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ABSTRACT

Osteoarthritis (OA) is a degenerative disease characterized by loss of articular
cartilage, synovial inflammation and bone remodelling. Due to ltve 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
degradatio. Yet ourunderstanding of themechanism of action remains unclear.
Further to this,loss of transplanted cells from the desired site remains a key
biological obstacle.tlis now recognised that the synovial joint environment
contains tissuespecific prognitor cells, activation of which would signify an

additionaltreatment approachby initiating an endogenous repair programme.

Given that biomaterials, such as microspheres havenbesed as model delivery
systemto enhance MSC differentiation and alsruit endogenous cells for repair,
the first am was to investigate the use of Hyaluronan (HA) microspheres as growth
factor delivery vehicles fom situ differentiation of hMSCs andssesswhether
functionalization of these microspheres with an antibadya degraded cartilage
epitope would enable specific targeting to OA cartilagecondly, the presence of a
mesenchyme progenitor cell within the joint was investigated usimy@-Cre ' 2
R26%““mouse model. Ptk is apairedclass homeobox gene thas expressed in
undifferentiated limb bud mesenchymthat gives rise to all mesenchymal cell
populations, including osteo-chondroprogenitors. Additionally, the fate and
biological behaviour of mesenchyme progenitor ggflolated from foetal limb buds

at embryonic stage 11.5 (E11.5) on delivery into OA knee joints was investigated
Specificallylocalization and persistence of thesells wereassessd andthe affects

they had on catabolic and anabolic gene expressiaas analysed

XVII



In vitrd/ exvivo results support the use otransforming growth factor bet8 (TGF

i Pploaded HA microspheres foin situ differentiation of hMSCs. Furthermore,
antibody functionalization of HA microspheres enabled localization to human OA
cartilage in an exivo model systemWith regards tathe presence of a progenitor
population, lineage tracing oPrx:Cré~'? R26Laczells from 2, 4, 6 and 12 week
old animals identified R1-positive cells in locations consistent with stem cell
niches. Furthermore, following intrarticular injection of E11.5 mesenchyme
progenitor cells, cells homet sites previously identified as stem cell niche areas

and elicited a paracrine aninflammatory effect.

These findings indicate # HA microspheres could be utilized as targeted growth
factor reservoirs for the differentiation of exogenously deteg MSC/progenitor
cells or coupled with other bioactive compounds could potentially recruit
endogenous progenitor cells for repair, such as thellxpressing cells identified.
Furthermore, we confirmed an antflammatory 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, &.Murphy, M. (2012)Strategies for improved
targeting of therapeutic cells: imphtions for tissue repairEuropean 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
induding articular cartilage, synovium, subchoaldbone, 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
characterigd in part by the progressive degeneration of the synovial joint (Figure
1.1). Features include changes tbhe morphology, composition and mechanical
properties of not just articular cartilage and its extracellular matrix but all the
tissues of the join{Guilak 201]). Given its complex nature, early diagnosis and
treatment is often challengingGoldring and Goldring, 2007As a consequence,
late diagnosis of OA is commday which stagethe only treatment option available

is a total joint replacement. In Ireland, it is estimated thainmest 750,000
individuals are affected by sonferm of arthritis, the majority suffering fron®A

This equates to In 6 people in the Irish population (Arthritis Ireland, 2009)is
estimated that 20% of people in Europe and the US will suffer from OA by 2030
With increasing costs associated witleuices, medicines, surgery and time off
work, the burden to worldwide health systems is reaching a healthcare crisis
(Becerra et al., 20)0WVVHO web link).

OA Associated Changes

Collateral Femur
Ligament/Capsule

Synovial

Membrane\

. .
Meniscus

/ 1: Cartilage Fibrillation

2: Vascular Invasion

Anterior & Posterior

Cruciate Ligaments
3: Osteophyte Formation

Articular Tibia 4: Synovial Hyperplasia
Cartilage 5: Meniscus Calcification

Figure 1.1: Degenerative changes that occur during OA



Chapter 1

In contrast to thepreviously conceived idea th@Ais a disease solely due to wear
andtear, in reality itis multifactorial(Weissand Jurmain, 2007aging, genetics and
joint inflammation all play a role in the onset and/or progressionthed disease
(Loeser, 2006Berenbaum, 2013Panoutsopoulou and Zeggini, 2018Vith aging,
the prevalenceof OA reachess high as 80% taf the age 75(Arden and Neuvitt,
2006). The aging process leaves cartilage weaker and with lower tensile stréngth.
addition, the metabolic activity of the cell is altered withondrocyte senescence
attributing to these effects (Loeser, 2018 Agerelated changes occurring ioint
tissues besides articular cartilage, such as me(#suwli et al., 201land ligaments
have also been suggested tontribute to the pathology of OAHasegaw et al.,
2012 Levy et al., 2013 Although thegenetic linkto the disease isegarded as
strong, there are only 11 known susceptibility loci identified in European
populations, with the most recermublishedby thearcOGEN consortiufarcOgen,
2012. Inherited mutations in the loci of the growth and differentiation factor 5
(gdf5) gene, which plays a critical role in tdevelopmental process of the kngis
just one such example which links geneticsOA developmen{Pan et al., 2014
Evangelou et al., 2009 More recently, epigenetic dysregulation has been
implicated (Barter et al., 201p in particular modifications to DNA methylation at
CpG sitegRushton et al., 2004

Although not traditonally considered amflammatory disease, joint swelling and
pain, both features of an inflammatory state, are present in(B# et al., 2007de
LangeBrokaar et al., 20151t is now widely accepted thatysovial inflammations
acomponent of OA, witlprevalence and severity increasing with advandisgase
states (Scanzello and Goldring, 201Z%5tudiesboth in vitro and in vivo have
demonstrated thatinterleukin (ID-1 andtumour necrosis factorTNB-" are the
predominant preinflammatory and catabolic cytokines involved in the initiation
and progression of articular cartilage destruction in @ldring, 2001 Cytokine
expression is thought to be regulatdyy several cell types, includirsynovocytes
and infiltrating inflammatory cellssuch as macrophag€Bondeson et al., 2006

and lymphocytes (Sakkas and Platsoas, 200)y. These cytokinesstimulate
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chondrocytes to produceenzymessuch asmatrix metalloproteinasegMMP9),

whichin turn degrade matrix proteins and collage(Goldring et al., 2001 The role
of toll-like receptors and their ligands in addition to the complement cast¢aie
also been shown to play a part in synovial inflammaéfang et al., 201INair et
al., 2013. Given the significant role that inflammation and associatgtbkines
have on the joint enviroment in OA, this will undoubtdgd have an effect on

treatment options and must be taken intmnsideration.

1.2 Current treatment strategies for OA and cartilage regeneration

Currently, no biological treatment strategy is available to induce efficacious healing
of articular cartilagelesions in OATreatments available consist principally of
analgesic agents and viscosupplengiaind address symptoms such gsnt pain,
which is a common concomitanteature of OA (Malfait and Schnitzer, 20)3
Interventional approaches including surgical procedurgs have become
O2YY2y L I OS &aAyO0S 1 & Sotiged Qat articlfab gartilagdlh RA S
derived nutrierts from the underlying boneand that drilling into sclerotic bone
areasin OA patientspromoted the formation of mooth fibro-cartilage over the
surface(Pridie and Gordon, 1959Now referred to as nierodrilling thistechnique
involves drilling muiple holes into the bone platdrabeculaeand marrow spaces
which encourage spontaneous repairby stimulating bleeding from the
subchondral bone and subsequent blood clot format{@teadman et al., 2001
Althoughthe repair response is successful, the tissue formed is unstable and often
fibrous in nature(Insall, 196). Another technique, referred to as autologeus
chondrocyte implantation (ACI) is a procedure whereby a biopsy of healthy articular
cartilage is harvested from a ndoad bearing location of the diseased injured

joint and digested to release a cell population of chondrocytes. Thiesedrocytes

are subsequently expanded and introduced back into the defmutl secured in
place by a periosteal flafgBrittberg et al., 199% Matrix-induced autologous
chondrocyte implantation (MACI), is a modification of the ACI method;
chondrocytes are embedded in a matrix (usually hyaluronan (HA) or collagen
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based), securing them in place aabviating the need for the periosteal flggones

et al., 2008 ACland MACI areonsidered costly practisgiven thatthey require

two invasive procedures addition to ex vivoculture 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, alternattv means to tackle this problem are under
investigation Tissue engineerings one such strategwwhich encompassesill the
essential building blocks required for tissue regeneration including cells, signalling

molecules and biomimetic scaffol@®hnstone et al., 2033

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 sedhewal and differentiation
(Friedenstein et al., 1970Although originally thought to be restricted to bone
marrow, MSCs have been isolated from trabecular b@é&h et al., 2002 adipose
tissue(Yoshimura et al., 2006synoviun (De Bari et al., 200)bskeletal muscle and
cord blood(Wagner etal., 2009. They have the capacity to differentiate into cells
of connective tissue lineages including bone, fat and carti&ygenger et al.,
1999. Therapeutic benefits of MSCs have beatiributed to their activationby
signals from injured tissue and in turn eitherodulating the immune response,
promoting host cell survival, and/or activating and recruiting endogenous tissue
progenitor cells to the s of injury. More recently, it has been suggested that
these activated MSCs caalso respond byreleasingmicrovesicles that transfer
micro-RNAs and even naithondria to other cells which in turmay elicit the

beneficial effecs (Lai et al., 2011

MSCsare possibly the most utilized cell type for articular cartilage regeneration,
owing to their accessibility, ability for senewal and capacity for chondrogenesis
under suitable conditionsTheyhave been shown teasily undergo chondrogenesis
under several conditionsn vitro including cell aggregate@Noble et al., 199
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micromass culturéDenkeret al., 1995 and pellet culture(Johnstone et al., 1998
These culturing techniques promote high density aggregatienapitulatingthe
three dimension& (3D}environment that MSCs are exposed to during early
mesenchyme condensation, as seen during embryonic cartilage development
(DeLise et al., 2000 They lose their fibroblastitke appearance and become
rounded like chondrocytes, with the upregulation of cartilagmecific genes
including SOX9, collagen type Il, aggrecan, fioromodulin and cartilage oligomeric
matrix protein (Barry et al., 200l However, thesein vitro culturing systems
addtionally promoteinduction of hypertrophic markers, as demonstrated the
expression of collan type X, alkaline phosphatase anttrix metalloprdeinase
(MMP)13 (Mueller and Tuan, 20Q8/on der Mark et al., 1992Giovamini et al.,
2010. This is seen as a great challenggben considering MSCs for cartilage
regeneration given thatMSC pellets undergo mineralisation and vascularisation
after ectopic transplantation in a process similar to endochondral ossification
(Pelttari et al., 2006Scotti et al., 2010 Moreover, this process is not exclusive to
BM-MSCs and has aldeen shown to occur wheadiposederived MSCspheroids
were subcutaneoudy transplaned into immune comprised miceresulting in
comparable mineralisatioand microossicle formatioHennig et al., 2007 Given

that this process negatively impacts the therapeutic potential of MSCs, several
strategies are currently under investigation attempting to minimise hypertrophic
chondrogenesi¢Chen et al., 20155awlitta et al., 201

Years of preclinical assessment of M8 articular cartilage repair has generated
postive results with regards their clinicalpplication (Steinert et al., 2012 They
havebeen used tareat both chondral and osteochondral defects erdge animals
such as sheefZscharnack et al., 20},(Qoig (Zhou etal., 2004, and small animal
models including rabbiim et al., 200}, rat (Nishimori et al., Q06) and mouse(ter
Huurne et al., 2012Diekman et al., 2013 Repair of apartiakthickness chondia
defect in porcine knee joints was observed by keal., 12 weeks post injection of
bone marrowderived MSCs (BMISCs) in combination witHA (Lee et al., 2007

Similarly, a study by Murphst al., showed that dlivery of autologous BNASCs to
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caprine joints that were subjected to a total meniscectoand transection of the
anterior cruciate ligamentesulted in regeneration of meniscal tissue aglttited a
chondroprotective effect(Murphy et al., 2008 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©A in a traumatic joint injury model

(Diekman et al., 2013

Stem cells isolated from other tissue sour¢Egure 1.2have also shown potential
for articular cartilage repair, including synoviélDesando et al., 20)3fat pad
(Wickham et al., 2003and periosteadderived cell{Nakahara et al., 1991Synovial
MSCs in particular are an attractive cell for cartilage repggwen their close
proximity to the cartilage but also due to their high chondrogenic akbiBgkaguchi

et al., 2005Lee et al., 2010b Similarly, synovial fluid contains a population of cells
that have shown enhanckchondrogenic differentiation(Jones et al., 2008b
Embryonic stem cellSE€9 have also been considered as a potential cell for
cartilage regenerationWakitaniet al. transplanted ES cells into articular cartilage
defects in the patellar groove of immunosuppressed rats. Cells were detected up to
8 weeks afer transplantation. Cartilage was detected in the repair tissue with no

signs of teratoma formatiofWakitani 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 studyamashitat al. generatal scaffoldleséiyaline
cartilage from human induced pluripoterstem cells iPSCs) IPSCs cells were
chondrogenicallyrimedin vitroto form chondrogenic particles through sequential
treatment with various factors(ascorbic acid,bone morphogenetic protei2
(BMP2, transforming growth factor betd (TGH Mand GDF5)Particles injected
into subcutaneous spaces severe combined immunodeficiensCIDPmice did not
form teratomas and were able to form and maintain hyaline cartileggvo for 12
weeks.However, long term observatioadid reveal thatsome cartilage underwent
hypertrophic differentiation an unwanted outcome In a further study usin&CID
rats, transplantedPS@&lerived cartilaginous particlea an articular cartilage defect
showed good integration with hodissue and stained positivefor toluidine blue

and type Il collagefiyramashita et al., 20}5
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1.4 Cell therapies and tissue engineering

There are drawbacksassociated with intraarticular injection of stem cellsfor
cartilage regenerationwhich includethe lack of precisiomssociated withdelivery

of injected cells to the lesion site and also the unpredictability of their
differentiation potentialin viva To mitigate the challenges assated with intra
articular cell injection, tissue engineering has come into the forefront of articular
cartilage regeneration with the development of biomaterial construcifiese
constructs are designed to incorporate MSCs into a matrix scaffold egaditi
their localization and alsaf desired their differentiation through incorporating
signalling factors. Moreover, tissue scaffolds provide microand macre
environmental cues at both the compositional and structural levels that assist in

guiding te cellular phenotypéNguyen et al., 201, Nikkhah et al., 2012

Enhancedn vitrochondrogenesis wasbserved when ES@erived embryoid bodies
were encapsulated in poly (ethylene glyeb§sed (PEG) hydrogels compared to
monolayer culture. Gene and protein expressajrcartilagerelevant markers were
significantly upregulated in the hydrogels, suggestiig was a more
chondroinductive environmenfHwang et al., 2006 Chenget al., reported on the
generation of chondroprogenitors from human ESCs. In this study,
chondroprogenitors were incorporated into a fibrin gelnd implanted in
osteodondral defects in the patella groove of nude rats. Human cells were
detected in the repair tissueshowing that they remained at the defect site.
Moreover, tissuestained positive for collagen Il with little collagen | positivity
indicating that the tisse formed was more hyalinkke cartilage(Cheng et al.,
2014). Jurgenset al. isolatedstromal like cellfrom the infrapatellar fat pacand
showed thattheir chondrogenidifferentiation capacity on a 3D polylacticco- -
caprolactone) was comparable to that afliposederived stem cells (ARS in
terms of gene expressionof cartilageassociated markerand glycosaminoglycan

(GAG)staining(Jurgens et al., 2009In anin vitro cartilage defect modeDiekman
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et al utilized an agarose gel to incorporai®<s predifferentiated down the

chondrogenidineage(Diekman et al., 2012

Nanofibrous hollow microspheresglfassembled from stashaped polymersvere
shown to be optimainjectable cell carriers farartilage repaifLiu et al., 2011 This
group hypothesised that these nanofibrous hollow spheres would mimic the
structural features of collagefibres, a major component of thextracellular matrix
(ECN surrounding cartilage, and provide an appropriate scaffolding material to
promote cell migration andproliferation which wouldultimately facilitatein tissue
regeneration and integration with # host. It was demonstrated that thes
nanofibrous hollow microspheres mimickéoe nanoscale architecte of the ECM
and were functional asmicro-carriers for chondrocytes High quality hyaline
cartilage regenerationwas demonstratedn a mouse implantatin model and in a
criticalsize rabbit osteochondral defecgpair modelusing these microspherdkiu

et al., 201).

