint
Following tamoxifen induction of 2-week old Prx1-CreERT2; R26RLacZ transgenic mice
with 3 consecutive injections of tamoxifen (0.1 mg/g of body weight), Prx1 marked
several cells within the joint (Figure 4.10 A). X-Gal positive cells were detected in
the synovium (A a), articular cartilage (A b), and the meniscus (A c) with some cells
visible in the developing growth plate. Positive cells also lined the periosteum
region of the joint (e). Conversely, at 4 weeks (Figure 4.10 B) and 6 weeks (Figure
4.11 A), a marked reduction in X-Gal positive cells was observed in all tissues.
Although there were some cells still evident at 4 weeks in the meniscus and
articular cartilage (Figure 4.10 B a), by 6 weeks no positive cells were seen in these
tissues (Figure 4.11 A a, b, c). Prx1 expression remained positive in the marrow
spaces and in the metaphyseal vascular region of the growth plate at both 4 and 6
weeks. Markedly, no X-Gal stain was present in the growth plate at either 4 or 6
weeks (Figure 4.10 B c & Figure 4.11 A d).
No staining was observed in tamoxifen-induced wild-type, R26RLacZ mice (Figure
4.14 A) while weak or no staining was observed in uninjured 12-week old tamoxifen
induced Prx1-CreERT2; R26RLacZ and vehicle only control mice (Figure 4.14 B & C).
Using X-Gal staining, visualization of Prx1 lineages targeting joint mesenchyme and
chondroprogenitor cells populations was enabled.
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Figure 4.10: Tracing Prx1-CreERT2; R26R expression in 2 and 4 week old mice. 2
week-old Prx1-CreERT2; R26RLacZ (A a-e) and 4 week-old Prx1-CreERT2; R26RLacZ (B ad) mice were injected with tamoxifen (0.1mg/g mouse/day for 3 consecutive days).
Mice were sacrificed 1 day after the last injection and knee joints were processed
and analysed for β-galactosidase expression (blue). Positive X-Gal staining was
observed in the synovium (A a), articular cartilage (A b), meniscus (A c) and
developing growth plate and periosteum (A e) of 2 week old Prx1-CreERT2; R26LacZ
mice. In 4 week old mice, some X-Gal positive cells were detected in the meniscus
and articular cartilage, with no positive cells in the synovium. Scale bar; 100µm (A a,
B a, b), 200µm (A b, c, d; e, B c, d).F, Femur; T, Tibia; S, Synovium; M, Meniscus; AC,
Articular Cartilage; GP, Growth Pate; P, Periosteum
113

Chapter 4

Figure 4.11: Tracing Prx1-CreERT2; R26R expression in 6 week old mice. 6 week-old
Prx1-CreERT2; R26RLacZ mice were injected with tamoxifen (0.1mg/g mouse/day for 3
consecutive days). Mice were killed 1 day after the last injection, knee joints were
processed and analysed for β-galactosidase expression (blue). In 6 week old mice,
no X-Gal was detected in the synovium (B a) articular cartilage (B b), or meniscus (B
c), positive cells were detected in marrow spaces and in the metaphyseal vascular
region of the growth plate (A d). Scale bar; 100µm (A a), 200µm (B C b, c, d). F,
Femur; T, Tibia; S, Synovium; M, Meniscus; AC, Articular Cartilage; GP, Growth Pate;
P, Periosteum. Arrow heads marks X-Gal positive cells below growth plate; asterisk
marks X-Gal positive cells in marrow space.
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To determine a potential role of prx1-expressing cells in the repair response, MLI
surgery was carried out on 12 week old Prx1-CreERT2; R26RLacZ mice. Tamoxifen was
administered for 3 consecutive days prior to harvesting joints for X-Gal staining,
which corresponded to 5 and 14 d post injury. No prx1-expressing cells were
detected in the articular cartilage, synovium or meniscus 5 d post injury (Figure 4.12
a, b). X-Gal positive cells were mainly localised within the marrow spaces, below the
growth plate (c) and positive cells were also located along the periosteum (d). It
also appeared that some prx1 positive cells from the marrow space were seen
penetrating the subchondral bone plate, close to the tidemark as indicated by an
asterisk (Figure 4.12 A a).