Matrices that have been used to delivBtSCsinclude HA (Lisignoli et al., 2005
Kayakabe et al., 2006fibrin (Park et al., 201,1Jung et al., 200)Qchitosan, alginate,
polylactic acid (PLAYWayne et al., 2005and poly(Fglutamic acigl (PLGAjUematsu

et al., 2009, to name but a fewWanget al. incorporated MSCs and plasmid DNA
enodingTGF m AY | FTAONRY AR iveeks\pdst tranfsplahtatidn) . J2 y 3 S ¢
neo-cartilage was formed that integrated well with surrounding tissue and
subchondral bonéWang et al., 2010 In a similar rabbit studygutologous ASCs

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 @kgepost
implantation, which had integrated well with the surrounding native tissue by 12
weeks(Zhang et al., 2013bDecellularized scaffolds have also beeoimcreasingly
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 thatanmimic that of native cartilagéBenders et al., 20)3Yanget
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al. developed anacellular, 3D interconnected porous scaffold derived from ECM
from human cartilage. This scaffold provided a suitable environment for
proliferation and differentiation of BMMSCs to chondrocytes in cultyie addition

to supporting cartilag-like tissue formationin vivo (Yang et al., 2008 Using a
similar scaffold, @mparable results were obtained by Zheagal. (Zheng et al.,

2011).

These studies highlight the benefits of incorporating biomaterial scaffolds with
cellular terapies to ultimately guide differentiation, proliferan and

fundamentally cell fate.

1.5 Cell therapies and cartilage repair; In the clinic

There are manylinicaltrials tesing the efficacy of MSCs in cartilage regeneration
with encouraging results emging from several case studiesinvestigatingthe
safety of MSCs. Centerst al. showed that there was an increase in cartilage and
meniscus volume and an improvement in range of motion and pain $otlosving
treatment of a cartilage lesion with BMSCs(Centeno et al., 2008 Promising,
albeit variableresults were also reported in a study by Davatehial. Six months
post MSC injection, pain scores improved for three out of faatigmts with only
minor improvements in range of motion; moreovefrays showed no change in
joint space(Davatchi et al., 20)1Emadediret al.reported on teir phase | clinical
trial where six patients with radiological evidence of knee OA were recruited.
Following one injection of BNMISCs, no adverse events were described and pain,
functional status of the knee and walking distance showed improvement up to
months postinjection. Moreover, threeout of sixpatients showed an increase in
cartilage thickness, detected byagnetic esonance imagingMR) (Emadedin et
al., 2012. In a more compreénsive phase | trial reportetly Joet al. a single
injection of ADSCsnot only improved pain and function scores btite size of
cartilage defect decreased, suggesting regeneration of hydikeecartilage(Jo et
al., 2014.
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These case studies and eaplyase clinical trials describe encouraging clinical
outcomes favouring the use of MSCs asefective treatment for cartilage injury
Yet, the mechanism of action of these cells still remains elubiveortantly, wtal
guestions remain unanswered regarding aunderstanding ornthe 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 benefiMSC therapy for
articular cartilage regeneratiorg therapy that restores the structural, mechanical
and functional components of articular cartilage has still not baehieved. With
this in mind there has been a recent shift in the paradifpn cartilage repaifrom
transplantation of cells towards manipulation of the endogenous cell nitheh

of our insight into theMSC niche in the joint has been obtained fromdsés of

articular cartilage formation and synovial joint development in mice.

Articular cartilage is the primary cartilage associated witle joint and most
affected of all joint tissuesin OA It originates from hyaline cartilage produced
during the deelopment of the synovial joint in thappendicular skeletotUmlauf

et al.,, 2010. The first sign of synovial joint formation is the emergence of a
population of mesenchyme cells, referred to as the interzofihan et al., 2007
Archer et al., 2008 These cells are diaguished by their elongated flat shape and
gene expression profil@rcher et al., 2008 Soon after the interzone is established,
cavitaton occurs whilst the joint capsule consisting of the ligaments and inner
synovial membrane develops connecting the two cartilaginous skeletal elements
(Pacificiet al., 2009%. The utilization of genetic tools to bettemderstand synovial
joint formation has been instrumental in identifying the origin of cells within the
joint, their niche and also identification of potentiatecursor cells. In particular the
use of conditional gene targeting methods, such as @re/LoxPrecombinase
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 recodiun sites referred to asoxP sites. Using this system,
genes can be activated, repressed, or exchanged for other d&laegy, 2000Sauer

and Henderson, 1988Inducible systems, such as &R TBrocard et al., 199 %l

et al., 1997 and CreERTZIndra et al., 199Pare also commonly used in cell lineage
tracing studies as they allow both spatial and temporal recombinatiReporter
mice are routinely used to monitor Cre expression, one example is the insertion of
lacZ gene downstream of the ROSA26 hekeseping 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 promotdracZencodes the protein betgalactosidase
which onactivationcauses cells expressing the gene to appear (Boeiano, 1999
Another commonly used reporter, discussed in more detail in chapter 4, is the
double Crereporter described as mT/mG that expresses membrtargeted
tandem dimer Tomato (m)Tprior to Cremediated excision and membranargeted

green fluorescent protein (mG) after excision.

Using thesegenetic approaches, Hyde et generated amatrilin-1-Cre knockn
mouse, where the Cre recombinase gene was expressed under the contif@ of
matrilin-1 promoter. Matrilinl, plays an important role irextracellular matrix
organization and is associated with growth plate chondrocyiEsak 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, prewously demonstrated using immunohistological methddszodi et

al., 1994 Murphy et al., 1999 this study égantly 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. Theisondrocytes of thearticular
surface arise from a subpopulation of early chondrocytes that do not activate
matrilin-1 expression and mustome from a distinct progenitor populatiothan

that for growth plate chondrocytegHyde et al., 200)f Pacificiand ceworkers
similarly confirmed this byexploiting the fact that mesenchyme cells in the

interzone expresgdf5 (Storm and Kingsley, 199%nd linked its expressionwith
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progenitor potential Using theLacZreporter with Gdf5Cremice (Rountree et al
2004, they observed.acZpositive cellsvithin the interzonethat persisted in joint
forming areas throughout development. These progenitor cells formed articular
cartilage and joint tissuesuch as thesynovial liningbut minimally contributed to

the growth plate cartilage and bone. This confirmed that the synovial joint
components and articular cartilage were of a sha@F5expressing mesenchymal
originand that this cell population constituted a progenitor cell with joint formation

capability(Koyama et al., 2008

More recently, it has &en suggested # proteoglycan 4 (PRG4) or lubricin
expressing cells mark early progengowithin the joint Kozlemyakinaet al
demonstrated thatPRG4expressing cellsvere located at the joint surface in the
embryoand servel as a progenitor population for all deeper layers of the mature
articular cartilage Furthermore, it was demonstrated that PR@&4expressed Y
superficial chondrocytes in young mice, but expands into deeper regions of the
articular cartilage as the animals ag#us possibly serving as a stem cell pool
(Kozhemyakina et al., 201.9°rg4 has also been shown to exhibit chondroprotective
effects (Flannery et al., 2009In a study by Ruaet al, overexpression dPRG4n
mice proteced againstboth agerelated and postraumatic OA. In a series of
experiments they demonstrated that these protective effectsravéinked to the
inhibition of transcriptional programs that promote cartilage catabolism and

hypertrophy(Ruan et al., 2013

Prx1(paired related homeoboxgene plays an essential role in regulating skeletal
development in thdimb (Martin and Olson, 20001t is expressed in the mesoderm
with the PrxXCre transgenic mouse targeting all cells derived from limb bud
mesoderm(Logan et al.2002. Akiyama et al. utilized the Prre transgene to
investigate the role of the transcription factdBRY (Sex Determining RegioiBd%
(Sox9, in chondrocyte differentiation. In addition to elucidating thislerothey
showed thatPrx1-expressing rasenchymal cells give rise to athx9-expressing

osteochondroprogenitor cells and that these cells in turn differentiate iBtn<9
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expressing chondrocytes amdnx2 expressing osteoblast@kiyama et al., 2002
Akiyama et al., 2009bThe 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 islivided into three typical zones; the superficial zone,
transitional zone and the deepone(Becerra et al., 2010Pearle et al., 2005Each
zone has a distinct ECM composition, organisation and cellular phenetip
have direct effects on theintrinsic mechanical propertiesVhile the superficial
region has a dese network of collagen fiberprimarily aligned parallel to the joint
surface, the middle region collagen fiber orientation is more random and
perpendicular to the underlyingubchondralbone in the deepest areas of the
tissugResponte et al., 20Q7Furthermore, theproteoglycancontent is lowest in
the superficial zone and increases through the middle and deep regasnthese
are the regions that provide the greatest resistance to compredsnees(Poole et

al.,, 200). These differencesn the composition of the tissue may in part be
attributed to the metabolic specialization of the chondrocytpsesent invarious
tissue zons (Siczkowski and Watt, 1990anderploeg et al., 2008The superficial
zone consists of flattened chdrocytes, orientated with collagen type Il fibres
parallel to the direction of shear, optimizing tensile resistaCehen 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 adgt fluid permeability(Sophia Fox et al., P9). Not
surprisingly, these uperficial chondrocytes are also responsible for secreting
lubricin, which acts to reduce friction resistance of tetilage(Rheeet al., 2005
Chan et al.,, 2002 The transitionalor middle zone contains type I¢ollagenand
aggrecan, with larger, roundechondrocytes and randomly distributed collagen
fibres in the matrixThiszoneacts as a functional bridge between tkeaperficial
zone and the deep zonandis the first line of resistance to compressive fordes.
the deep zone, chondrocytedorm columns, with collagen fibredacing
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perpendicularto the cartilage surface withia 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 tlaetitage to the bone. Thus, the
deep zone contains the largest diameter collagen fibrils and the highest

proteoglycan content to provide this resistan@gner andStove, 2003

The tissue itself is avascular and anepitals is dependent on the synovial fluid for

its nutritional needsWater is the most abundant component of articular cartilage,
contributing up to 80% of its wet weighthe remaining 20% is coniped of
collagens, proteoglycans and other minor components such as glycoproteins,
signalling peptides and neiibrillar collagengAnderson et al., 1964The interplay
between the ECM of articular cartilagand the interstitial fluid surrounding the
chondrocytes plays an important role in the biomechanics of cartilage shrece
transmission of mechanical forces within the ECM allows cells to respond to
mechanical stres¢Zhang et al., 2009 Collagens are largely responsible for the
maintenance of the tensile properties and egrity of articular cartilage while
proteoglycans, due to their negative charge, maintains high levels of water content
to resist compressive forces, thus contributing to compressive stre(Rgisponte

et al., 2007 Williamson et al., 2003 In healthy articular cartilage, the interaction
between the collagens and proteoglycans are essential. The vohaogpied by
proteoglycan aggregates is limited by the collagen framewdnlch restricts their
expansion. @ compression of cartilage, the negatively charged proteoglycans are
pushed closer together, and this in turn increases their mutual repulsive torde
adds to the compressive stiffness of the cartila@®ret and Simoes, 20D4In
injured or diseasedcartilage tissug where there is a loss of proteoglycan and
aggregated proteoglycans, resistartoecompressive loads is decreased, since they
are not as easily trapped in the collagen matrix. Moreodamage to the collagen
network itself can also reduce the compressive stiffness of the tissue, since the
aggregated proteoglycarmsannot becontainedasefficiently. 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 normagdight bearing To
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truly generate a tissue that recapitulaenative aricular cartilage, engineering
strategies will need to rely on successfully reconstructing the complex collagen

frameworkwithin the different zones to ensure structural integrity.

Chondrocytegepresentthe main cell typein articular cartilageand play acritical

role in maintaining normal tissue homeoswgPoole, 199). However, given the
distinct zonal organisation of calege and lack of vascular supplhe selt
regenerative capacity of the tissus limited (Becerra et al., 20)0Yet, there are
intrinsic cells present in the synovial joint; some previously mentioned above that

may have potentibto participate in regeneration.

1.8 Resident progenitors of the synovial joint

The use ofbromodeoxyuridine (Brdu) and tritium thymidine facilitated the first
studies in identifying populations of slesycling cells, characteristic of stem cells,
within the superficial zone of articular cartilag®hlsson et al., 199Hayes et al.,
2001). When superficial chairoprogenitor cels were firstisolated frompostnatal
bovine cartilageby differential adhesion to fibronectjnthey showedhigh colony
formation capacity and expressed several markers in common with MSCs
(Dowthwaite et al., 2004 Chondroprogenitors have since been successfully
isolated from healthy and osteoarthriticumanarticular cartilage(Williams et al.,
201043 Tallheden et al., 20Q@&Isalameh et al., 2004 ickert et al., 2004and adult
joints (Candela et al., 2014Wu et al.,, 2013pa It is believed hat these
chondroprogenitor cells may also hagehanced migratory abilityKoelling et al.,
2009b. In an injuryinduced steochondral eglant model, Seatt al identified cells
with progenitorlike characteristics homing to the site of injury, suggesting they

respond to injury signals and may play a role in re($aol et al., 2012

Another area of interest with regards to progenitor cells in the joint is the groove of
Ranvier (Henriksson et al., 28, Karlsson et al., 2009This groove is foundlong

the periphery of the londone epiphyseal growth plates which during development
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extends and becomes a part of the perichondrium/periosteumioedShapiro et
al., 1977. In a study examining this niche, Karlsstral. administeredBrdufor 12
days tothree-month old rabbits. Labelled cé&d were found in the groove ofaRvier
after a 44 day wash outperiod. These cells also stained positive for seveedl
surface markers expressed by stronpabgenitors including Strel which enriches
for colony forming cellsand Jaggedlihe ligand for the receptor Notci,
suggesting that these sleaycling cellsnay represent a progenitor cell population

that could participate in articular cartilagepair (Karlsson et al., 2009

As mentioned previously, MSike cells have been isolated from synovial tisébe

Bari et al., 2001pFutami et al., 2012 Kurth et al. identified a slowcycling
population of MSdike progenitor cells that responded to injury in the synovium by
using the thymidine analogues iodieoxyuridine and chlorodeoxyuridine
(IdU/CldU) (Kurth et al., 2011 Similarly, Koyama&t al demonstrated that the
synovium responds to injury using thelfs-Cre;ROSA26fF“transgenic mouse. For
this experiment, mice either received an articular cartilage injury or a skin incision
as control. One week post injury,p@pulation of GDFg&xpressing cells, expanded
and proliferated in the synovium again suggesting there is pool of progenitors that
are activated in response to injuifiKoyama 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 pa(Jones et al.,, 2008a8Buckley et al., 2010
Interestingly, these cell numbers are elevated in OA patientsiacr@ase with the
severity of diseas@_ee et al., 2012Jones et al., 20Q0Morito et al., 2008 Jones et

al., 2008b.

The presence of thesprogenitor cells and their role in thesynovialjoint under
normal and diseased states remains uncleget this will be imperative for the
development of methods to activate and immobilise thesdlscéo 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 inbuilt with exogenousnolecules such agrowth factors genes ocell
specific peptides to recrugndogenous cells to repair injured tiss(&toddart et al.,
2014 (Table 1.1) The most common method taactivate local prgenitor cells to
encourage their activation into circulatioms the incorporation of signalling
molecules.Hunziker and Rosenbengere one of the first groups to demonstrate
that endogenous cells can be activated and recruited to the site of injury using
signalling molecules, specificalyfGH daHunziker andRosenberg, 1996 This laid

the foundation for further studies using biomaterials including one by Lee et al., in
which the proximal humeral condylef skeletally mature rabbits was excised and
replaced with a novel bioprinted 3D scaffold incorporatfiGF o ® ¢ KS | dzii K2 N&
reported that this acellular scaffold induced resurfacwigthe removed cartilage
four months post implantatiothrough recruitment of endogenous celllsee et al.,
20109. Yuet al.examined the potential ofecombinant humarstromal celtderived
factor l-alpha (rhSDFw h, Uncorporated into a HA/fibrin gel, to promote
recruitment of chondroprogenitors in aex vivobovine chondal defect SDFv h a

key chemokinenvolved instem cellmigration and homingvas able to enhance the
recruitment of migratory progenitor cellsinto the defect while chondrogenic
treatment of the explant was able to generate repair tissue vgithilar properties

to native cartilaggYu et al., 2015a
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: . . Homin

Title of Study Author Biomaterial .g
Mechanism

iﬁﬁlagépf r:)arr]otr?]%te20|lc)agggchs()¢:éﬁjra (Chen etal., Collagen Stromal celderived
repair by facilitating cell homing 20159 Scaffold factors Falpha
Functional fulithickness articular Fibrin and
cartilage repair by rhSDih t2 (Metal, hvaluronic  acid Stromal celderived
fibrin/HA hydrogel netwdk via 20159 hy roge! factors talpha
chondrogenic progenitor cells homin ydrog

Mechano growth factor (MGF) an
transforming growth factor (TGF)o |\ or a1 ik fibroin gifohrano gro;l/rv]‘[g
functionalized silk scaffolds enhanc 2019 v Scaffold Transformin
articular hyaline cartilage rowth facto? beta 3
regeneration in rabbit model 9
Adhesive barrier/directional Chitosan patch Plateletderived
controlled release focartilage repair (Lee etal.,, with heparin growth  factorAA
by endogenous progenitor cel 2015 conjugated fibrin and  Transforming
recruitment gel growth factor beta 1
A functional biphasic biomaterie Chitosan -
homing mesenchymal stem cefor in g]'u;;r(])gl:t Demineralized I\P/IeSCtIida;flnlty
vivo cartilage regeneration v Bone Scaffold P
A transduced living hyaline cartilac Cartilage graft Adenoviral  vector
graft releasing transgenic stromal ee (Zhang et al., (Chondrocytes in with Stromal ceH
derived factorl induchg endogenous 20139 Gelatin/ Alginate derived factors 1
stem cell homing in vivo hydrogel) alphatransgene
Polycaprolactone electrospun mes polycaprolacton -
conjucated with an MSC affinity (Shzagolgt al, electrospun II\D/IeSCt:idaéfmlty
peptide for MSC homing in vivo meshes P
Selfattaching and celattracting in (Moreira Dextran
situ forming dextrartyramine Teixeira et tyramine/
conjugates hydrogels for arthroscop al., 2012 Heparintyramine
cartilage repair B Hydrogel
Regeneration of the articular surfac poly-G .
of the rabbit synovial joint by cel (Lee et al., caprolactong and Transforming
homing: A proof of concept study 20109 hydroxyapatite  growth factor beta 3

' Bioscaffold

Regeneration of ovine articula . .
car?ilage defects by ceffee polymer (Erggelet et  Polyglycolic acic Hyaluronan and
based implants al., 200% scaffold 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 HAcoated nanoparticlesfor the therapeutic

targeting of cartilagdased on the affinity ofHA to bind the CD44 receptor
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expressed on chondrocytdkaroui et al., 2007 The authors suggest that su¢hA
particlesmay have the potential to actively target chondrocytaesd increase the
natural repair process by recruiting these cells to the site of tissue replagroet al.
fabricaed a MSchoming device usingolycaprolactone (PCL) electrospun meshes
conjugated to a MSE&pecific peptide. In a cartilage defect in a rat, they observed
immobilization of @dogenous MSdsto the defect site when the mesh was used

in combination witha microfractureprocedure(Shao et al., 2012

Recently, the small molecule kartogenwas identified to have the abilityto
promote chondogenic differentiation of human MSCs (hMSCsand protect
articular cartilagethrough its anabolic effect on chondrocyte€lohnson et al.,
2012. Moreover,kartogeninprotected cartilage after intrarticular injection in an
OAanimal model. Subsequent studies usthg molecule demonstrated that it had
potent anabolic effects on limb development lposting several key signalling
LI Kol &a Ay Of dzR A(Pedker eDa.] 2004 By3 ¢oikining yhid
knowledge with a tissue engineering strateggang et al. used kartogenin
conjugated chitosan microspheres as an irdréicular drug delivery system to treat
OA Theyreported that usingmicro- and naneconjugated particles hdbeneficial
effects inreducing degenerative change®mpared tothe control (Kang et al.,
2014).

The use of biomateridbased strategieswith or without bioactive agentsfor the
recruitment of endogenous cells offers a promising approach. Their effectiveness
however, is rdiant on the bionaterial, and thebioactive load being located at the
desired tissue. Methods to enhance targeting and localization of biomaterials have
mainly relied on antibody functionalization andtreough only a few studies have
been performed specifically targeting aterials to articular cartilage, several
reports on targeting other tissue especially in the areas of cancer therapy have
been reported(Macura et al., 2013Lu 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 +emb microspheres

to ensue cell recruitment at the relevardite of injury.

It is clear from the literature that stem cddased therapies, be it in the form of
delivery of an exogenous source or stimulation of the resident population will
require some form of scaffoldrgwth factor, chemokine or drug agent for efficient
differentiation and/or migrationUltimately through understandinghe in vivostem

cell niche the resident progenitors and the signals that they respond to, a
biomaterial or celbased method to activat 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 selpair contributeso the onset of

OA, whichresults in widespread degeneration tfie articular cartilage surface.
Therapeutic approaches to treat OA symptoms and repair articular cartilage include
activaton of the endogenous stem celiche and the use of exogenously added
stem cells, in particular MSCs. Within this thesis, aspectthf approaches are

investigated.

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

Chapter 2:

Hypothesis: TGH ogrowth factor released fronHA microspheresvill act as an

optimalinjectabledeliveryvehicle, enablingn situdifferentiation of BMMSCs

Aim: The aim of this chapter was toedign, characterize and evaluate TGF o
growth factor delivery sysim for in situ differentiation of stemcells; specifically
BM-MSCsHA microspheres were developeohd ssessed for their compatibility
with hMSC, ability to encapsulate the growth factor 7GBand to stimulate

chondrogenic differentiation in 3D pellet kure.

Chapter 3

Hypothesis: Functionalization of HA microspheres with an antibody specific to an
exposed epitope of degraded type Il collageiti allow microspherelocalisationto

degradedarticularcartilage

Aim: Localising HA microspheres throughettuse 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 microspheréth \&n antibody to
degraded type Il collagen (ar@iOL23/4M) 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 modsl Prx1CreER R26"™Cand AcanCreER R26"™9 it will be
possible to track potentigbhenotypical change of MPCson injection into a mouse
model of OA.

Aim (A) In an attempt to address the fate of exogarsty delivered cells in an OA
environment, Theaim of this chapter was to inject MB@solated fromtransgenic
mice, specificallyPrxiCreER or AcarCreER mice on a RZB'™C reporter
background and assess cell fate basgdthe expression of eithelPrx1 (remains
mesenchyme) orAcan (differentiated nto chondrocyte). Furthermore,the

localization andeffects of theg cells on the synovial joint wenavestigated.

Hypothesis (B): Prx1lis expressed in tissues of the synovial joint at early postnatal

time points and may be activated in response to igjur

Aim (B) Recent focus onbiomateriatbased strategies toecruit 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 wago examine the presence of a
mesenchyme progenitor cell population within the synovial joint by utilizing the
prx1 transgenic mousélo achieve this, th@x1CreER mouse was crossed with
the R26R**“reporter mause and Cre expression monitorat early postnatatime

pointsand postinjury.
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CHAPTER 2

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 forin situ spatially controlled chondrogenic
differentiation of human mesenchymal stem celllurnal of Controlled Release

179, 42-51.






Chapter2

2.1 Introduction

Controlling MSC differentiation within a complex vivo milieu represents a
challenging task requiring fihe tuned growth factor delivery to initiate cellular
signalling networkgNg et al., 2008Pittenger et al., 199). 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 ghrou
chemical crosslinking or simple protein adsorption. This typically exploits direct
chargecharge interactions between growth factors and matrices or via
intermediate proteins such as hepairiRark et al., 2009 Such material approaches
include microspheres, hydrogels, scaffolds or combination of scaffolds/hydrogels
and microspheregDeng et al., 2007an et al., 2006Park et al., 2008DeFail et

al., 2006. Microsphees derived from materials such as alginéan et al., 201)1
chitosan(Niu et al., 2009Kim et al., 200Band chondroitin sulphatéLim et al.,
2011) have been described as approgwe carriers for coordinated release of
growth and differentiation factors. By combining Fl@&ded alginate microspheres
within a HA hydrogel, Bian et al. demonstrated chondrogemifferentiation of
hMSCqgBian et al., 2011 Similarly porcine chondrocytes embedded incaitosan
scaffold containing TGF woaded chitosan microspheres showed increased
proliferation and differentiation with increased production of E@Mvitro (Kim et

al., 2003. Chitosan micrgsheres have also been used to deliver peptides with
potential to direct rabbit MSC osteogenic differentiatigqiNiu et al., 200%
Moreover, synthetic microspheresomposed of PLGA have shown promise for

controlled chondrogenic induction of h(MS@4oioli et al., 2006Park etal., 20083

Encapsulation of both cells and growth factors is another method of investigation
(Moshaverinia et al., 2093 This study used hMSCs and an antibody specific for
bone morphogenetic protein encapsulated in alginate microspheres farebo
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 na limited to hMSC¢Natesan et al., 201 Bratt-Leal et al., 201)1

For example, gelatin microspherexorporating different growth factors have been

shown to influence lineage commitment BEC¢Bratt-Leal et al., 201)3

A key advantage of microspheres is the potential for minimally invasive local
delivery allowing for optimal construtissue 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
regeneratioridifferentiation (Eswaramoorthy et al., 201Bible et al., 201R As
discussed above, one applicatiavhere the use of microspheres for controlled
growth factor delivery may be beneficia@ the treatment of articular cartilage
defects. hMSCs have been described as an attractive cell source for cartilage
regeneration due to their chondrogenic potential atite accessibility of source
tissues in comparison to chondrocyt¢€oleman et al., 2030 However, hMSC
chondrogenesisn vitro requires the repeated addition oFGF X dzadz f £t & GKS wm 2
isoform (Mackay et al., 1998 Whether MSCs are implanted immediately after
incorporation into scaffold/hydrogels or pidifferentiated as a bioengineered
cartilage construct prior toin vivo implantation (Johnstone etal., 2013, the
availability and/or cost of TGF £ A Y I ¥idopoteftid of this approach. This
limitation is of particular relevance in the context @A where current cartilage
tissue engineering applications cannot meet the requirement for mepéilarge
defects or resurfacing of the whole joiflohnstone et al., 20)3Prewous 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., 2011Niu et al., 2009Moioli et al., 200§ Herein, we describe the
development and characterization of a chondromimetic HA osiphere, 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 includings\v®a
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chondrocytes(Kawasaki et al., 199Zhu et al., 2006Lisignoli 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 migrbere siz¢Browne et al.,
2012 compared with previously reported studi¢sloioli et al., 2006Solorio et al.,
2012, an important consideration for a clinically desirable iraréicular injectable

delivery system.

The release of TGFo FNRBY YAONRALKSNBa aAayimFTFasSa |
situ differentiation of hMSCsMoreover, he use of microspheres would allow for

potential functionalization of their surface with antibodies/peptides for sfeecific

targeting to enablea more localized concentration of growth factor with reduction

in potential offtarget effects(Ansboro et al., 20LRothenfluh et al., 2008 For the

purpose of this study we examined the applicatiof HA microspheres loaded with

TGF o G2 AYyRdzZOS OK2YyRNRISYAO RAFFSNBYOAL
(Mackay et al., 1998in vitro and in anex vivoosteoarthritic cartilage gplant

system. Furthermore, localization of HA microspheres following irgracular

injection into a murine joint was investigated.
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2.2 Materials and Methods

Note: All reagents were purchased from Sig@drich unless otherwise ated.

2.2.1 Preparation and characterization of hollow HA microspheres
HA microspheres were prepared using a previously reported methodology with
modifications (Browne ¢ al., 2012 Szarpak et al., 2008(Fig. 1A).Firstly,
polystyrene beads (PS; 1+0.4 pym and 10.5+2.5um GENTAUR, Brussels) were
sulphonated by incubating with sulphuric acid {987%) under constant sting 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 mlymer, 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
(851kDal190kDa, LifeCore, USA). Residnanadsorbed 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 croséinking. HA carboxylic groups were activated usiwvgter-soluble
carbodiimide, 1-Ethy}t3-[3-dimethylaminopropyl] carbodiimide hydrochloride and
N-hydroxysulfosuccinimide, bothat concentrations of 0.2M in 0.1M -@\
morpholino)ethanesulfonic aciduffer (MES)(pH 4.7) Polystyrene cores were
removed by trating with tetrahydrofuran(THF)Forin vitro tracking,microspheres
were labelled with fluorescein isothiocyangtextran (FITC) (1.0 mg/mL). Collagen
(COLL) microspheres, prepared as previously reported wectuded as a
microsphere control in initiaéxperiments(Browne et al., 2012 To confirm that
THF successfully removed the polystyrene cé@yrier transform infrared (FTIR)
spectrophotometry andransmission electron microscopyf EM) were employed.
Particular attenion 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 dryingusing
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Shimadzu FT8200. For TEM analysiBHFtreated samples wer@bserved 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 Hitadd0i$2&riable
Pressure SEM with an electron acceleration voltage of 10kV. 10ul sample was
placed on aluminium stubs, allowed to air dry and godéted prior to analysis
using a sputter coater. The size distribution of microspheres and surface charge
(zetapotential) 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 (1830 years) with approval from the National idersity of Ireland Galway
and University College Hospital ethics committees and after informed consent.
Characterisation of surface receptors was perforntgdusing CD105, CD73, CD90
(positive) and CD34, CD45 (negative)-lileage differentiation capatyi was
determined using standard chondrogenic, adipogenic and osteogenic
differentiation assays(Murphy et al., 2002p Cell characterization was kindly
performed by Georgina ShawhMSCswere derived from threeseparate donors
which remained consistent foall subsequent studieshMSCs were expanded in
Minimum Essential Medium Alpha Mediuth-MEM, Invitrogen) supplemented
with 10% fetal bovine serum (FBS, Lonza), 1 ng/ml fibroblast growth factor 2(FGF
R&D systems) and 1% penicillin/streptomycin (10,000 units/10,000 ug; GAito).

cells were cultured at 3« and 5% CQunless stated othewise.

2.2.3 Interaction of hollow HA microspheres with hMSCs

hMSCs were seeded at 2.5 x >1@ells/cnf and incubated with varying
concentrations (20, 50, 100, 28@/ml) of HAor COLLmicrospheres for 48 h. Cell
proliferation and metabolic activity were deterned for 3 separate hMSC donors

using the QuantA ¢ RicoGree® dsDNA and alamarBlfieassays (Invitrogen)
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F2f{t26Ay 3 YIydzZFlF O0dzNENRAE AyadNHOGA2yad ! a |
grown on tssue culture plastic were included as an additional cordsolvere PS

alone Metabolic activity was measureldy absorbance (550/595nm) while DNA,

isolated by digestion of cells fdrhat 60°C using papail mg/ml in 5énM sodium

phosphate, pH 6.5, containing MM N-acetyl cysteine and &M
ethylenediaminetetraacet acid(EDTA) was detected by measuring fluorescence

(485/535nm)on a microplate plate reader (Wallac 1420 Victor 3, PeBtmer Inc.).

2.2.4 Monocyte activation in response to HA microspheres

Human monocytic leukemia THFcells were plated at a density ok1L.0° cells/cnf

and cultured in RPMI 1640 supplemented with 10B&F5mM._-glutamine and 1%

tk{® /Sftfta 6SNBE AyOdzol G§4SR gAGK wnn>3akYf 1! 3
37°C. Stimulation of TH® OSf fa GAGK nom>3IkYE fALRLRfE&al O
a positive control for monocyte responses. THEells stimulatedvith LPS were

additionally incubated with HA microspheres to evaluate potential -anti

inflammatory properties. Levels oNFh = 4 SONBK (G SR waf in@asuiek S Y SRA dzYy
by an enzymdinked immunosorbent assayELISA from 3 independent

experiments (Human TN# f LIK | wg5 {@adsSvyaovo a LISN (KS

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*Ills/cnf and incubat® 6 A (0 K H Alab&ledYf CL ¢/
HA or COLmicrospheredor 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 albuminBSA). Celissociated fluorescence was analysedlow

cytometry using a 5 C! / { / I y (i 2neter @fd Hata ptoéedsad using

FlowJo softwarel x 10 cells were measured in each samgite 3 independent

studies using 3 hMSC donorsThe percentage of cells with internalised

microspheres was calculated by gating on the number of fluorescence eweties i

34



Chapter2

FITC forward scatter signal. Dead cell exclusion was achieved S¥iIQRDead

Cell Stain (Invitrogen)

2.2.5.2 Confocal microscopy and transmission electron microscopy

To determine cellular internalization of HA microspheres, 2.5%céls/cnf were

seeced on sterile glass cover slips anthcubated with 20ug/ml FIHabelled
microsphere dispersionat 37°C, 5% CO After 24 h culture medium was removed

and cells washed three times with PBS prior to fixation with 4% formaldehyde for 1

h at RTFollowing wo PBS washes, cells were incubated with rhodamine phalloidin
OLYGAGNRISY O F2N Oealianiihod-phenylidddle @APH) BlowA vy 3 |
fade mountant (Invitrogen) for nuclear staining. Stained cells were imaged using the

Andor Revolution confocamicroscope.For TEM, 2.5 x 18 hMSCs/cr were
AyOdzo SR gAGK wn>3akYE 2F 1! FyR [/ h[] Y,
were washed twice with PBS and fixed with 3% glutaraldehyde in freshly prepared

0.2 M sodium cacodylate/HCL buffer (pH 7.2) bufterl h. After washing in the

sodium cacodylate buffer the samples weresuspended in 1% osmium texide

for 2 h, washed and samples dehydrated by immersion in gradeanok and left

to dry on the sample holder. Embedding in an epbaged resin (Agatow

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-B-bound HA
microspheres

TGF o ¢l a AYO2N1LERNIGSR 2yid2 1! YAONRALKSN

mixing the hollow HA microspheres with growttctar (400ng/1mg microspheres)

in PBS containing 1% BB8A5% 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 (HumanbeGER ELISA, R&ystems).

TGHF o NBfSIFasS LINBFAES FTNRY wMnodmxY 1! YA
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incomplete chondrogenic medium (ICM) (1mBodium pyruvate,1% Insulin
TransferrinSelenium spplement, 4mg/ml KProline, 0..InM Ascorbic acid -2
Phosohate, dexamethasond)ulbecco's Modied Eagle Medium high glucose
(DMEMHG), 1mM Antibiotic/Antimycotic 100x solutiomt 37°C. 2.5mg loaded
microspheres were incubated with 200ul ICM and the supernatant was collected
and replaced at various time points. Cell viability of chondrogenietgedifter 21 d

was analyzed using calceagetoxymethylester (Calcein AM)/ethidiunoiodimer

1 (EthD1) fluorescence staining. Pellets were washed twice with PBS and then
incubated with Calceith a O mM>a®BthDl ZRa0 F2NJ on YAYy i we¢o
washing, pellets were analysed by fluorescence microscopy (Zeiss LSM 510 Axiovert
inverted confaal microscope).