At 14 d post injury, several Prx1 positive cells were detected in the articular
cartilage as indicated by the black arrow heads (Figure 4.13 A b, c e). Some cells
were also detected in the meniscus (black arrow heads, Figure 4.13 A a, c).
Similarly, the marrow space and periosteum also stained positive for Prx1 cells. No
positive cells were identified in the growth plate (Figure 4.13 A f).
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Figure 4.12: Prx1 expression in the knee joint 5 days post injury. MLI surgery was
performed on 12-week-old Prx1-CreERT2; R26RLacZ transgenic mice. Mice were
injected with tamoxifen (0.1mg/g mouse/day for 3 consecutive days) and killed 1
day after the last injection, corresponding to 5 d post injury. Joints were processed
for X-Gal staining and counterstained by nuclear fast red. At this time point post
injury, no X-Gal staining was observed in the articular cartilage, (A a), synovium or
meniscus (A b). Positive staining was observed just below the growth plate and
periosteum (A c, d). Cells also appeared to cross the tidemark, marked by an
asterisk (A a). Scale bars 100µm (A a, b), 200µm (A b, c, d). F, Femur; T, Tibia; M,
Meniscus; AC, Articular Cartilage; GP, Growth Pate; P, Periosteum
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Figure 4.13: Prx1 expression in the knee joint 14 d post injury. MLI surgery was
performed on 12-week-old Prx1-CreERT2; R26RLacZ transgenic mice. Mice were
injected with tamoxifen (0.1mg/g mouse/day for 3 consecutive days) and killed 1
day after the last injection, corresponding to 14 d post injury. Joints were processed
for X-Gal staining and counterstained by nuclear fast red. X-Gal positive cells were
identified in the articular cartilage (A b, c, e), below the growth place (A f) and
periosteum regions (A d). No positive cells were identified in the synovium. Black
arrow heads indicate X-Gal positive cells. Scale bars 20µm (A b, c) 50µm (A a, e)
100µm (A f), 200µm (A d).
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Figure 4.14: β-galactosidase staining controls. (A) Histological sections of the knee
joints from wild type WT; R26RLacZ mice injected with tamoxifen or (B & C) Prx1CreERT2; R26R mice injected with either tamoxifen or vehicle alone (corn oil) and
stained with X-Gal and counterstained with nuclear fast red. Scale bar; 100µm (A),
200µm (B, C).
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4.4 Discussion
This body of work aimed to assess two separate aims. Initial experiments focused
on identifying where cells home to in the joint and elucidating the fate of
mesenchyme progenitors on transplantation into the OA joint microenvironment.
Secondly, the joint niche was examined for Prx1-positive cells in an attempt to
identify a potential population of cells that could be manipulated to participate in
repair after joint injury.

4.4.1 Fate of injected MPCs and role played within the joint
MPCs, isolated from E11.5 embryonic limb buds, were utilized as a tool to
investigate cell fate in vivo and were selected based on mesenchyme precursor
characteristics and their ability to gives rise to Sox9-expressing osteochondroprogenitors (Martin and Olson, 2000) (Akiyama et al., 2005a). At this stage,
this population of cells represents early undifferentiated mesenchyme within the
chondrogenic program. On culturing, these cells can be differentiated into
chondrocytes, osteoblasts or adipocytes in vitro (Takacs et al., 2013). However, for
the purpose of these experiments, MPCs were not cultured prior to injection in
order to maintain their in vivo progenitor phenotype (Zhang et al., 2004).

Localization of E11.5 mT/mG MPCs following delivery into joints with established
OA (8 weeks post-surgery) was investigated. Cells were detected along the synovial
lining in addition to the meniscus, with no cells detected in cartilage tissues. On
gene analysis of synovial capsules isolated 14 d post cell injection, there was an
increase in expression levels of Prg4 and Col2a1 with a decrease seen in Adamts5,
Il-6 and Tnf. Prg4 encodes for lubricin, an important cartilage superficial zone
protein that protects the articular cartilage and plays a role in joint lubrication (Jay
and Waller). The increase in Prg4 together with Col2a1 expression suggests that at
least some cells delivered may have undergone chondrogenesis. Given that
inflammation has previously been shown to reduce prg4 levels in both cartilage and
synovium (Jones and Flannery, 2007), the increased levels of Prg4 may also suggest
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less inflammation in MPC-treated joints. This would coincide with the decrease in
levels of IL-6 and TNF, both pro-inflammatory cytokines considered principal
mediators of the inflammatory response in OA (Stannus et al., 2010), with IL-6
playing a prominent role in the recruitment of other inflammatory cells, including
monocytes (Kaplanski et al., 2003). The decrease in Adamts5 gene expression,
coding for an aggrecanase that cleaves aggrecan, the main proteoglycan in
cartilage, suggests that MPCs may have had an anti-catabolic effect (Fosang et al.,
2008). This result points to signs that delivered MPCs may be attempting to direct
repair of cartilage in the joint by differentiating in addition to acting in a trophic
manner to provide anti-inflammatory effects. A similar trophic effect was seen in a
study by Desando et al., in which ADSCs were injected into an experimental rabbit
model of OA, eight weeks post-injury. Cells were detected in the synovial
membrane and medial meniscus. Moreover, delivery of cells was associated with
anti-inflammatory effects (Desando et al., 2013).

To further elucidate whether MPCs differentiate in the joint, cells were isolated
from Prx1-CreERT2, R26mT/mG and Acan-CreERT2; R26mT/mG mice and injected into
murine knee joints, this time 7 days post injury. This time point was selected to
assess if the early inflammatory signals present after joint injury would affect cell
fate decisions. Again, cells localized to the synovium and meniscus of MPC-injected
joints; however, no GFP-positive cells were detected, indicating that injected cells
may have differentiated but not into chondrocytes. Tracing cell-fate decisions in
vivo can be challenging, with multiple approaches available to label cells
(Kretzschmar and Watt, 2012). For this study, the mT/mG double fluorescent
reporter mouse was selected to mark cells and track the fate of MPCs in vivo. It
seemed reasonable to assume using this model that all cells injected would express
tomato fluorescent protein until tamoxifen injection, after which upon Cre
recombination membrane associated GFP would mark the cells targeted by Cre
recombination. However, in our hands we did not detect any GFP-positive cells on
tamoxifen induction. It is possible that MPCs may have not have survived the
microenvironment long enough to undergo complete recombination or possibly the
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timing of recombination was not sufficient. It is also feasible that the inflamed
environment at 7 d post injury may have impacted the differentiation of delivered
MPCs as previous studies have shown that catabolic factors released from OA
synovium and present in synovial fluid from OA and RA donors inhibits
chondrogenic differentiation (Heldens et al., 2012, Kruger et al., 2012). This has
recently been attributed to M1-activated macrophages present in the synovium
(Fahy et al., 2014). Although this may be the result, the lack of a suitable control to
demonstrate that efficient recombination took place in vivo makes it difficult to
draw any tangible conclusions on cell fate. An alternative approach could have been
to prime MPCs either prior to or following injection to direct differentiation of these
cells and ensure recombination. Several factors have been shown to enhance the
chondrogenic ability of MPCs in micromass culture including TGFβ (Chimal-Monroy
and Diaz de Leon, 1997) and parathyroid hormone (Wang et al., 2013a). However,
given that we wanted to understand how the factors present in the joint
microenvironment would alter these cells – no preconditioning was included.

Although the fate of injected MPCs was not determined, synovial capsules were
isolated 7 and 14 days post MPC-injection (14 and 21 days post injury) for gene
analysis. Prg4 was similarly increased in MPC-injected joints with an increase in
Acan also detected. Changes in aggrecan expression may indicate that cells had
differentiated although these changes were obviously too low to detect the switch
to show cell phenotype. Alternatively, the rarity of the cells in the joint may have
prevented detection of aggrecan expressing cells using histological methods. Taking
into consideration the results from the initial study, it was hypothesized that MPCs
may have anti-inflammatory potential. MSCs have previously been described as
immune modulators (English, 2013) with one such mechanism being their ability to
modulate macrophage polarization (Mantovani et al., 2002). Specifically, MSCs have
been shown to induce macrophage polarization from their classically activated (M1)
or pro-inflammatory state, towards an alternatively activated M2 or antiinflammatory state (Maggini et al., 2010). Taking this into consideration, gene
expression for markers of macrophage polarization were assessed including IL-10
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and IL-4 which are recognized as important negative regulators of pro-inflammatory
gene expression (M2 markers) (Saraiva and O'Garra, 2010, Fiorentino et al., 1991),
and IL-6 which as mentioned previously is a pro-inflammatory M1-associated
cytokine.

In joints that received MPCs, there was a trend towards increase Il10 and Il4 gene
expression, cytokines indicative of alternative activation of macrophages into an
anti-inflammatory state. However, compared to the previous experiment, no trend
towards a decrease in Adamts5 or Il6 expression was observed. Timing of cell
injection may of course be a critical element and this could be reflected in this
difference in gene expression observed. It is possible that injected MPCs were
unable to overcome the strong inflammatory response at this earlier time post
injury. Although, previously demonstrated in a collagenase-induced OA model,
injection of ADSCs 7 days post injury, as conducted in this study, was more effective
in decreasing synovial thickening and cartilage destruction than cells injected at a
later time point of 14 days. Comparable to our gene expression data, no significant
decrease in Il6 gene expression was detected (ter Huurne et al., 2012). Yet in a
study by Toupet et al., it was revealed that ADSCs could exert their therapeutic
effects when injected both before and after the onset of collagen-induced arthritis
with inflammation not affecting the biodistribution or persistence of these cells
(Toupet et al., 2015). However, direct comparisons to these studies cannot be made
given the different cell source and also the OA models used. For example,
comparisons between collagenase- and Injury-induced OA models have
demonstrated that injury-induced was more reliable and reproducible than the
collagenase induced model (Kim et al., 2013). Thus given the discrepancies in the
current OA models available, timing of cell injection may have required fine-tuning
to ensure optimal cell response the MLI OA model.