For chondrogenesis, 2.5 x 2lBMSCs were cultured in either ICM or complete
chondrogenic media (CCM) (ICM supplemented with 10ng/mHT6R0 2 NJ-gA G K ¢ DC
i doaded (250ng) or unloaded HA microsphef@8lSCs were mixed withGH o

loaded or wloaded HA microspherdas ensure even dispersion prior to pelleting.
Cells were maintained in hypoxia (2%) @r 14 or 21 d. Medium was changed
every two days. For histological and immunohistochemical evaluation,
chondrogenic pellets were sequentially ldgdrated in graded ethanol solutions
Sections were stained with G4@ Toluidine bludor 5 min at 60°Go visualize
sulfated proteoglycans.Immunohistochemistry was performedising a KPL
Histomark Biotin StreptavidihlRP Systenand 3, 3-diaminobenzidine(DAB kit
(AbcamDAB Substrate Kit; ab9466&3 described previouslyMurphy et al., 2008

using (Abcam; 1/100ab2601) faletection of type Il collagen. Negative controls
were without primary antibody. Glycosaminoglyc&WG) 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® assayG#@ content was determined
using a dimethylmethylene blue dye assayhe 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-BRHRrom 3 independent studies

using 3 separate hMSC donor§otal RNA was extracted using -Reagent
(Invitrogen) after grinding with anpBendorf® micropestle andquantified using a
NanoDrop NELOOO spectrophotometer (Thermo Scientific, DEach PCR include

mn>ft H- {SysRORIOpg G JL). avABSA nodn>f wAaoz2{l T
6ndH! k>t 0 ndp>t 2F F2NBINR [ yYRANBIKRNHS f
of template (20ng RNARealtime PCR reactions were performed using SYBR Green
chemistry on a $S LJh y St f -Bimden PCR Systtm (Applied Biosystems, CA);
conditions were 8°C for 10 min, 95°C for 10in and 45 cycles of 95°C, 60°C and

72°C at 1seceach.Collagen X and aggrecan primers were purchased (Qiagen, CA).

/[ 2f f 3ISVCCTITGETCOTERLIC and ATCTGCCCAACTGACCT@MLCA)

RNE & KITCCAPETACCAGATTCTCCTG and TACGGACAGAGCTRiG&EIFTCG)

were designed and purchased from Sigma. Cycle thresholl alues were
established and normalized to the endogenous control drosha, as described
previously for MSC differentiatiofColeman et al., 20)3Results were expressed as

fold change compared tthe ICM MSC control.

2.2.8 Ex Vivo osteoarthritic cartilage explant culture

Fresh human articular cartilage samples were obtained under institutionally
approved protocols fronpatients with endstage OAwho were undergoing total
knee arthroplasty at Merlin Park Hospit&alway Full thicknesgartilage explants
(1-2 mm thick and 3 mm diameter) were taken by biopsy punch (Pan Vet) from the
medial tibial plateauCartilage 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%esbbdjfirose
well. ICM was removed from the explants and hMSCs alone, hMSCs with HA
microspheres or hMSCs witflGF doadedHA microspheres were added. Groups
were either cultured inNlCM or CCM in hypoxia for 21 d. Cartilage explardse
prepared forhistological analysis and stained wid04%Toluidine blue to assess

production of sulfated proteoglycan as deiad 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, anincake and management followed

the Standard Operating Procedures of the Animal Facility at the National Centre for
Biomedical Engineering Science, Galway, Irel&@iGabelled HA microspheres
(5mg) were dissolved in 0.9% saline and administered as amarttcular injection
(6ul)into the knee joint of C57BL/6 mi¢e=3 animals)Knee joints were isolated at
days 3 post microsphere injectiodoints were fixed in formalin and decalcified in
10% EDTA at 4°C with repeated changes. The decalcified joimés paeaffin
embedded and processed for histological analysis. Tisaotions (5um)were
sequentially rehydrated in xylene and graded ethanol solutions -{II¥) and
stained with 0.04% Toluidine blue (5 min at 60°@)} @ SNDa KI &8I i2E&8ft Ay
BiosciencesTD 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-oag or twoway ANOVA followetly Tukey or

Bonferroni post hoc analysis, respectively. Error bars represent the mean *
standard deviation or standard error of the mean when indicated | f dzS& »Xn ®np

were considered statistically significant.
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2.3 Results

2.3.1 Characterisation of HA microspheres

HA microspheres were successfully fabricated (Fig2u\) 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+245m template having a mean diameter df4.1+1.%um and
1.2+0.3um using the 1*0.4um template (Figure 2.1B). FTIR analysis confirmed the
removal of polystyrenefollowing washing the microspheres with THF, with the
decrease in the dracteristic peaks of polystyrene (solid linég)gure 2.1C). This
was further confirmed visually using TEM (Figure 2.1D&E)

A B
Positively Charged Negatively 4
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Figure 2.1: Fabrication and characterization of microspheres. (A) lllustration of the
fabrication of hollow HA microsphere¢B) Average size distribution and charge
(zeta potential) of HA and COLL microsphef€¥.FTIR spectrum showing the
removal of the polystyrene core following treatment with THF. Tharacteristic
peaks of polystyrene (solid lines) were removed from the sample following THF
treatment. (D & E) Representative TEM images of hollow HA spheres. Scale bar,
100um (D) 500um (E).
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The microspheres had relatively smooth surface with evidencé some porous
indentations due to the layer depositidifrigure 2.2 A-d) compared to the smooth
polystyrene beadgFigure 2.2A e, dSEM also confirmed that hMSCs interact with
the microspheres and appeared to bind to their surface (FigureA2¢). Both
1.2um and 14.Jum HA microspheres showed negative zeta potenfieharge)
values of-23.4+1.5 and-45.6+4.5 respectively, indicating that the larger HA

microspheres may be more stabEigure2.1 B).

| Hyaluronan | | Collagen | | Polystyrene |
c

W~ 1
o

| hMSCs

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 microsphen@sb, h), COLL microspheré¢s d, i) and
the polystyrene bead templatge, f, j), (MSCs ale (g). OF t S 6 NA p>Y

MA>Y 006X RX T3 KX 20 YR Hp>Y 630® 51 Gl

independent microsphere preparations.
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2.3.2 Cellular response to HA microspheres

In vitro compatibility studies were performed to determine the podsitoxicity 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 jom)4ACOLL
microspheres (1.8 or 11um) had no effect on hMSC proliferation. Although DNA
levels were higher in cultures treated with 100 and 200pg/ml HA 14.1pm
microspheres, respectively, this was not statistically significant (Fig8r& and B).
Metabolic acivity 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 (Figur2 @ and D)Furthermore, to assess
whether HA or COLlicrosphees might elicit a prenflammatory response, the
release of TN ¥ NB X cellsl ias analysed in the supernatant following
incubation with microspheres for 12 h. Similarly, no significant increases it TNF
were detected. Sinchigh molecular weight HA800kDa) has been associated with
anti-inflammatory and chondroprotective effect®Roth et al., 2005Kang et al.

1999, we assessed if HA microspheres could reduce an inflammatory response
using LPStimulated THR cells Although the addition of 14{dm HA microspheres
appeared to reduce TNF  LINR RdzOG A2y o6& [t{ adAydzZ !l GA?2
statistically significant (Figure2E). These results confirm the low toxicity of the
microspheres to hMSCs. Furthermore, they do not elicit an inflammatsganse,

as demonstrated by the inability of the microspheres to activate-TH#nocytes.
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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 $fat®) and

metabolic activity{C, D) of hMSCs(E) Production of TN  FNRB Y dzy a A Ydz | 4§ SR
LPS OGO A @I G SR 6lncdllm Daa representst thetmean + SEM of 3 hMSC

donors (AD) and mean + SD of 3 independent experiments (E)-WayoANOVA

(A-D) and oneway 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
YAONRALIKSNBa o0& Ka{/ad /h[[ YAONRA&LIKSNEB
controls. Microspheres were fluorescently labelled with Fd Gacilitate in vitro

tracking. Confocal images illustrated the interaction between hMSCs and
microspheres (Figur€.4 Ac, d, g, h) while TEM confirmed the presence of
microspheres intracellularly (Figure 3Aa, b, e, f). The smaller HA and COLL
microsphees 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, the was a significant increase in uptake of smaller
YAONRALIKSNBa | ONraa Ffft GAYS LRAYydGa gAGK

O2YLJI NBR (2 M®PH>Y |! YAONRALKSNBad {AYAf
dzLJiF 1S 2F mMwm>Y [/ h[[ QPRYLE BBRmM®A>VnPm>02V
Mn®m>Y || YA ONRIBRIK Bhds tesulis Guggesiadihat the 14.1pm

HA microspheres were more appropriate for growth factor delivery and
extracellular targeting and thus were selected and used in furtheritro and ex

vivogrowth factor loading studies.
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Figure 2.4: Determination of cellular uptake of HA and COLL microspheres by
hMSCs. (A) Confocal microscopy imagés, g, d, h) and TEM analysig¢a, e, b, f)
illustrate the interaction and uptake ofAdand COLL microspheres by hMSCs at 12
h. Blue,Nucleus; Red, Cytoskeleton; Green, Microspheres. Microspheres located
intracellularly (red arrows) and extracellularly (purple arrowy, denotes the
Nucleus, V, denotes location of vacuol¢8) Flow cytomety analysis of hMSCs
incubated with HA and COLL microspheres (18R MM>Y 0 F2NJ MHZ
Mean fluorescencentensity was estimated for each group and normalized to
hMSCs alondC) Representative fluorescence intensity histograms for HA and COLL

microspheresData is representative of the mean + SD of 3 hMSC donorswiwyo

ANOVA performed,p<0.05 COLL 18a® / h[ [ wMM>Y3X [ h[] M M

HA120a®d | ! mndm>Y o6FONRaa Iff GAYSaovo
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2.3.4 HA microspheres as delivery vehicles for hMSC chondrogenesis

The ability of TGF doaded HA microspheres to promote chondrogenic
differentiation of hMSCs in pellet culture was assessed (Figume A high loading

efficiency of TGF o2 | LILINREAYI GSt& y x> 61 & 204
microspheres. The T&Fo  NJpfofd-wasSnvestigated in a pellet culture system

with or without hMSCsFigure2.6 Ashows thecumulative releasef TGF o Ay (i 2
ICM medium. Inclusion of the cells had no effect on the release of the growth
factor. An initial burst release extending wp 4 days followed by low but sustained
releaseup 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 6cfGH oevels released from theicrospheres on days-£0

indicated that 4 to 10ng/ml growth factor was detected (Figwzé B. For
chondrogenesis to occum vitro, h(MSCs are exposed to 10ng/ml fresh TGF S @S NEB

2 days(Mackay et al., 1998 Using these conditions;8g/ml TGF o gl & RSGSOI
in the medium throughout the experimer{Figure 2.6 Cndicating that the levels

released from TGF doaded microspheres after 4 days were suffitismpromote
chondrogenesisViability of hMSC #GH doaded HA microsphere pellets was
assessed usinive/dead stain after 21 d culture. There was no difference in cell

death between the MSC control group afi@&F -loaded HA microsphere group
(Fgure2.6 D.

Pellet Culture: hMSCs + TGF-B3 Loaded
Microspheres Cultured in Incomplete

Chondrogenic Media for 21 d in hypoxia ’ :.

a

.
— @
—
-
-
Q

TGF-3 /

; d !

. 5 ‘@ hMSCs //

Hollow Hyaluronan (HA) TGF-B3 Loaded HA
P P

Figure 2.5: lllustration of TGF-B3-loaded HA microsphere pellet culture system.
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Figure 2.6: Loading, viability and release of TGF-$3 from hollow HA microspheres.

(A) Cumulative release profile of TGFo ¥ NP ¥pheded &di& and in the

presence of hMSCs over 10 d in ICM medi(BhConcentration of TGF o NXf S| 4 SR

from HA microspheres cultured with hMSCs in ICM for 10 da@y§oncentration of

detected TGF 0 FTNRY OK2yRNRIASYAO LISt f Srica Odzf G dzNB
conditions (+ 10ng/ml TGFo S@YSNE H Rl &8&0 GAGK o606fl O1 ol
bars) HA microsphere¢D) Viability of chondrogenic pellets cultured for 21 d with

(d, e, f) and without (a, b, ¢) T&FdoadedHA microspherem ICM medium. Data

is presented as the mean £ SD of 3 technical replicates for experiments performed

GAUK H Ka{/ R2Y2NER |IYR H AYRAGARdIzZrf YAONRALJ
Twoway ANOVA performed*p<0.05).
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2.3.5 Invitro chondrogenesis of hMSC with TGFB3-loaded HA microspheres

Toevaluate the bioactivity of released TGFo = Ka{ / & ¢ SNE5H Godzt (i dzNBS
loaded HA microspheres and assessed for their abilityptomote in vitro
chondrogenesis after 21d culture. Histological sections were stained for
proteoglycan and asssed by blug¢o pink staining (metachromasia) with toluidine

blue (Figure2.7 a-f) and brown immunostain indicative of collagen type Il (Figure

2.7 ¢l) to determine relative amounts and distribution within the pellets. Groups
included hMSC alone MSC wih HA microspheres and hMSC with ¥GHoaded

HA microspheres treated with ICM with AGGH ocadded throughout the culture

period, or CCM as a positive control with 10ngm@F o I RRSR SWSNE H
ICM, type Il collagen and toluidine blue staining weegative in both control hMSC

(Figure 2.7 Aa, g) and HA microsphere alone groups (Figlré Ab, h) as
demonstrated by no brown stain for collagen type Il and weak blue stain for
proteoglycan. The most intense matrix staining was observed with thel T&F

loaded microsphere groups (Figu2er Ac, i), which showed strong metachromasia

(blue to pink) withtoluidine blueand immunostained brown for collagen type II.

This was comparable to the positive control of hMSCs cultured with T@E o

every 2 d(Figure2.7 Ad, j). Positive staining was also detected in the additional,
positive control groups containing HA microspheres and -T@bBaded HA

microspheres cultured in CCM (Fig@.& Ae, k, 1, I).

Quantitative analysis of GAG in each group demonstrated tha amount of
deposition as well as DNA content was substantially higher in the hMSC group with
TGH doaded HA microspheres cultured in I€vmpared to hMSC andUSC with

HA microspheres alone grougB <0.05, Figure.7 B, C). In addition, significdapnt
more GAG was detected compared to the hMSC cultured in CCM group (Eigure
B). Resultsfollowing normalization of GAG to the DNA content agsirpport
staining resultsTotal GAG/DNA content in the group that receivigdF doaded

HA microspheres cuired in ICM wassignificantly higher than that of the hMSC
only and hMSC with HA microsphere groups cultured in the same conditions, where

negligibleamounts of GAG/DNA were detected. There was also significantly more
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GAG/DNA content in the groups thatceved HA microspheres afidsH doaded

HA microspheres compared with hMSCs alone culture€CM, where 10ng/ml

TGH awas added every 2ays(Figure2.7 D). This suggests a beneficial role of HA

microspheres in promoting GAG synthesis. Loading HA microspheres with 250ng/ml

TGH ohad no additive effect over HA microspheres alone in CCM. This group

exposed to fresh TGFo S@SNE H Rl && +Fa ¢Stf a IAINRsOK
microspheres did not show increased GAG deposition compared to the BGF

loaded HA microspheres culturen iCM. These results suggest that the initial burst

release followed by sustained release of TG& FNRBY GKS !  YAONER &LK:E

sufficient to initiate and maintain chondrogenesis of hMSCs.

Next we examined whether proteoglycan production was associatétl 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 Il was significantly upregulated in gieup that receivedTGH o
loadedHA microspheres cultured IlCM compared to hMSCs alone cultured in the
same conditions (38%ld increase) (Figure.8 A). Additionally, there was a
significant increase in collagen type Il in the hMSC groups cultured in CCM with
TGH doadedHA microsphees compared tchMSCs alone cultured in CCWVhe
same trend was observed with aggrecan, with a significant increase detectieel in
group that receivedlGF doadedHA microspheres cultured €M compared to
hMSCs aloné€Figure2.8 B). Significantly, the was less collagen X in this group
compared to the hMSC cultured @CM group (pellets receivifilsF o S@SNE H RO
indicating the formation of pellets with a morehyalinelike articular cartilage
phenotype (Figure2.8 C). These results demonstrate thaulture of hMSCs in the
presence of TGF ereleasing HA microspheres enabladvitro differentiation to
chondrocytes in addition to promoting the secretion of extracellular matrix

components, characteristic of hyaline cartilage.
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Figure 2.7: In vitro chondrogenesis of hMSCs by release of TGF-B3 from HA
microspheres. (A) Representative images of 21 d chondrogenic pellets sectioned
and stained with toluidine bluda-f) and collagen type I{g-1). Negative control
groups included hMSC aloifg g) and hMSCG- HA microsphereMSC+H) (b, h) in

ICM medium. Positive staining for GAG and collagen type Il was evident in the test
group, hMSC + T&Fdoaded HA microspheres (MSC+H+T) in (EN). Positive
control groups included hMSC, hMSC + HA microspheres RI8Ch+ TGF o
loaded HA microspheres H+T cultured in CCM througHdtel). Proteoglycan
content was quantified by measurin@) GAG(C) DNA and(D) GAG/DNA ratio.
Results indicated a significant increase in GAG and GAG/DNA deposition in the test
group (h(MSG TGHF doaded 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
Ol N&EX HAn>Ym0O B S EP HA =Hydlubondn yhiBrospheres, TGB

HA = TGF doaded HA microspheres; Exogenous TG [ m 1 yi 3k Y R RODRC
freshly to culture every 2 d. Data is representative of the mean = SD of 3 hMSC

donors. Onewvay ANOVA and pos$ioc Tukey postests were performed, *p<0.05.