Several other studies have also reported similar anti-inflammatory benefits of stem
cells in both RA and OA disease models. In an antigen-induced arthritis model of RA,
Kehoe et al. injected murine BM-MSCs 1 day post arthritis induction and similarly
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found that the cells homed to the synovium of the joint and reduced joint
inflammation. It must be noted that in this study the authors used 5 x 10 5 MSCs, 10
times more cells then in the present study (Kehoe et al., 2014). Diekman et al. also
injected MSCs immediately after fracture in a post-traumatic model of OA. In this
study serum levels of IL-1 receptor antagonist (IL-1ra) and IL-10 were increased in
the MSC-treated groups after fracture, indicating an early anti-inflammatory trophic
effect (Diekman et al., 2013). In a rat menisectomy model, following injection of
MSCs directly after surgery, enhanced meniscal regeneration was achieved which
was also associated with decreased osteoarthritis progression (Horie et al., 2012).

Whether introduced intravenously or injected directly into the joint, the fate of
transplanted cells and whether they survive, engraft or differentiate are imperative
issues that must be addressed in order to develop a clinically relevant stem cell
therapy. In these studies MPCs displayed immunomodulatory capabilities similar to
that of their adult mesenchymal cell progeny. Our results are also in accordance
with previously published literature that intra-articularly delivered stem cells
localize to the synovium and meniscus and not to articular cartilage surface. This
further highlights the point previously discussed in Chapter 3 regarding the
potential benefits of targeting the articular cartilage with biomaterials to enhance
recruitment of endogenous cells or exogenously added cells to aid in repair.
Ultimately however, these findings warrant further investigation to answer whether
or not intra-articular injected cells exert their effects in their differentiated or
undifferentiated state.

4.4.2 Prx1 expression in the joint
Determining the origin and phenotype of stem cell progenitors in the joint is key to
understanding their role in maintaining joint homeostasis, in addition to better
understanding how that can be manipulated to aid repair. Several studies have
previously identified endogenous stem cells residing in synovial joint niches which
might be beneficial to articular cartilage repair. In an attempt to unravel whether
Prx1 expressing cells have a role to play in the maintenance of the synovial joint in
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both physiologic and pathologic conditions; the Prx1-CreERT2 was crossed with the
R26R reporter mouse.
Prx1 is expressed in early limb bud mesoderm and plays a critical role in limb bud
formation and skeletal patterning (ten Berge et al., 1998). It starts to be expressed
in all limb bud mesenchymal cells at E9.0 before Sox9, and is down-regulated as
cells begin to differentiate into cartilage cells (Nohno et al., 1993, Akiyama et al.,
2005a, Leussink et al., 1995). In mature bone, Prx1 becomes restricted to
undifferentiated mesenchyme and later to periosteum (Ouyang et al., 2013). Prx1CreERT2 thus traces all lineages derived from limb bud mesoderm including bone,
cartilage and stroma.

In this study, Prx1 expression was analysed at 2, 4, and 6 weeks and at 12 weeks pre
and post injury. Positive X-gal staining was detected in several tissues within the
synovial joint with expression patterns decreasing over time. Specifically, at 2
weeks prx1 positive cells were seen within the synovium, meniscus, articular
cartilage and periosteum. Some positive cells were also detected in the developing
growth plate and marrow space. Although Prx1-positive cells were detected both at
4 and 6 weeks, there was a dramatic decrease in its expression, especially in the
synovium and cartilage, possibly due to the differentiation and commitment of
these cells.

Given that the activation and mobilization of progenitor cells within the joint and
their subsequent homing to injured tissues may depend on a local inflammatory
state, OA was surgically induced in Prx1-CreERT2; R26RLacZ mice. Subsequently, Prx1
expression was evaluated 5 and 14 days post injury. Unlike previous studies where
the presence of proliferating mesenchyme cells (Kurth et al., 2011) and Gdf5reactive proliferating progenitor cells (Koyama et al., 2008) were identified in the
synovium, following injury, no Prx1 cells were detected in the synovium. This may
be due to the fact that Prx1 is a boarder Cre and these Gdf5 mesenchyme cells arise
from Prx1 expressing cells but lose their Prx1 expression on cell commitment.
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However, cells were detected in the marrow spaces and along the periosteum at
both 5 and 14 days post injury. Interestingly 14 days post injury, Prx1 expressing
cells were also detected in the articular cartilage. Given that this experiment
induced cre-recombination prior to harvesting for analysis it is difficult to postulate
where these cells may have ascended from. It is possible that these prx1 expressing
cells are osteochondral precursor cells present in cartilage as previous studies have
shown that articular cartilage harbours a subset of progenitor cells (Dowthwaite et
al., 2004). Moreover, prx1 expressing cells were identified in marrow spaces, with
some cells appearing to break the tidemark. This is interesting given that Koelling et
al. have previously described a progenitor cell in human osteoarthritic cartilage that
they believe migrates from the bone marrow through breaks in the tidemark. They
described these cells as progenitors given that no single marker identified them.
Although they were distinct from the chondrocyte and osteoblast lineage cells and
mesenchymal stem cells, they had multidifferentiation potential (Koelling et al.,
2009a).

It was not surprizing that in this study Prx1 positive cells were identified in the
periosteum as several studies have demonstrated the role of these cells in fracture
repair. In a study by Kawanami et al., a Prx1-CreER-GFP mouse was generated that
confirmed prx1 expression in the forelimb and hindlimb buds at E10.5 and in some
craniofacial regions at E17.5. In this study, Prx1-expressing periosteal cells were
found to differentiate into both chondrocytes and osteoblasts in the fracture callus
supporting the notion that Prx1-expressing cells in the periosteum are
osteochondroprogenitor cells and take part in repair (Kawanami et al., 2009).
Additionally, in a study by Murao et al. using the Prx1-Cre mouse, Prx1 positive cells
were identified in the periosteum, endosteum, with some positive cells in the bone
marrow. Using a fracture model, they validated that the prx1 cells present in the
periosteum made a significant cellular contribution to the soft callus. However, prx1
positive cells were also identified in the growth plate, something that we did not
see in our study at 4, 6 or 12 weeks. This difference could be due to the use of
different Cre models, in this study they use the CreER mouse (Murao et al., 2013).
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The study described here identified Prx1 positive cells at early postnatal time
points, 2 and 4 weeks, in the synovium, meniscus, articular cartilage and
periosteum that by 6 weeks were no longer present. Yet, 14 days post injury cells
were detected in the articular cartilage, suggesting the activation of a potential
osteochondral progenitor cell in response to repair.
By ultimately understanding what progenitor cells present in synovial joint respond
to injury, it may be possible to manipulate their niche in an attempt to promote a
repair response. However, in order to do this a better knowledge of the
chemotactic factors that activate endogenous progenitors and enable their
recruitment to site of injury will be required. This of course will also be of clinical
interest given that modulation of their activity could benefit in the immobilization
of these cells and possibly their engraftment
.
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DISCUSSION & FUTURE DIRECTIONS

Chapter 5

5.1 Overview
Since damaged cartilage is thought to be a precursor to the development of
osteoarthritis, there has been extensive emphasis placed on developing approaches
to stimulate the formation of functional cartilaginous tissue. Thus far, research has
focused mainly on two strands; the repair of old tissue using biomaterial-based
scaffolding and incorporation of exogenous stem cells, and the regeneration of new
tissue through identification and recruitment of endogenous stem cells from their
surrounding niche.

This thesis primarily examines two aspects of stem cell-based approaches to
cartilage regeneration in the context of OA. The first approach was the use of a
TGF-β3-loaded HA microspheres as a growth factor delivery system with targeting
capabilities that would enable differentiation of exogenously added MSCs or
recruitment of endogenous cells (Chapters 2 and 3). The second approach dealt
with the joint niche, particularly under OA environmental conditions. Cell fate of
MPCs, a source of mesenchyme cells with chondroprogenitor potential, was
examined on delivery into an OA microenvironment. In addition, a lineage tracing
approach was employed to identify whether a Prx1 expressing population of cells
existed within the joint that could respond to injury (Chapter 4).

5.2 Biomaterials and MSCs; Targeting damaged articular cartilage for
repair
As reviewed in chapter 1 of this thesis, cartilage repair has been approached from
several distinct perspectives, including the use of cells alone, scaffolding materials
and bioactive factors; the concept by which all three elements are combined has
generated the field of tissue engineering. Chapter 2 and 3 of this thesis aimed to
develop and validate a biomaterial approach to enhance differentiation of hMSCs
and design a proof of principle strategy to achieve specific targeting of this
construct to degraded articular cartilage.
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In chapter 2, the hypothesis that HA microspheres would be optimal growth factor
delivery vehicles for in situ chondrogenic differentiation of hMSCs was tested. HA
was utilized given its important role within the extracellular matrix and niche of
MSCs (Solis et al., 2012, Qu et al., 2014). It is also widely selected as an optimal
biomaterial for stimulating MSC chondrogenesis (Wu et al., 2013b, Wu et al., 2010)
compared with other materials (Chung et al., 2014). HA microspheres had no effect
on cell viability, supported MSC attachment and were biocompatible. Although,
alone they lacked the biological cues necessary to effectively induce chondrogenic
differentiation. Thus, based on the knowledge that TGF-β3 has the ability to
accelerate cartilage differentiation and promote cartilage repair, this growth factor
was loaded onto HA microspheres (Johnstone et al., 1998). It was demonstrated
that the release of TGF-β3 from HA microspheres was very effective in initiating
chondrogenic differentiation of hMSCs, with an upregulation in cartilage-specific
genes and proteoglycan detected. Through conducting rigour experiments to select
the optimal delivery and