49



Chapter2

A g COL2A1
B 1000~
8 *
= ! 1
2 800+
w *
2 ' :
£ 600
)
£ 400- 2
[
2
S 2004 m
-
o
2 ol T T T
w
(-3
B § ACAN
n 150+
7]
<
o
X
w
o 100-
s
[
o
£
o 504
o
c
©
&
o
T 0
[<]
w
¢ 5
‘@ 20000
13
<
[
& 150004
()
c
3
© 10000
£
@
2 5000
©
=
o
T 0
[<]
HA =
TGFB3 HA
Exogenous TGF3

Figure 2.8: Effect of TGF-B3-loaded HA microspheres on gene expression of
chondrogenic markers. Levels ofgene expression for chondrogenic markérg
collagen type IIGQOL2A}, (B) aggrecan ACAN and(C) collagen type XCOL10AL
were investigated by redlme PCR after 14 d in culture. Expression was normalized
to drosha and expressed as fold change compared to hMSCs cultured iRHACM.
Hyaluronan Microspheres, T&Fo HA = TGF doaded HA microspheres;
Exogenous TGF o= 10ng/ml TGF ocadded freshly to culture every 2 @ata is
representative of thanean + SEM for 3 hMSC donatsieway ANOVA and Tukey

posthoc-testswere 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 TG (12 & dzLJLI2 NI Ka{/ O

differentiation was evaluated in a human osteoarthritic explant culture system.

Cartilage explants were exposed to ICM in a 2% agarose well (F2g@ in the

presence of hMSCs alon8 &, b), hMSCs with HA microspher8sx( d) or with HA

microspheres loaded with T&Fo B e9 f). Explants with hMSCs and exposed to

fresh TGF o SOSNE H R 6SNB Ay 8§ tRSeRions derelLJ2 & A U

stained with toluidne blue for detection of proteoglycans. Exogenously added

hMSCs (*) were seen as blue flattened cells andrit&kospheregblack arrow) as

white circles along the surface of the damaged articular cartilage or within

characteristic osteoarthritic fibrilladns/clefts. An increase in GAG deposition in

exogenously added hMS@f( dotted red arrow) and resident chondrocytes f(

solid red arrows) was seen after exposureT®®8F doaded HA microspherdsr 21

d. This was comparable to the positive controls where explants were exposed to

freshlyaddedTGF o (0 KNR dzZa3K2 dzi 8d&®. Odz G dzZNBE LISNA 2R
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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 géB) Explants were exposed to hMSCs aldagb),
hMSCs with HA microsphereg, d), and hMSCs with T&Fdoaded HA
microspherege, f) in ICM. The positive control explants were treated with hMSC
alone and cultured in CCM with fresh 10ng/MGF o S @S (8,Bh). HA =R
Hyaluronan Microspheres, T&Fo HA = TGF doaded HA microspheres,
Exogenous TGFo= 10ng/ml TGF oadded freshly to culture every 2 d.
Representative images of n=3 explants with lower panels showing areas of the
explant surface in a, ¢, e andSrale bars, 200Y a, 6, e,g) and 160Y 006> RX T3 KU
Insets (b, d) represent magnified images of the arbaglighted by the dotted
rectangles to highlight cell (b) and microsphere morphology (d). *, hMSCs; black
arrow, HA microspheres; dotted red arrow, M@ cells; solid red arrow, resident

chondrocytes.
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2.3.7 Invivo localization of FITC labelled HA microspheres

C57BL/6 mice were injected inteaticularly 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 inthe joint by their FITC label. Staining of the same slide with
toluidine blue identified these regions as the meniscus (Figut® B.a & b), the
periosteal lining (Figure 20 B ¢ (red box) & d) and theuprapatella bursa (Figure

2.9 B c (yellow box) &)eH&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 2d).
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A FITC-HA
‘ ‘ Microspheres

Injected

"L FITC Labelled HA Microspheres

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 slidesals®
stained with DAPI. FITgositive microspheres are clearly seen in the meni¢Bus

& b), the periosteum(B c (red box) & d) and the suprapatellar bursa (SB c
(yellow box) & e) of the joint. Scale bar250um; B b, e, d, 100um; B ¢, 500um.
T=Tbia, M=Meniscus.
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Figure 2.11: Histology of mouse knee joints 3 d after intra-articular injection of HA
microspheres. FITGabelled HA microspheres identified along the
periosteal/synovial lininga, b) and in the synoviumc, d). Knee joint sections
stained with DAP{a, c) and H&Hb, d). No inflammatory infiltrates were visible in
joints injected with HA microspheres. Scale bars, 100pah.(a, white dashed line
represents region indicated in (b) black dashed line with mfaeyl inset outlined by
the black solid line. White arrow (c) and black arrow (d) indicate-laldeglled 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 fcts. The use of microspheres composed of
HA could form the basis for a chondronductive environment for hMSCs with
release of TGF o FTNRBY (GKAA NBASNB2AN I OGAy3a G2 AyAdl.
of hMSCs. This delivery system could also potentially act as a recruitment signal for
endogenous chondroprogenitor cell§he present study describes the preparation

of hollow HA micrgsheres through electrostatic layday-layer sefassembly. We
validated the microspheres as a chondromimetic platform for delivery of growth
factors to promote chondrogenesisf hMSCsin vitro and ex vivo.The basic
principle behind the methodology used 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 wtio factors (Kim et al., 2004
Skirtach et al., 201 Browne et al., 2012

Given that microsphere size and shape is a critical parameter affecting cellular
interaction and uptakgChampion et al., 2007 we compared microspheres with
regard to cellular uptake. As internalization was observedth wsmaller
microspheres, the larger 14.1um HA microspheres were selected to investigate
their capability as a growth factor carrier f@iGFH o Furthermore, HA 14.1um
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+0.81um for the intrarticular delivery of an aninflammatory agent for
modulation of OA In this study, necropsy of liver, spleen, kidney and bone marrow
was carried out with ngrossor histological differences noted following injection of
these size particleKo et al., 201B This would suggest that this size range does not

causesystemic toxicity. We have shown that HA microspheres are compatible with
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hMSCs and do not activate macytes, an indicator of inflammation. This data
agrees with other studies where HA was employed as a delivery scaffold with no
adverse effects note@Lisignoliet al., 2005 Mizrahy et al., 201)1 HA has also been
used as an intrarticular treatment for management of pain @A patients for a
number of years with a recent systematic review indicating tpasieffects

(Trigkilidas and Anand, 20)L3

TGH o KlFa o06SSy ARSYGAFTASR Ia |y STFFSOu.
development and regeneration, and functions in regulation of several cellular
activities including proteoglycan metabatis(Davidson et al., 200Morales and

Roberts, 1988 For this reason, it was selected ascandidate forcontrolled

induction of chondrogenic differentiation of hMSCs. Additionally, members of the

TGH FrF YAt @& KI@S 06SSy &K2dhSGsandprpdemditorS G K S
in vivo(Lee et al., 201QaMendekon et al., 201 Zeta potential results indicated

that the HA microspheres were negatively charged suggesting that they would be
optimal for electrostatically binding the cationicGF o This was verified by the

high loading efficiency, similar to thareviously described for PLGA and chitosan
microspheres(Kim et al., 2003 Morille et al., 2013 Cumulatie release data
suggested a strong initial burst release from the microspheres followed by a
sustained release of T&FoWe believe TGF doaded HA microspheres not only

provided a micremilieu suitable for initiating the signals required for
chondrogenes of hMSCs, but enabled release of suffici@@F o (G2 YIF Ay dl
differentiation over time.Although, not investigated in this work, incorporation of
microspheres within hydrogels can further delay the release profile of growth
factors, if desirablgSpiller et al., 2012 Previous studies have suggested that short

term exposure offGF amay be sufficient to initiatéhe key regulatory events for
chondrogenesigo occur (Huang et al., 2009Byers et al., 2008 The addition of
highlevels of TGF Ay (1 KS RMSE tiohdrdgeniR differantiaioh resulted

in similar levels of chondrogenesis compared to continuous cu(Daterson et al.,

2001). Similarly, bovine MSC#at were cultured in amethacrylatedHA tissue

construct with100 ng/mL of TGF3 for 7 daysdemonstrated superiomechanical
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and biochemical properties, exceeding groups that received continddsB o
delivery (Kim et al., 201 This suggés 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 endogenogsowth 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 activatigtim et al., 201l 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 an@F o GKFG A&
successfully supporting chondrogenesis. This is in accordance psghious

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 IIThe nclusion of HA alsenhanced TGF-induced chondrogenic
differentiation of hAMSCs in an alginate layer systgavalkovich et al., 200Bhang

et al., 2011 Chung and Burdick, 200%Vu et al., 2013p This might explain why
incorporation of HA microspheres in normal chondrogenic conditions had a positive
synergistic effecon differentiation, as seen from the increased GAG/DNA ratio. It is
possible thatexogenously addedTGF o o62dzyR G2 |! YA ONER & LK S N.
developing pellet and allowed fomore efficient availability of growth factor.
Moreover, this retention may be partularly important for growth factors with a

short halflife such adGF dDinbergs et al., 199@&nd would be aradvantage for

in vivoapplications by provithg protection from circulating proteases and enzymes.

UnregulatedTGF o aA3dylrtftAy3 OFy ©6S RSUNAYSydOlt G2
known role in many pathologies including liver fibrq8lsoley and ten Dijke, 2012

In chondrogenesis, release of high levels of TGF G KNR dz3K2dzi (GKS LINROS
necessarily desirable and may drive cells to become hypertrophic or irfdiwosis

as previously demonstrated in a murine knee jdivdan Beuningen et al., 1994an

der Kraan and van den Berg, 20%¥an Bemingen et al., 2000 We have shown that

compared to normal chondrogenic culture conditions the us@ @ doaded HA
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microspheres results isignificantly less collagen type X expressiomaker of
undesirable latestage chondrocyte hypertrophy and terminal differentiatiorhis
result is in accordance with similar studi@&an et al., 201)lbut also surpasses
previously reported result@Bouffi et al., 201pMorille et al., 2013 Thus, the intra
articularinjection andrelease ofTGF drom delivered microspheresould prove
advantageous in avoiding potential side effects described previdRslygerts et al.,

1986

Given that HA has anffanity 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 angberichondrium regions. Similarly,
Presumey et al. showed th&B.5um PGA localize to the same regioliBresumey

et al., 2012. In line with our results, no irospheres 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,tlie short term, HA

microspheres appear to be biocompatible.

Herein, in vitro and ex vivo evidence suppod the use of TGH doaded HA
microspheres forin situ differentiation of hMSCs. The resulisdicate that in
addition to being compatible with hMSCs, these microspheres can provide a matrix
for in vitro chondrogenesieand may have potential to differentiate endogenously
recruited mesenchymal progenitargn terms of HA microspheres as an injectable
therapeutic, our preliminaryn vivodata suggests that HA microspheres localize to
the periosteal/perichondrium regions and meniscus. This highlights the need to
design specifi targeting approaches to ensure microspheres and their bioactive
load is delivered to the desired site of action. Once this is archived, theofuse
growth factorreleasing chondromimetic HA microspheres can be envisaged as a

one-step clinically translatdb protocol for cartilage repair, presenting many
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advantages over current treatments such agologouscartilage 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 setepair due to its avascular nature with the ultimate
outcome being the development of O@unziker, 200R Tissue engineerg has
emerged as a very attractive approach to cartilage repair utilizing natcolagen,
hyaluronan, silk protein and chitosafbee et al., 2009aand synthéic biomaterial
scaffolds such aPLA as well asallogeneic and autologous sources of cells and
chondroinductive growth factor€lohnstone et al., 2033Intra-articular injection of
therapeutic cells whether chondrocytes, MSCs or other progenitors for cartilage
repair represents acurrently 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 methadsd may represent a
new approachfor joint tissuerepair. It is now recognised that the synovial joint
environmentcontainsmesenchymal progenitor cells. These progenitors have been
isolated from various sources includingrapatellar fat pad(English et al., 2007
LopezRuiz et al., 2003 periosteum(De Bari et al., 2001&akahara et al., 1990
synovial membrane and fluiDe Bari et al., 2001l.ee et al., 201Pand from the
articular cartilageitself, particularly the superficial laydAlsalameh et al., 2004
Williams et al., 2010b Recruitment of such tissugpecific progenitor cells to the
site ofdamage and activation of the repair programmen vivomay represent a

new approachin the treatment of cartilagelefects

The use of biomaterials in aiding the recruitment of cells has becar@ature of
recent researchin particular the use of microspheres which can be loaded with
bioactive moleculesind guic cells to the injury site and enabtaeir proliferation
and/or differentiation(Bouffi et al., 2010Liu et al.2011). Moreover,microspheres
can acquire active targeting properties and can be modified withetiessuch as
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antibodies or peptides specifto receptors expressed on particuleells or tissues
(Ansboro et al., 2012

The signals that guideprogenitor cells or MSClike cells to appropriate
microenvironmentsare key factors to consider as these cues may vary depending
on the tissue or cell typ€Andreas et al., 2094 Chemokine stromal ceHlderived
factor-1 (SDFL), the ligand fochemokinereceptor 4 (CXCR) is expressed hyone
marrow MSCgWynn et al., 200%and has recently been shown to promote the
migration of progenitor cell§{Zhang et al., 2013cIn this sudy, SDFl-loaded
collagen type | scaffolds were inserted ingartiatthicknesscartilagedefectsin a
rabbit model. The authors demonstrated thatdefects left untreated or implanted
with collagentype | alone there was no repair whereas in the SDEeated
samples, adogenous cells expressing MSC markesse recruited into the defect
and the tissue repairedHowever, it must be noted that the repair tissue was rich in
collagen types | and X indicating a hypertrophic tissue response. In a studytey Pon
et al., 2007 it was revealed thgrowth factors(platelet-derived growth factorAB
(PDGFAB) and insulilike growth factor 1 (IGE)) were more potent
chemoattractans for unstimulated bone marrow MSCs compared to chemokines
(RANTES, macrophagkerived chemokine (MDC), and SDRPonte et al., 200y

With regards to selecting a chemoattractant for articular cartilage, a growth factor
may be more approprig Growth factors not only influence chemotaxis, they also
play a crucial role in défentiation, proliferation and can have a direct effect on
chondrocyteactivity,and therebyregulatecartilage healingln a study by Lee et al.
host endogenous cellsecruited by TGF3 to a biomaterial scaffolded to the
regeneration of cartilageafter all tissue had been removed in tisgnovial jointin

vivo (Lee et al., 2010aThe potential advantage of T&B is its essential role in
enabling the differentiation of MSCs in addition to its role in chondrocyte
phenotype maintenancgJohnstone et al., 1998Furthermore in additionto its

role as a chemotactic factowe have previously established thiatA microspheres

loaded withTGH 3 canefficientlyinitiate chondrogenic differentiation of hMS@
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vitro. In Chapter 2,data presented shows TGHF 3-loaded HA microspheres
significantly increasin@AGproduction (Figure 2.7and chondrocyte specific gene
expression(Figure 2.8)(Ansboro et al., 2014 Thus, usingTGF may not only

stimulate cartilage e#generationby recruiment of endogenous stem/progenitor

cells to the defect sitbut alsopotentially promote differentiation of these cells.

As discussed previously in section 2.3.7, HA microspheres when delivered by intra
articular injection into a murine knee, localized to the synovium/meniscus and
periosteum regions but not to the articarl cartilage surface. This is clearly
undesirable if one wants localized delivery of bioactive molecules, likd T&GE G 2
articular cartilage where it can be released and stimulate cell
recruitment/differentiation. Therefore, an approach to enhance targgtiof HA
microspheres is required. Firstly, selective and specific antibody tdegraded
cartilage to enable specific localization of microspheres is neceskhigcules

with increased levels in OA cartilagencproveuseful targets thoughonly if found

in the desired superficiadurface zone andexposed primarily in damaged tissue.
There areseveral possible ligands for OA cartilage targeting, including extracellular
matrix components andlegraded collagen neoepitopg&raus et al., 2001 The
appearance ofthese neoepitopesis a signature markemof cartilage matrix
breakdown by proteases skhicas matrix MMPs and aggrecanases and is a
prominent feature of OAFosang et al., 2003VIMPs, specificalliMMP1, 8, 13, and
MT1-MMP are the enzymes responsible for catalysingdleavage of collagen type

Il fibres.Theypreferentidly cleavebetween Gly794 and Leu795 generatanG- and
N-neoepitope fragment, that are 3/4 and 1/4 the size of the collagen precursor
(Billinghurst et al.,1997. Once compromisedthe triple helix of the type Il
fragments unwind and is susceptible to further degradation by a variety of
proteolytic enzymesuch as gelatinasesd cathespingFosang et al., 2003The

1/4 fragment is particularly unstable and subject to further cleavadpde the 3/4

fragment is stable and retained in the cartilage ma(Bilinghurst et al., 1997
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Antibodies have been raised against neoepitope sequences at the C and N terminus
of the collagen type Il fragments including a monoclonal antibody towards a 32
amino acid sequence ithe CBl1lregion of collagen type Il (Col2/4M). This
monoclonal antibodyecognizes defined epitope irdenatured type Il collagebut

not the native molecule.

Given that he 3/4 fragment is formed only when collagen type Il is denatured and
is absent innative triple helical collagen type, Ithis formed the basis for our
antibody-targeted HA microsphere construct to articular cartilafyethis study ve
focused onthe development ofa proof of concept methoology for targeting HA
microspheres to human Oaartilage. A COL23/4M antibody was generated in
chickers and isolated as a polyclonal IgY directed todkegosed degraded collagen
type Il epitope Specificity of the isolated antibody was evaluated using
immunohistochemistry; on confirming specificithe COLZB/4M antibody was
tethered onto HA microspheres-inally, targeting of the construct wassessed in

anex vivohuman cartilage model.
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3.2 Materials and Methods

Note: All reagents were purchased from Sigkrich unless otherwise stated.

3.2.1 Production of the COL2-3/4M antibody
Polyclonal COL2/4M 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 commigrcial
available COL-3/4M antibody (IBEX), a Zdmino acid sequence of the alpha chain
of collagen Il -GlyLysValGly-Pro-SerGly-AlaHyp-Gly-Glu-AspGly-ArgHyp-Gly

ProHyp-Gly-Pro-GiIn) (Hollander et al., 1994was used to immunize chickens

according to the schedule below (Table 3.1).

Time point

Procedure

Day 0 Prebleed 3X Female Leghorn chicken (5ml from wing éom
serum calection).
Day 0 Immunize dl chickenswith 50ug antigen inC NS dzgZdn@léte
Adjuvant
Day 1 Separate serum from blood clot
Day 28 Immunize allchickenswith 50ug antigen in Freunds Comple
Adjuvant
Day 35 Bleed allchickensg (5ml from wing vein for serum collection 24
later).
Day 35 Remove all eggs from cage and discard
Day 36 Separate serum from blood clot.
Day 36-37 Collect eggs and store at 4°C.
Day 42 Immunize all chickens with 50ug antigen in Freunds Comy
Adjuvant.
Day 42 Remove all eggs from cage and discard
Day 43-45 Collect and store eggs at 4°C.
Day 56 Eggs ready for IgY Isolatiand functionality testing.

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

TheCOLZ23/4M targetingantibodywas selected based upon previditerature and

experience. In order to ensure sufficient supptile COLZ23/4M antibody was
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generated by immunizinghickens andsolating thepolyclonal antibody from egg
yolks Besidesthe ease of production, scalability and isolationlgl¥ antibodies
they haveseveral advatages over mammalian antibodi@s terms oftheir inability
to activate thecomplement system and failure to bind to-Feceptors(Karlsson et
al., 2004. The commercially available CG8/2M IgG antibody was also included in

some experiments for comparison.

3.2.2 Isolation of COL2-3/4M antibody from egg yolks

COR-3/4M IgY antibodywas precipitated from egg yolkssingthe PierS n/ KA O1 Sy
IgY Purification KiBriefly,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 usingRasteur pipette and collected in a tared beaker,
allowing the weight of the yolk to be recorded (1ml of egg yolk = 1 gramder
continuous stirring, five times the egg yolk volume of cold delipidation reagent was
addedto ensue adequate mixingThe beaker was ceved and incubated at 4°C for

2 h. Thediluted egg yolk solution was ceiiuged for 15 minat 10,00@ in a
refrigerated centrifuge and he supernatant was decanted (colourless and
translucent) into a graduated cylinder and the volume recorded. The supernatant
was poured into a clean beakené an equal volume of cold IgY precipitation
reagent was added under gentle mixing #bmin Again, the beaker was covered
and incubated at 4°@vernight.Following incubation, the suspension was added to
a cold centrifuge bote and centrifuged for 15 miat 10,00@ in a refrigerated
centrifuge. The supernatant was discarded and the white/clear pellet retained,
containing purified 1gY. PB$ anequalvolumeto the original volume of egg yolk
was addedo the pellets and mixed gently until completely dis&d. 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 ussegium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (PAGH)PAGE® Novex®-Biss precast mini
gels(4-12%)(Invitrogen) were placed in an XCell SureLock @il and the inner
chambe was filled withapproximately250ml of 1X NUPAGE® SDS running buffer.
The outer chamber was filled with 1X NUFE® SDS running buffer. Samples
included COL23/4M IgY antibody and the reduced antibodg & A (i K H
mercaptoethanol) Samplesvere preparedusing an antibodygoncentration of0.5
mgmAy | G241t wled zy 2 F2 BI>M 25 bud# | D9 [ 5
0 dzF F SNJ | yIRO.Behghmdrk pgedainédrotein ladder (Invitrogen) was

used to povide a measurement of sizeSamples were run under reduced and
denaturing conditions and nereducing denaturing conditions. Samples and ladder
were loaded onto the gel and run a00V for 2-2.5 h. Following electrophoresis,

the gel was fixed50% ethanband 10% acetic acid in ¢b, protein was stained

with Coomassie brilliant blue -&0 (0.1% Coomassie Blue, 20% methanol, 10%

acetic acidpandclearedwith 10% acetic acid#0% methanah dH0 water.

3.2.4 Preparation of human OA cartilage for histology

Toassess the functionality of the purified chicken CQI4M antibody, luman 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 end
stage OA unergoing knee arthroplasty at Merlin Park Hospital, Galway. The
procedure was approved by thBIl f ¢ & ! y A @S Nhnkal Reselargha LIJA G |
Ethical Committee. Full thickness cartilage explants were creagedlescribed
previously (Section 2.2.8xplantswvere fixed in 10% Formalin for i andparaffin-
embedded. Briefly, thexplants weredehydratedin an automated tissue processor

(Leica ASP300S) and embedded in paraffin wax prior to sectioning at a thickness of
p>Y dzaAy3d (G§KS [ SA OlSamplsa weneo gectiovell QNBUm2 Y S @
deparaffinized inxylene, 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 carriedud using aKPL Histomark Biotin StreptaviettRP
System andAB kitpbcam5 ! . {dzoa{iNJ} S YAUGT lFodnccpd | a L
instructions. After deparaffinigtion andhydraton endogenous peroxidases were
inactivated using a 0.3%ydrogen @roxide quenching solution. Pepsin, 4mg/ml in
0.2N HCL (DAKO) was inatgdl with the sectiondor 30 min atRTto achieve
antigen retrieval. Slides were washed 3 timesriabuffered saline (TB$ for 3 min.
Sections were blocked with 10% Goat serum for 60 mirRafollowed by an
additional 3% ovalbumin in TBS block f@rrin at RT.Sections werdghen dried

prior to the addition of primary antibody (0.004mg/ml in TBS/1% BSA) or TBS as a
negative control for 60 mirat RT.Slides were washed in TB%% Tween and
secondary antibody (Biotinylated Goat AlglY H+Lwas addeddr 30 minat RT.
Slides were again washed arstteptavidin-peroxidase(KPL Kit) indated with
sections for 30 mirat RT.DABas the substrate chromagemas added for 4nin to
develop colour. Slides eve further washed in TBS andH#80, counterstained in
Mayers HematoxylifTCS Biosciences LTD.; HS&¥5)0 seconds, washed irH20

and tap water, and then dehydrated and cover slipped using histomount solution
(National Diagnostics)imaging was performed using laeicaUpright brightfield

microscope

3.2.6 Microsphere preparation and functionalization strategy

COLZ3/4M was tethered to the surface ofHA microspheres (5mg/ml) by
conjugation of unbound availablemine groupson the antibodyto free carboxyl
terminals of theHA microspheressing carbodiimidechemisty. The free carboxyl
groups onHA microspheresvere activated withEDCNHSIin MESpH7 buffer
solution for 30 min while agitéing at 50 pm. The COL2/4M antibody (0.5ng/ml)
was introduced to the suspaion which was incubated under stirring overnigtit
4°C After incubation, COL-2/4M-conjugated HA microspheres were centrifuged at
8,000y for 5min, washed twicewith PBS and resuspendad1lml| PB&nd stored at
4°C
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3.2.7 Detection of ligand conjugation

Protein conjugated to theHA microspheres was determideusing theBradford
Protein Assay Kit (Pierce). To quantify the protein amount, BSA standard protein
and the COLZ3/4M-modified microsphere samples were prepared and reacted
with BCA reagentfor 10 min at RTThe quantificatiorstandardcurve was obtainé

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 oé tbupernatant was
measured at 595nm, which ceoresponced 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 oldainsing

microspheres without conjugation with antibody.

Coupling (%) = (1 Concentration of antibody in residual reaction mixture/Total

concentration of antibody initially added) x 100.

Flow cytometry analysis was also used to assess for successfidodnt
conjugation. Microspheres functionalised with and without antibody were
resuspended at a concentration of 0.5mg/ml in FACS buffePEB,FBS (2%),

sodium azide 0.05%) arshmplesanalysedon a FAGSantot Cf 2 ¢ /@M 2YS G S|
systens). Microspheres wer 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

Toevaluate COL-3/4M antibody conjugation andrientation on HA microspheres

flow cytometry was carried out using.a5 C! / {/ I y(i2un adddaéa /[ & ( 2°
processed using FlowJo softwarBlA antibodyconjugated microspheres were
suspended at 0.5 mg/ml anddzked with 100ul PBS+0.1% BS& 30 min at4°C
aAONRPALIKSNSEA ¢ SNBI biothyaded peptifidspesific (fdk CQLa n >
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3/4M antibody (1mg/ml¥or 30 min at 4°C, followed by 3 washes with FACS staining
buffer to remove unbound peptideMicrospheres were then respendedin 100pl
(1:400) streptavidin-conjugated phycoerythrin (PEfor a further 30 min at4°C
Sequential staining steps are depicted in Figure 3.1 (M)icrospheres were
dispersed into asingle microsphere suspension by filtering and analyges a
control for nonspecific antibody adsorption, separate aliquots of the microspheres
were incubated with 100pul biotinylated peptide only, a biotinylated antibody-non
specific for the COL2/4M antibody (isotype) and secondary antibody.
Microspheres first gatedn side scatter area (S&(/forward scattered area (FSC
A) to exclude debris, followed by FSkight by FSCheight to remove any
microspheres aggregates and finally tR& positive gate was setall using the

isotype control(Figure 3.1 B)

A
2 EDC/NHS >‘v #
cHA Y ——> HA: =, — &,
COL2-3/4M "% Biotinylated PE Conjugated
B Functionalization Peptide A Streptavidin
A A E A 1
ik AERY (-
wli M A /A o F3
wn| - w | Yy . o O
3 1#
3 ¥
18] T T T[TT'T]II ] [ Y'\] T L
FSC-A PE

Figure 3.2.1: (A) Schematic illustration of antibody orientation assessmgB).
Gating strategy;microspheres were first gated (P1) on a forward scatter/side
scatter (FS@/SSEA) dot plot. The P1 events were visualized using aA*BS8cH
dot plot and the singlts gated on gate P2. Microspheres were displayed on a

histogramand 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 explartalf

prior to live/dead staining using the LIVE/DBEA&DIlity/cytotoxicity Kit (Molecular

t NPoSaoved {GFAYAYy3 61 & OFNNASR 2dzi | 002 NR
2uM calcein AM and 4 puM ethidium homodimer working solution was added
directly to explants for 30 min. This solution was replaced with PBS and
fluorescence microscopy was performed using @lgmpus Fluoview 1000 confocal

microscope

3.2.10 Targeting COL2-3/4M functionalized HA microspheres Ex Vivo to human

OA cartilage explants
Microsphees alone, COL2/4M-conjugated microspheresand IgGconjugated
microspheres (10pl) 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 witleither 0.04% toluidine blue stain on Qc
Diamidine2-phenylindole (DAPI) slow fade mountant (Invitrogeodyverslipped

and visualised using @lympus BX51 upright microscope.

3.2.11 Statistical analysis

GraphPad Prism® software Inc. was used for statistical anaBigisificance was

assessed using oneay followed by Tukey post hoc analysis. Error bars reptesen

the mean * standard deviationp-@| f dzS& Xnonp G6SNBE O2yaAil

significant.
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3.3 Results

3.3.1 Isolation and characterization of polyclonal IgY antibody against collagen Il

epitope
Col23/4M antibody was isolated using a commercially available kit following the
steps outlined in se@in 3.2.2 and depicted in Figure 3.1A. Toacentration of IgY
was approximately 4 mg/mL per egg yolk, as determined by absorbance at 280 nm.
In the reducing gel after SBBAGE and Coomassie brilliant blue staining, IgY
migrated as 26 and 68 kDa bandsnge) 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).

180 |
ﬁ% 115 w Intact IgY
82 |

10,000 rpm

Heavy Chain

49
37
=B
N A
| 26 _ _
6 A\ 19 Light Chain
10,000 rpm 15

Figure 3.1: Isolation of Chicken IgY Antibody. (A) Schematic representation of the
method used to isolate COIR4M antibody from chicken egg yolKB) Isolated
COLZ3/4M IgY was analysed under reducing, denaturing conditions (Lane 2) and
under nonreducing, deaturing conditions (Lane 3). Bands were visualized using
Coomassie staining and the heavy and light chainsiradt 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 COL2/4M antibody to human OA cartilage was analysed by
immunohistochemistry to demonstrate functionality. Rge staining of the COL2
3/4M epitope was evident on sections of human OA tissue using bahC®L2
3/4M IgY and the commercially available C3I4M 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-ZaNM?2

antibody demostrated no positive staining of the epitope (Figure 3.2 B, D).

Specificity and functionality of the polyclonal CEl/2M IgY antibody for the
collagen Il epitope was also tested by using the peptide sequ@taiéander et al.,
1994 used to produce the polyclonal antibody, to block the antibody prior to
staining Figure 3.3 A This peptide was psmcubated with the COL2/4M
antibody prior to incubation wi the human OA sections. The peptide successfully
blocked the polyclonal COI324M antibody with staining in sections comparable to

that found in the absence of the antibody (Figure 3.2 B). Furthermore, when-COL2

okna L3, lydAo2Re 6l& XKANdzyl O MLIAXGmSaEE

was similar to the negative control (Figure 3.3B).
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Human OA Cartilage

COL2-3/4M IgY IgY Secondary Control
==E B
B
‘ 200
e 200um| ﬂ'l

Commercially Available

COL2-3/4M IgG IgG Secondary Control

200um

Figure 3.2: Immunohistochemical detection of collagen Il 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 Il denatured
epitope using the chicken polyclonal CE€3/2M and (B) commercially available
COLZ3/4M 1gG on.(B, D) Control sections with absence of primary antibodies
stained negativef OF £ S 6F NE Hnn>Y®
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Human OA Human “Normal”
Cartilage Cartilage
IgY + Peptide COL2-3/4M IgY
A B |

Figure 3.3: Immunohistochemical staining demonstrating specificity of chicken

polyclonal COL2-3/4M IgY. (A) COL23/4M IgY preincubated with the immunising

peptide sequence blocked binding to the epitope as observed by negstuging

of human OA tissugB) COL k na RAR y2d aidlAy KdzYly ay
demonstrating specificity to the denatured epitope with no cross reactivity to

YIEGAGS O2ttl3Sy Gel)S LLd {OFfS 6FNE wHnann>
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3.3.3 Detection of conjugated antibody

HA microspheres were functionalized with C&3I2M IgY antibody using EDC/NHS
coupling chemistry. This twstep procedure resulted in the formation of a covalent
bond between the carboxyl group of the HA microspheres and amine gbtie
antibody (Figue 3.4A).Binding of COL3/3M to HA microspheres as confirmed
using a commercial protein assay kit. Quantification of antibody pred post
functionalization indicated that the couplingefficiency was approximately
53.9+6.3% Antibody functionalization a&s also confirmed using flow cytometry.
The presence of the antibody was indicated by the rightward shift infaheard-
scattered light (FSC) which is a measure of surface area and size. There was a
distinct shift in the size of microspheres that were pmated to COL-3/4M
antibody (Figure 3.4B Yitompared with unconjugated microspherésigure 3.4B

(ii)).