While we concentrated on the use of the growth factor TGF-β3, an alternative
approach could have been therapeutic gene delivery, through which controlled
gene expression in a temporal and tissue-regulated manner can be achieved. Both
viral and non-viral approaches have been investigated in ex vivo cultured cells and
in vivo cartilage repair models (Evans and Huard, 2015). Several non-viral strategies
have incorporated biodegradable PLGA nanoparticles to help facilitate gene
delivery of pro-chondrogenic genes including SOX5, 6, and 9 to enhance
chondrogenesis of MSCs (Park et al., 2010; Park et al., 2011; Kim et al., 2011).
Similarly, plasmid DNA encoding TGF-β1 in a fibrin gel and PLGA sponge was shown
to be an effective method to restore cartilage defects in a rabbit model (Wang et
al., 2010). Adeno- and adeno-associated viral vector-mediated expression of several
factors including insulin-like growth factor-1, Indian hedgehog protein and TGF-β1
have also proven successful (Brower-Toland et al., 2001, Smith et al., 2000, Chen et
al., 2010, Sieker et al., 2015), and notably have also entered into clinical trials
(Mease et al., 2010, Evans et al., 2000).
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Until recently, autologous articular chondrocytes have been used as the primary
cell source for articular cartilage defects. However, despite efforts using these cells,
generation of a tissue that resembles native hyaline cartilage has yet to be
achieved. As described in chapter 1, various types of stem cells have been
investigated for cartilage regeneration. In chapter 2 of this thesis, BM-MSCs were
utilized for our experiments and demonstrated successful differentiation when cocultured with TGF-β3-loaded HA microspheres. It may be interesting however, to
assess the use of other cells types with this material. For example synovial-derived
MSCs have been described as having a higher proliferative and chondrogenic
capacity than other MSCs (Sakaguchi et al., 2005). More recently, an interesting
study by Martin and co-workers described nasal chondrocytes as an alternative cell
type for cartilage repair.

Nasal

chondrocytes

arise

during

embryonic

development

from

the

neuroectodermal germ layer and are distinguished from mesoderm-derived cells by
the lack of expression of homeobox (HOX) genes, including HOXC4 and HOXD8
(Achilleos and Trainor, 2012, Leucht et al., 2008). In this study they showed that
cloned nasal chondrocytes were able to interchange between differentiated and
dedifferentiated states and still supported cartilage tissue formation in vitro and in
vivo. By reprogramming these cells to stably express HOX genes, they confirmed
that nasal chondrocytes could directly contribute to cartilage repair upon
implantation into a caprine articular cartilage defect (Pelttari et al., 2014).

Although it is widely accepted that stem cells have the capacity to home to injured
tissue, engraftment of delivered cells is still insufficient with reports suggesting less
than 1% of intravenously infused cells are found in target tissues. Yet, remarkably,
in these studies MSCs enhanced tissue repair without significant engraftment,
highlighting the role of the MSC secretome in their therapeutic effects (Lee et al.,
2009b, Iso et al., 2007). In the study by Lee et al., intravenously infused hMSCs were
detected mostly as emboli in the lung, and these trapped cells upregulated the
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expression of multiple genes, including, tumor necrosis factor-inducible gene 6
(TSG-6), the anti-inflammatory protein. The authors demonstrated that
improvement in mice with myocardial infarction was in part because the cells
trapped as emboli activated TSG-6 which, in turn, acted on the nearby cardiac
tissue, reducing the infarct size(Lee et al., 2009b).

However, in the case of cartilage repair, where delivered cells may also be
envisioned as a cell replacement therapy, targeting cells to the site of injury is a
prerequisite. With this in mind, we hypothesized that by targeting microspheres
using an antibody to an epitope exposed in degraded collagen type II, localization to
articular cartilage could be achieved. HA microspheres were successfully
functionalized with an antibody COL2-3/4M, directed to a neoepitope exposed in
degraded type II collagen. This antibody was shown to be orientated correctly and
functional. Furthermore, successful targeting in an ex-vivo human osteoarthritic
cartilage model was demonstrated, confirming our hypothesis. It could be
conceived that incorporation of TGF-β3 into this construct would allow site specific
release of this growth factor and potentially limit off target effects in surrounding
tissues. Moreover, this construct could ultimately be functionalized with a further
antibody that would attract endogenous cells to the articular cartilage surface.

As discussed throughout this thesis, the method of incorporating scaffolds with
bioactive molecules and cell specific peptides to recruit endogenous progenitors
has been shown to be a very effect strategy for enhancing the mobilization of host
stem/progenitor cells. This emerging approach exploits stem cells present in the
host microenvironment for their reparative capability thereby eliminating the need
for exogenous cell transplantation.