3.3.4 Assessment of orientation of conjugated antibody

To assess whether the bound CE3/2M antibody was orientated correctly on the
HA microspheresflow cytometry analysis was carried oWts depicted in Figure
3.2.1, the orientationof the antibody was assessed by sequendiaiibody staining
steps first with the biotinylated peptidedirected to the conjugatedCOLZ23/4M
antibody followed by a strepvidin secondary antibody conjugatedto
phycoerythrin (PE)The presence of the antibody in its correct orientati@sulted
in correct binding of thebiotinylated peptide and also the streptavidPE
conjugated secondaryn turn, this wasindicated by tke rightward shiftin the PE
fluorescence histogramIf the antibody was not orientated correctly, the
subsequent biotinylated peptide and strdfE secondargntibody would not have

bound and no shifin the PEfluorescence histograrwould have been detect

COLZ3/4M microspheres alone did not cause a change in PE fluorescence. For all
the antibody staining steps involved for flow cytometrmgontrols for nonspecific
antibody adsorption to the microsphere surfaaeere included.Controls included

the COLZB/4M microspheres with the biotinylated peptide only, the streptavidin

PE ¢$trep-PB secondary only and as an isotype control, a biotinylated 1gG antibody

(o)
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was also includedThe addition of the biotinylated peptide alone, thstrep-PE
secondary alone and ¢ biotinylated 1gG and secondary had no effect on
fluorescence intensity (Figure 3.5 A (ii, iii & i\Hpwever, when COLZ/4AM
microspheres with the biotinylated peptide specific for the epitope and st&p
secondary were assessed, there was a cleat shihe PE fluorescence (Figure 3.5
A (iv & v). This clearly demonstrated that at least some of the bound G@h2

antibody was orientated correctly on the microspheres.

A
COL2-3/4M IgY
| I —e
W NHS/EDC
HA
Microspheres Antibody Conjugated
HA Microspheres
B
. COL2-3/4M Conjugated
Microspheres Alone Mi/crosphe:esg
A A
250K (i) 25067 (i)
200K 200K
o 150K 8 150K
a ! a
100K 27 | 100K

FSC FSC

Figure 3.4: Conjugation of COL2-3/4M onto HA Microspheres. (A) Schematic
illustrating the conjugation strategy fdunctionalization of HA microspheres with
COLZ3/4M IgY antibody using EDC/NHS coupling chemi@)yConfirmation by
flow cytometry of COL3/4M antibody functionalization to HA microspheres.
Contour plots of forward sctdr vs side scatter for HA microspheres before

conjugation to COL-3/4M (i) and microspheres after conjugation to CE3/2M
(ii).
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(iii) B

A U] —

0.00% PE+ 0.558% PE+ 80-

0.00% PE+

% PE Positive
&

(iv) V) — (vi) 20

4.39% PE+

Count

76.2% | | \
PE+ |

(=]

T L} T
! "\ COL2-3/4M IgY + + +
.‘I \ Biotinylated peptide - + o
[ Strepadvidin-PE - - +

| o) / \
i ‘_;‘k“\‘.\w_/’ \ Biotiinylated IgG - - - +

PE

Figure 3.5: Assessment by flow cytometry of antibody conjugation onto HA
microspheres. (A) Detection by flow cytometry of COLZ4M microspheres (i),

with biotinylated peptide (ii), strefPE (iii), biotinylated IgG isotype and stfep

(iv), biotinylated peptide for the epitope and str&fE (v) and all histograms
overlaid (vi). Data are represetitge histograms of PE fluorescence. Relative
amounts of fluorescence are presented on the x axis (log scale) and the frequency
of microspheres on the y axi¢B) Quantification of percent PE positivity for 3
independent experiments. Data represented as mea SD, onavay ANOVAand

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 gk system previously described e@ion 2.3.6) (Figure 3.6 A)
followed by washing to remove unbound microspherd4ability of explants
incubated with and without COL2Z4M HA microspheres was assessed usirg
live/dead stain.In addition to ldelling dead cells red, the dead staieth{idium

homodimerl), also stained the COIR4M microspheresas indicatedby white
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arrow heads (Figure 3.€) There appeared to beno difference in cell death
between the explants cultured with Kigure 3.6 B) and without COLZ3/4M
conjugated microsphere@igure 3.6 A)

On histological analysis of theartilageexplants, COL-3/4M antibody conjugated

HA microspheres were detected in the fibrillations of the articular cartilage surface
(Figure 3.7 e & f)OA catilage explants that were incubated with HA microspheres
alone (ot functionalized and IgG conjugated microsphereshowed some
adherence to the cartilage surface, but only in small isolated aceagpared to
COLZ3/4M conjugated microspheres. To make thdistinction between
chondrocytes and microspheres, cartilage explants were also stained with a DAPI
nuclei stainMicrosphees also stained positive with the DAPI stain but were clearly
identified (white arrow Figure 3.7 B, djand different from cells basé on
morphology(Figure 3.7 B-d).
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4 P m@ 1hr Incubation with
1 Microsphere groups

2% Agarose Gel

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/Datain of human OA cartilage explant
alone(B) or following 1 h incubation with COiZ24M conjugated HA microspheres

(C). Red fluorescence indicates dead cells and green fluorescence indicates viable
cells. Representative images of n=3 explaStale bas, 200> Y I  éaffow iedds
indicate microspheres stained with ethidium homodirfer (dead cell

stain)Orientation of cartilage: SZ, superficial zone; MZ, middle zone; DZ, deep zone.
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Microspheres

Isotype IgG
Microspheres

coL2-3/4mMm
Microspheres

o 7 -

Figure 3.7: Ex-vivo targeting of antibody-conjugated HA microspheres. HumanOA
cartilage explants were incubated with HA microspheres al(hea & d), HA
microspheres conjugated to a nepecific IgG antibodfA, b & e) and COL3/4M
conjugated HA microspherg# ¢ & f). Adhered COL-3/4M microspheres were
detectedon the surfaceof the fibrillated cartilagdA ¢ & f). Explants cultured with
COLZ3/4M conjugated microspheres stained with toluidine blBea) followed by a

DAPI counterstain to distinguish chondrocytes from microspheres (B b). Explants
stained with toluidine blugA a-f, B a) and DAPI nuclear staifB 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, Aand B a, 200um, B b & ¢, 100um. Black argavi) and

white arrow head¥B d)indicatingCOL23/4M conjugated HA microspheres.
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3.4 Discussion

In chapter2, the ability of TGF doaded HA microsphere® provide achondro
conductive environment for h(MS@s vitro and exvivowasdemonstrated with the
release of TGF o FNRBY (GKS YAONRALIKSNBA AYAGAFGAyYy3
hMSCs. However, when injected iriaiculady into a murine jointmicrospheres
localized to the meniscus, synoviuamd perichondrium regions and not to the
articular cartilage. If microspheres containing growth factors or bioactive molecules
could be targeted to specific cell types tissuesin Wvo, it would greatly enhance
their effectivenessSuch targeting approaches have been successathl targeting

to sites of inflammatior{fOmolola Eniolarad Hammer, 200band tumors(Lu et al.,
2008 AlexanderBryant et al., 201B8but few studies have irestigated targeting
biomaterials to cartilage. Thusin this work we wanted to assess whether
functionalization of HA microspheres with an antibody specific to degraded

collagen type Il would enable microspheres to localize to the articular cartilage.

CQ.2/3M antibody is directed to ra epitope that becomes exposed following
proteolysis of collagen type Il. This antibody only recognizes the expasidie in
degraded collagen type Wwhich increases significantly witbAdevelopment and is
specific for danaged regions of articular cartilage. This specificity is imporant
avoid off targetside effects when considerirdglivery of growth factas or indeed
drugs. To confirm specificity of COR2IM IgY, inmunostaining of theCOL23/4M
epitope on human OA artilage was carried out. Similar to staining patterns
described previouslyLin et al., 2004Wu et al.,, 200® intense chromogenic
staining was present at the superficial surface of human OA cartilage stained with
COLZ3/4M IgY. Some background staining was observed, and this may possibly be
due to the purity of the IgY antibodyCOL23/4M antibody wasisolated usig a
commercially available kit. Although the SPPSGE indicated that methods used
were effective for isolating and purifying IgY from egg yolks, tiveeee some
unknown proteins present, as shown by the presence of soorgaminating faint

protein bands inthe gel analysisMoreover, impurities present in the antibody
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isolate may also have interfered with antibedyicrosphere conjugation, with a
binding efficiency of approximately 54% achieviddyher IgY purity may haveeen
achieved if bromatographic gefiltration was carried out. Nevertheless, there was
still a substantialdifference in staining pattern and intensity between tkOL2
3/4M stained OA sections and that seen with tBecondary control, peptide

blocked and normal cartilage stained slides.

Correct immobilization of COL3Z4 antibody onto HA microspheres was a critical
step as it directly impacts the bindingf the construct to the degraded articular
cartilage For this studya heterobifunctional crosslirdr, EDC/NHS was selected to
tether CQ.23/4M antibody onto HA microsphere$his ensured thathe antibody

was immobilised in a stable manner and also in the right position. Correct
orientation of the antibody is cruciait has been previously described thrandom
antibody immobilization lvers the number of sites available for antigeimding,
resulting in weakened binding activity and efficien@larkway et al., 2008
Antibody conjugation and mentation were verified by flow cytometry as described

previously(Keegan et al., 2006

Homing of endogenous cells to the surface of articular cartilage een
demonstratedin studies byHunzikerand Lee(Lee et al., 201QaHunziker 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 TGAm A Y ONB I aSR G KS
cells over the defediHunziker and Rosenberg, 1996imiarly, regeneration of the
articular surface of a synovial joint was demonstrated by homing of endogenous
cells into¢ D C-infused bioscaffoldéLee et al., 201QaThese findings suggest that
the articular surface of the synovial joint has potential to regiete 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 opertbe potential for enhancement using microsphere

deliveryapproaches.
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As previously mentioned, few studies have targeted microspheres to articular
cartilage; howeverthere have been some reports of targeting other factors to
articular cartilage and synoviurhlughes et aldemonstrated the superior efficacy

of the anttinflammatory cytokine, HLO0 when targeted to inflamed arthritic joints
usinga singlechain variable fragment (scFv) raised to reactixggenspeciefROS)
modified type Il collagendl)(anti-ROSCII) They demonstrated that the arROS

Cll vIL-10 localized specifically to the arthritic knee and reduced inflammation
significantly quicker than the w0 fused to the control scFv. This study is an
example & how localized delivery of a therapeutic agent, in this case vIL10, by
antibody targetingcan enhance therapeutic efficafflughes et al., 2014Hughes et

al., 2010. In an attempt todetect earlyOA changesCho et al. utilized antibody
conjugated liposomes directed to collagen type They developedhanosomes
(nanoscale liposomes conjugated to an antibody targeted to type Il collagen) with
an infrared dye encapsulated which allowed visualizaiiorviva These authors
demonstrated specific binding to degraded cartilage in a manner that was
proportional to the degree of injuryCho et al., 2016 Articular cartilage specific
targeting of a norviral vector wasvalidated by Pi et al. byconjugating
polyethylenimine to a chondyte-affinity peptide previously identified by phage
display(Pi et al., 201l 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, welemonstratethe 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 antiboudgrosphere
construct to human OA cartilage, quantification bfst 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 tassessf this system could potentially oceuit cells to

the surface of articular cartilage or indeed if encapsulated factors within these
microspheres could stimulate the present cells within the cartilagentbate a

repair response.
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There is still a demand for biomaterial approaches to emeathelocalization of
therapeutic agentor ways to augment endogenous homitg sites ofinjury. In
this study,an antibodybased construct specific for localising HA microspheres to
degradedOA cartilage was designedThe antibodyconstruct was evaluiad using

an exvivo cartilage explant model in which functionality was demonstrated, with
successfulCOL23/4M conjugated microspheregffectivdy binding to fibrillaed
human OA cartilageThe use of this targeting construct with a growth factor/drug
or chemokine couldpotentially act as a recruitment signal for endogenous
chondroprogenitor cells however further studies are needed to confirm this

targeting construct, including its functionality in anvivoOA 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. Varioupreclinical models have demonstratddSC migration

to diseased 8ssues including kidnefKunter et al., 2006 lung (Ortiz et al., D03),
infarcted myocardiun{Schenk et al., 20Q0and sites of dermal wound healirfi et

al., 2006. The mechanisms by which MSCs promote regeneration in these studies
include direct tranglifferentiation into cell types resembling the damaged cells, but
also indirectly through modulation of the microenvironment and reggnent of

endogenous precursors.

Of particular interest in this study was the fate of MSCs post implantation in the
synovial jointjn the context of arODAmicroenvironment There are several possible
paths accessible to MSCs after delivery to the syjiabjoint Given their ability to
differentiate down the chondrogenic lineage, MSCs could undergo chondrogenesis
and act as a cell replacement therg@jternatively as an undifferentiated cell they
could aid in repair by targeting the inflammatory compomh of OAwith their
inherent ability to release aninflammatory factorgyMa et al., 2014 In reality, on
exposure to the hesh OA microenvironment, cell deattowdd occur with MSCs
eventually being cleared by infiltrating inflammatory celglditionally, cells may
leave the joint,althoughto date there is limitedevidencethat shows this as a
potential path, with a recent publication indicating that 10 daydoiwing intra
articular injection of MSCs, no cells were detectable in tissues outside the joint

(Toupet et al., 201p

The following study initially ddressedthe fate of progenitor cells isolated from
embryonic foetal limb buds, termed esenchyme progenitor cells (MPC®n
delivery into a postraumatic model of OASecifically where these cells home to
and whether they differentiate or remain in their undérentiated state post

delivery.
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To address this, an inducible CE&? system was usedwhich, permitted the
controlled activation of expression of two gend®x1and Aggrecan.A CreER
recombinase consists of Cre fused to a mutated ligaimdingdomain (LBDf the
estrogen receptor (ER). In the absence of tamoxifen, CfeERetained in the
cytoplasm. On administration of tamoxifen orhgdroxytamofien, bnding of
tamoxifen to the LBD results in the translocation ok thecombinase into the
nucleuswhere it can recombinés loxRPflanked DNA substrate. Thus depending on
where the CreERtransgene is placedissuespecifi¢ spatiotemporally controlled

somaticmutagenesis can be achiev@ddra et al., 1999

As previously alluded to in Chapter Brx1 is expressed in the early limb bud
mesenchyme and plays an essential role in regulating skeletal development, with
Prx:CreER targeting all cells derivé from limb bud mesodern{Logan et al.,
2002. Aggrecarrepresents a major component of the ECM of both growth plate
and articular cartilage (Watanabe et al., 1998 The ACANCreER targets cells
expressing aggrecamwhich, include the cartilage of the growth plate andrticular
cartilage as well as the fibrocartilage of the meniscus, trachea, and intervertebral
disks of growing and adult midelenry et al., 2000 Both PrxtCreER and Acan
CreER mice were crossed with the mT/mG doubfuorescent reporter mice
which expresgs constitutive membranetargeted tandem dimetomato (mT) prior

to Cremediated excision and membrasargeted greenfluorescent protein (mG)
after excision(Muzumdar et al., 2007 Through using these transgenic crossas,
distinction between recmbined and norrecombined cells, or in other words cells
that retained or lost expression dPrx1 or started expressingAcan could be

visualized by means of fluorescence.

MPCs were isolatect embryonic stage E11.5from limb buds of foetal mice
obtained from timed pregnant PrxtCreER; R26R"™C and ACANCreER:
R26R™™C mice. Cells isolated from E11.5 limb buds are maimgsodernal,
mesenchymal progenitor cells, whictan give rise to multiple lineages including

cartilage, perichondrium, tendon and other nomuscle cell typegAkyama et al.,
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20059. To evaluate ifsolated MPCsemaired in their undifferentiatedstate, cells
from the Prx:CreER; R26""™°mouse vere utilized, given that at stage E11.5, cells
are still undifferentiated mesenchyme amkpress PrxIMartin and Olson, 2000
While to determine if cells differentiate, and in particular into cells with a
committed chondrocyte phenotypecells from the AcanCreER; R26"7MC
transgenc mouse were used sincaggrecan expression does not appear until E13 in

the forelimbs and E13.5 in the appendicular and axial skel@tdenry et al., 2000

Using these cellghe in vivo fate ofMPCs, Wether they remain as 1 expressing
progenitors (Figure 4.1 A) or differentiate inté\can expressing chondrocyse

(Figure 4.1 B) was monitored based on the potendiaitch in fluorescence from
tdTomato to GFP.