5.3 Manipulating the stem cell in the joint
Although, the poor reparative potential of cartilage has been attributed to the lack
of stem/progenitor cells within the tissue, there is now increasing evidence to
132

Chapter 5

suggest that there are stem-like progenitors present in skeletal tissues that could
participate in repair (Figure 5.1). The use of genetically engineered mouse models
has played a significant role in identifying the origin of these cells, their contribution
in development and role in regeneration.

Figure 5.1: Potential sources of endogenous joint stem cells. Progenitor cells
within the synovial joint with potential to participate in repair.

Recently, a study published by Worthley et al. identified a unique skeletal
progenitor cell by its expression of the BMP antagonist, gremlin 1. These cells were
termed osteo-chondroreticular (OCR) stem cells and were found immediately
adjacent to the growth plate and trabecular bone (Worthley et al., 2015). In wholemount in situ hybridization, Grem1 expression was identified at the onset of
hindlimb development at E9 and gave rise to almost all of the cells within the
primitive mesenchyme and the primary spongiosa. In a fracture repair model, the
authors demonstrated that Grem1 positive OCR cells responded to injury by
expanding and differentiating into osteocalcin-positive osteoblasts and Sox9+
chondrocytes within the fracture callus. Also worth mentioning is that these cells
lacked that capacity for adipogenesis.

Similarly, as part of an extensive lineage tracing study of mouse skeletal stem cells
(mSSCs), Chan et al. demonstrated that bone, cartilage, and stromal tissue are
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clonally derived in vivo from a lineage-restricted progenitor cell. Moreover, they
revealed that cell commitment is flexible. Eloquently designed in vivo experiments
demonstrated that by antagonizing vascular endothelial growth factor (VEGF)
signalling in early skeletal progenitors, these cells favoured a cartilage fate rather
than bone. Similarly, in a parabiotic model, it was demonstrated that incorporation
of BMP2 into collagen sponges could induce osteogenesis of resident mSSCs (Chan
et al., 2015). These studies demonstrate that it is possible to activate endogenous
cells and direct their fate in their niche using soluble factors.
In chapter 4 of this thesis, we used the Prx1-CreERT2 mouse to track Prx1 expression
at various developmental time points and post-injury. As described previously, Prx1
is a transcriptional coactivator that is expressed in most cells derived from the
lateral plate mesoderm with an essential role in skeletal development (Logan et al.,
2002, Martin and Olson, 2000). This Prx1-Cre transgene has previously been found
to label a PDGFA+Sca1+ multipotent mesenchymal progenitor cell that plays an
important role in HSC maintenance. These isolated population also contained all of
colony forming cells and could undergo osteogenic and adipogenic differentiation in
vitro (Greenbaum et al., 2013).

We hypothesised that Prx1 would be expressed at early postnatal time point but as
the synovial developed, Prx1 expression would be lost. Expression was examined at
two, four and six weeks and five and 14 days post injury. In these mice, Prx1 cells
were labelled with β-gal. At two and four weeks of age, Prx1 positive cells were
present in several tissues in the synovial joint. However, by six weeks, Prx1
expression had declined and was mostly restricted to cells of the periosteum and
just below the growth plate. Yet, 14 d post injury, Prx1 positive cells were detected
at the articular cartilage surface, indicating that a Prx1 expressing cell may become
active in response to injury signals. The results presented support the hypothesis
that Prx1 may mark a progenitor cell that could be activated following injury in an
attempt to initiate a repair process. Of note, strong Prx1 expression was identified
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adjacent to the growth plate throughout, where Worthley et al., had identified their
ORC cells.

Given that the purpose of resident stem cells is thought to replenish cells lost due
to injury, it remains unknown why these progenitor cells remain inadequate to
repair and generate damaged tissue in diseased states such as OA. Aging is one
factor that may influence the functional capacity of precursor cells in the joint.
Although the chondrogenic potential of MSCs has previously been shown to be
independent of age (Murphy et al., 2002b, Scharstuhl et al., 2007), this is not the
case for the osteogenic potential of MSCs (D'Ippolito et al., 1999, Zhang et al., 2008)
or periosteal cells (O'Driscoll et al., 2001). Moreover, these studies relate to BMderived MSCs and may not directly correlate to the effects of aging on precursor
cells.

It is postulated that the diseased microenvironments linked with inflammatory
signals and infiltration of inflammatory cells may inhibit precursor cells to partake in
the repair process. Evidence supporting this theory derives from studies, previously
alluded to in chapter 4, which showed MSC chondrogenesis was inhibited when
cultured with conditioned media from OA synovium and synovial fluid from patients
with OA and RA. Additionally, Harris et al., demonstrated that the chemokine,
monocyte chemotactic protein 1 (MPC-1), previously shown to be elevated in
inflammatory arthritis (Koch et al., 1992), blocks chondrogenic differentiation of
these cells in vitro (Harris et al., 2013). Inflammatory signals have similarly been
shown to inhibit osteogenic differentiation of MSCs (Lacey et al., 2009).

This inflammatory microenvironment may thus prove detrimental to exogenously
added cells but also the functioning of endogenous precursor cells. In chapter 4, the
hypothesis that the fate of injected cells could be tracked by using MPCs isolated
from transgenic mice was examined. However, from our results we could not
definitely determine if cells differentiated. It is possible that the hostile
inflammatory environment present at 7 days post injury when the cells were
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injected inhibited differentiation. Nevertheless, potential immunomodulatory
effects were observed linked with macrophage polarization. Although these studies
failed to prove our hypothesis, future studies could possibly investigate priming
these cells for differentiation prior to delivery or indeed with other signalling
molecules in an attempt to gather evidence to support our hypothesis. For MSC
therapy, it is proposed that prior treatment of cells with inflammatory signals is
required

for

therapeutic

efficacy,

in

particular

for

stimulating

their

immunosuppressive effects (Kavanagh et al., 2014). No doubt, further research is
required to fully comprehend how progenitor cell fate is affected by the
inflammatory milieu.
Taking into account the negative role that inflammation has on chondrogenesis, a
future strategy could also be to incorporate an anti-inflammatory agent such as IL10 alongside TGF-β3-loaded HA microspheres described in chapter 2. One could
imagine that this anti-inflammatory/pro-chondrogenic approach would dampen the
inflammatory signals obstructing the differentiation of progenitors while
simultaneously providing a pro-chondrogenic stimulus to initiate repair.
Furthermore, given that injected HA microspheres naturally localized to the
synovium and periosteum, they represent an ideal delivery vehicle for factors that
could activate and immobilize endogenous progenitor cells, such as Prx1 expressing
cells identified in chapter 4.

Undeniably there are chondroprogenitor cells with some potential for repair in the
synovial joint. Yet it remains to be established whether these cells on successful in
situ activation are capable of generating tissue that recapitulates that of native
articular cartilage.

5.4 Concluding remarks
The ideal therapy for articular cartilage would achieve the repair of a hyaline like
cartilage, in a one-step procedure with minimal manipulation. However, due to the
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complex nature of OA and given that patients most often present at late stages of
the disease, a single strategy might not be enough. Although MSCs have been
shown to enhance tissue repair in response to injury, for cartilage repair,
combinatorial approaches that includes stimulating the endogenous niche may be
required to generate a functional tissue.

This thesis explored two separate but closely related questions, can a biomaterial
with functionality to target cartilage and differentiate MSCs be developed and what
is the fate of cells on delivery into a diseased environment, and is there a prx1
progenitor cell population already present that could potentially partake in a
reparative response.
Collectively, the body of data generated in this thesis suggested the following:
1. HA microspheres are compatible delivery vehicles for delivery of bioactive
molecules such as the growth factor TGF-β3.
2. Released growth from these HA microspheres is efficient at differentiating
hMSCs down the chondrogenic lineage in vitro.
3. On injection into the joint, HA microspheres localise to the synovium,
perichondrium and supra bursa, but not to cartilage tissues.
4. Conjugation of targeting moieties to HA microspheres is attainable, and as
demonstrated with an antibody specific to degraded type II collagen, can
increase localization of microspheres with articular cartilage.
5. MPCs isolated from foetal limb buds, localize to synovium and meniscus and
not to articular cartilage following intra-articular delivery into OA joints.
Although their fate is yet to be determined, MPCs appeared to have
immunomodulatory properties, possibly via modulation of macrophage
polarization.
6. There is a Prx1 positive progenitor population in the joint at early postnatal
time points but decline with age. In response to injury, Prx1 positive cells
become activate, perhaps in an attempt to initiate repair.
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5.5 Futures directions
Future studies could advance the approaches discussed in this thesis by
incorporating additional molecules, such as an anti-inflammatory agent or possibly
an antibody against VEGF, as Chan et al. suggests that this drives progenitor cells
down the chondrogenic pathway (Chan et al., 2015). With regards to
functionalization and targeting of HA microspheres, quantification is required to
determine the number of HA microspheres retained within the cartilage, with and
without antibody functionalization. Moreover, given that the ex vivo culture system
used in these studies do not truly represent the in vivo environment in joint; an in
vivo study would be required to confirm functional targeting.

A major issue in cell transplantation is locating the destination of infused cells.
Although cells were located in the synovial joint post-delivery, they did not
represent the numbers injected. To address this issue, future studies could include
the analysis of other tissues such the popliteal and inguinal lymph nodes, kidney,
liver and lungs to investigate whether cells leave the joint and enter other tissues.
In relation to the identification of Prx1 expressing cells within the joint, it would be
interesting to further examine where these cells arise from and whether they have
an MSC-like surface phenotype; the surface markers of theses and elucidate their
expression.
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