A Detection of Red cells
Prx1-CreERT2:R26 ™/mG Cells have lost Prx1 expression,
! thus have differentiated

Q.Q
oo O
. Tamogtien \ Detection of Green cells

Cells retain Prx1 expression,
thus have retained progenitor phenotype

Detection of Red cells
Acan-CreER™;R26 mT/mG Cells have not undergone
chondrogenic differentiation

oo 4 s

Mesenchyme Progenitor Cells (E11.5)

“Red Cells”

Mesenchyme Progenitor Cells (E11.5)

Tamoxifen
Detection of Green cells

Cells have differentiated into a
more committed chondrocyte

“Red Cells”

Figure 4.1: Schematic demonstrating the tracing of the phenotypical change in
MPCs, based on tdTomato/membrane-targeted EGFP switch in fluorescence. (A)
Fate determinationof PrxtCreER: R26RT™C or (B) AcanCreER; R26RT™MC
MPCS ortamoxifeninduction following delivery to MLI joints. Detection gfeen
cellsor red cells either indicates cellemained as progenitorsr differentiated and

either differentiated into @ aggrecan expressing cell or not.
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This was investigated in the context of an mjumodel, specificallghe meniscal
ligamentous injury NIL)-inducedmurine OA model(Clements et al., 2003In this
model, mice displayistologic changescludingarticular 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 ewygistic 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 environménder
normal conditions, stem cell precursors can remain quiescent ininavivo
microenvironment until they are activated, for example after inj@§orrison and
Spradling, 2008 On receiving injury signals, stem cells can ex& hiche and
proliferate in an attempt to repaifWabik and Jones, 201L55tem cell niches have
been identified for several cell types includihgmatopoietic cells (Zhang et al.,
2003, muscle satellite cellCollins et al., 2005and epithelialcells (Taylor et al.,
2000. Within the synovial joint, it has been proged that several niches exist that
harbour aMSClike population that camespondto injury (Kurth et al., 2011 Thus,

in the second part of this @pter, the expression of Prx1 within the synovial jpint
in particular within the synovium, articular cartilage and periosteum, was
examined. Moreover, it was investigateehether a population of Px1l-expressing
mesenchyme cellexistent that can respondto injury, using the MLI model as

discussed above

To accomplish thirxECreER transgenic mice were crossed with R26R mice. The

Rosa26R mice haedacZgene inserted into the ubiquitously expresse@$Nocus

that is preceded by a transcriptionalogt cassette flanked by loxP sité&iedrich

and Soriano, 1991Soriano, 1999 In PrxtCreER; R26R*“ (i NI y43SyA O YA OS:
galactosidasectivity was used to assess recombination and identify Prx1 positive

cells.

94



Chapter 4

Thus, the aims of this chapter were tase MPCs as a model of a true
chondroprogenitor of mesenchyme origiand track cell phenotype changesf o
E11.5 limb bud MPCs following intaaticular injection in a postraumatic mouse
model and dentify potential stem/progenitor cell niches within an adult ose

knee joint following injury.
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4.2 Materials and Methods

Note: All reagents were purchased frongi@ecAldrich 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 Univefsity
Rochester Medical CenteiThe Prx:CreER mouse strainwas generatedand
provided by Dr. Malcom LogarfHasson et al., 20Q7and the Acan-CreER by
Professor Benoit @ Crombrugghe (Henry et al., 2000 The B6.129(Cg)
Gt(ROSA)26Sortm4(AGIB omato;EGFP)Luo/Jmice (stock number 007679
B6.1DS4Gt(ROSA)26Sortm1Sor/J mice (stock nunfl®®474 and C57BL/@stock
number: 000669 mice werepurchased fromThe Jackson Labiatory. Mice were
housed5 per cage in onavay housing on a 12 lght/dark cycle.Mouse crosses
were confirmed by genotypings recommended bythe Jackson Laboratory for
each strain Briefly, tail clippings were collecteddm offspringand genomic DNA
isolated for PCR amplificatiorail snips were incubated with 1a{kaline lysis buffer
(10X 250mM NaOH, 2mEDTApH 12)for 1 hat 95°C followed by neutralization
with 1X neutralization buffer 10X 400mM TrisHCL pH 5)DNA was amplified
following manufactizZNS N & A y a (PMb=RiGoZay@ Greza Mastdr Mix
(M7122). The primers utilized to detedCre, and themT/mG and LacZ reporters

were as followgTable 4.1).
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Primer Type Sequence 5'- 3' Bands
mT/mG Common CTCTGCTGC CTCCTG GCT T,
mT/mG Mutant band 2%-bp
CGA GGC GGATCACAAGCAA
Wild type Reverse Heterozygote; 25®p and 336bp
mTmG Wildtype; 336bp

TCA ATG GGC GGG GGT CGT |
Mutant Reverse

LacZ
GCG AAG AGTTTG TCC TCA A(

Mutant Reverse Heterozygous; 650 and 34ip
LacZ Common AAA GTC GCT CTG AGT TGT T4 Homozygous; 340p
Lacz Wildtype; 656bp

GGA GCG GGA GAA ATG GAT A
Wild type Reverse

GCG GTC TGG CAG TAA AAA CT,
Cre Single band; 100p
GTG AAA CAG CAT TGC TGT CA

Table 4.1: Genotyping primers.

4.2.2 Isolation and Culture of Limb Bud MPCs

Embryos were harvested from timegregnant Prx1CreER R26R™™C and
ACANCreER R26R™MCmice atstage E11.5 with approvéibm the animal medical
ethics committee ofthe University of Rochester. Briefly, pregnant mice were
sacrificel by CQ, followed by cervical dislocatio(h=2 pregnant female dams)
After removal of the uterus, embryos were isolated using a dissecting microscope
(Olympus SzX12) and rinsed with steriledoll PBS. For isolation of limb bud
derived MPCs, fore andrd limbs were digested with4/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 40um strainegenerating a single cell suspensibafore
being resuspended in 0.9% salinsolution in preparation for intrarticular
injection. Based on a pilot study using increasing concentrations of MPCs {5 X 10

x 1¢f and 5 x 16), it was decided based on the ability to visualize the cells that the

optimal cell concentration to use wasx 10.
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4.2.3 Injury Models

MLI wasperformed on 12weekold C57BL/6 mice (bilatetg) (Experiment 1 and 2)
and on 12week old Prx:CreER:; R26RLacZnice (nilaterallyYExperiment 3)
(Kamekura et al., 2003n=3 animals per grouper time poin). Briefly, following
anaesthesidintraperitoneal (IP)njection of 60ng/kg ketamine, fhg/kg xylazine)a
5mm incision was made on the medialpast 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 2b-gauge needle. Using a
castroviejo spring scissorg piece of the anteriemedial horn of the meniscus was
excised, destabilizing the joinfthe sham group involved a similar incision, but
tissues were not manipulated. The skin was closed with 4.0 silk su®aespson et
al., 201).

Experimentalimelines foreachexperimentare 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 suspensigasdescribed in 4.2.2)Eight weeks post MLI bilateral
surgery, which is an established time point where OA is evig@ang et al., 2013b
Sampson et al., 20)15 x 10 MPCs were injected into the right joiwtf injured

mice; left joints acted as a contraoleceiving vehicle only (0.9% salin&)ice were
sacrificed at various times as depicted in the experimetitaeline for histological

and RNA analys(&igure 42).

Time Pregnant

mT/mG .
R26 Mouse 7 12-Week old C57BL/5 Histr,o i R,},A
e 8 weeks

A\ 2 [ 10 1
:Q. -> postinjury | 1d 5d 7d 14d
@ PR s : : f i

\ru MTLI II\j ’ J. I' I, Il

E11.5 Limb Bud 1 :

Isolation and Dispase Digestion E11.5 mT/mG MPCs

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-EreER
R26R ™S and AcanCreER? R26R™C mice. It was anticipated that crossing the
Prx:CreER and AcarCreER mice with the mT/mG reporter mouse would allow
cell fate to be monitored in parallel experimen®n tamoxifen induction of cells
isolated from PrxtCreER; R26R"™¢ and AcanCreER? R26R"™C mice,
expression of Prx1 or Acan drives thee-mediated excision of the mTomato
transgene driving membranetargeted green fluorescent protein expression.

Details of thetransgenic cross and experimental pkare depicted in Figure 4.3

CreER™
pCA :

12-Week old C57BL/5

/\

A

—

CreER™

Tamoxifen

1 week
posr injury °

%‘—)MLI "T““ | | Tmi

Prx1- CreERTz (or)
Acan-CreER™
E11.5 MPCs

o =

Figure 4.3: Schematic diagram of experimental timeline to track cell fate. (A)
Schematic diagram of PrareER or AcanCreER; R26""™Cconstruct before and
after Cre recombination. Arrows denote the direction of transcriptioriafigles
represent loxP target sites for Grecombination. pA denotes polyadenylation
aSljdzSy0Sa | yR LY lactikRé&ladceqBamoteér.kBS7 d/past-MLI,
12-week old C57BL/6 mice received 5 X' Hl1.5 MPCs isolated from timed
pregnant PrxiCreER? or AcanCreER R26""™C female mice. Kee joints were
harvested 1, 2weeks post cell injection for histological and PCR analysis. MLI,

meniscalligamentous injury; Tm, Tamoxifen; H, Harvest; Inj, Cell Injection.
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Experiment 3: Tracking Prx1 expression in the synovial joint

Prx1CreER transgenic mice were crossed withe Creactivatable Rosa2&icZ
reporter mice (Figure 4.4 A)On tamoxifen administrationthe CreER fusion
enzyme inPrxkexpressingellsis activated Cremediated excision of theoadblock
sequence in the Rosa2écZ reportershould then irreversibly markPrx1 cells
RNA OA Yy 3 (KS -g8ldetbamBsalayrn 2 iy dpdytasidase activity can be
detected in cells by using-G&al 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 injurywk2k old PrxiCreER:
R26R**“transgenic miceinderwent MLI surgery followed by tamoxifen induction 3
days pror to harvesting on days 5 and 14 post injury, as represented in the

experimental timeline (Figure 4.8 B).

A Prx1-CreER™; R26R'*<Z

CreER™

B
=
Birth 2week 4 week 6 week /h-\ 12 week 5d 14d
PO old old old (B Y old post injury  post injury

E el |~ \
TmT TmT
H H

Tml Tm I{ TmI| ML

Figure 4.4: Experimental plan for Prx1 cell tracing study. (A) Schematic diagram of
PrxtCreER: R26R“ construct before and after Cre recomiiion. Arrows
denote the direction of transcription. Triangles represent loxP target sites for Cre
recombination.(B) Schematic representation of the experimental timeline used to
analyse Prx1 expression prand postinjury. Tm, Tamoxifen; H, Harvest, MLI

meniscalligamentous 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 daydDelivery of tamoxifen allowed rembination to occur and in the
Prx1CreER R26R““mice, was associated witldrivingti KS S E LINK3aldnA 2y 2 7F
cells expressing Prxlln MPCs isolated fromPrx1CreER R26R™™C and
ACANCreER R26R"™C mice, tamoxifen inducg Cremediated recombinabn

Ol dzaAy3a (GKS avYc¢é aalaswhe de piatnoted ® drifeE OA & SR
expression of membrang | NASGSR SyKFIyOSR 3ANBSyYy Ff dz2 NE

allowing visualization and distinction of recombined and-mecombined cells.

4.2.5 Tissue Harvest for Frozen Sections

G57BL6 mice harvested forhistology were sacrificed by cardiac perfusion under
deep anaesthesiasing4%paraformaldehyde (PFA) pH 7714 while Px1-CreER:
R26RLacsnice were sacrificed by G@nd cervical dislocatiorknee joints wee
isolated and excess muscle and tissue removed. Joints weref@ixddh in4% PFA
at 4°C. Samples were decalcified for 5 d in 10% wt/vol EREépt for 2 week old
Prx1-CreER; R26RLacZnice, that were decalcified for 3 dAll samples were
washed3 times in 1XPBSand exposed to asucrose gradiendf 10%, 15% and 30%,
each overnight a#°Cwith rocking.Tissues were transferred intoptimum cutting
temperature compound (O.C.T.) (Tissliek) at room temperature for 10 min
before freezingoy immersing theissue into2-methylbutaneplaced in a container
of liquid nitrogen. Coronal sectiong8mM) from the joint compartment were cut on
a cryostat (Leicagquipped with CryoJane Frozen Sectioning kaic@)using the
CryoJan®tape transfer methodas describd previouslyJiang et al., 2005

4.2.6 RNA isolation from synovial capsules and RT-PCR

C57BL/6 mice that receivedl x 10 E11.5 MPCs froomnT/mG mice Prx:CreER:
R26"™™°mice orAcanCreER; R26"™Cwere sacrificed by G@ollowed by cervical
dislocation (n=3 animals per group per time pointpynovial tissues for RNA

isolation were harvested 0 day14 from mice that received mT/mG cells from the
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initial study and on day 7 and 14 from mice that receied:CreER; R26"™Cor
AcanCreER; R26"™° MPCs in the subsequent studyoirlt capsule synovial
specimens were isolatetfom the medial and lateral sides of the mouse patella.
The patella was excised and synovial specimen -froaen in liquid nitrogen and
stored for RNA isolationsing TRIzol reagent accorditagthe recommendations of
the manufacturer (Invitrogen)Joint capsules were not pooledRNA was reverse
transcribed and 20ng cDNA subjected to PGRnscript levels of target genesere
measuredfor synovial specimens at various time pointSene expression levels
were namalized to glyceraldehyde3-phosphate dehycbgenase GAPDM and
D(CT gene of interesC T internal contro}

relative expression calculated using th&8 2fnethod (

(Schmittgen and Livak, 20p®rimers used are listed in Table 4.1.

Gene Forward Primer Sequence Reverse Primer Sequence
Prg4 CTGAACTGAATMECCCCTCT/ TGTTTCAGGGTTTGGAGTTTG
Acan TGGCTTTCCCTCTGGATTT GATGGGCCACTTCCAATGT
114 GGTCTCAACCCCCAGCTAC TGGATATGGCTCCTGGTACAT
Tnf ACTCCAGGCGGTGCCTAIT GGAGGCCATTTGGGAACT
116 TGATGGATGCTACCAAACT( TTCATGTACTCCAGGTAGCTAT(
Adamts5 GATGCAGCCATCCTGTTC, CATTCCAGGGTGTCACAT
Col2al TCCCTTTGGTCCTGGTTGC ATCTGCCCAACTGACCTCGCC
Gapdh AGCTTGTCATCAACGGGAA 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
stainng. 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-GiftP
(Millipore, AB3080P) and theecondary antibody was goat amébbit Alexa 644nm
(Invitrogen, A21244). Sections were mounted with Prolong Gold-fadé
(Invitrogen) and imaged using the Olympus FluoviE¥0 Confocal Microscope.
Images were processed with ImageJ softwaaed brightress 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 aeatohol (1% v/v) for 15 sec. Sections were
incubated in alcian blkerhaematoxylin (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%) BO sec. Finally, sections were dehydrated by
sequential immersion in 95% and 10@®H(x3) for 15 sec and Xylene (x3) for 3

mins.

4.2.9 X-Gal Staining

CNRI1 Sy asSoOiizya ¢SNB LINBLINBR i y>Y0®
and treated with fixation solution (0.2% glutaraldehyde in PBS) at 4°C for 10 min.
After 3 washeswith 0.1M phosphate buffelpH 7.4,containing 2nM MgC}, 0.01%
sodium deoxychlate, 0.02% Nonidet P40, sections were incubateith X-Gal
staining solution (BIM potassium ferrocyanide, 5mM potassium ferricyanide,
0.5mg/ml XGal (GoldBio) at 37°C overnight. Sections were waslwete with PBS

then dH20 and counterstained with nucledast red for 2 min followed by
dehydration in 75% EtOH, 100% EtOH and cleared in xylene before adding

coversli.

4.2.10 Statistical Analysis
GraphPad Prism® software Imeas used for statistical angdis.Statistical analsis

was performed using eithdvlann-Whitney U testor KruskalWallis testfollowed by
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Dunn's testsince the data were not normally distributeBrror bars representhe
mean xstandard error of the meanp-@I t dzSa Xnodnp H6SNBE O2y adARSNE

significant.
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4.3 Results

4.3.1 Fate of MPCs post-implantation in the OA joint
The first group of experimentsxamined the localization of intrarticular injected

MPCs and their fate in a pesaumatic 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 intothe OA joint. Using timé-pregnant R26R"™Cmice. Al

MPCs were dtTomato positive prior to injection, as illustrateBigure 4.5.

20um

Figure 4.5: E11.5 MPCs isolated from timed pregnant R26™/™C female mice.
Images illustrate the membrane bound tomato protein expression on the surface of
isolated MPCs (red fluorescence (a, ¢) and brightfield image of a (b)). Scale bars
20um (a, b) and 20um (c).

To investigatedcalization of MPCGs mice that received cellpints were harvested
for histology8 weeks post injury andt days 1, 5 and 7after cell injection. Data
represents joints isolated at day 7. Labelled cells (redevepecifically localized to

areas within the synovium, including the syl capsule lining (Figure 486(i) &
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(ii)). In addition, MPCs were also detected in themiscus (White arrows Figure 4.6

B). No cells were identified localizing to the articulartitcage.

Figure 4.6: Localization of Intra-articularly injected MPCs. (A) Alcian blue stained

slide of a murine joint 7 days post injection of MP{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 ehased in yellow box (B). Scale bar A, 500um; B, 200um; (i)
100um; (ii), 20um. 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 linimgeffect ofthese cells

on the synovial lining was investigated. Specifically, inflammatory markers were

assessedsit is believed that OA is associated with increased inflammation within

the synovium(Scanzello and Goldring, 2Q1®1oreover, MSCs have been shown to

elicit an antiinflammatory effect on inflamed synoviurfKehoe et al., 2014ter
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Huurne et al., 201 Synovial specimms were isolated for PCR quantification 14
days post cell injectionCompared toMLI joints that received vehicle only (0.9%
saline) (MLI group)knee joints that received singleintra-articular injection of
MPCYMLI+MPC groupjisplayed a decrease melative gene expression of several
inflammatory markers (Figure ). including 16 (d), Adamts5 (c) and Tnf (e).
Interestingly, an increase iRrg4 (a) was detected suggesting a potentiatondro
protective effect. Notably there also was an increaseColza mRNAlevels (b,

suggesting that some cells that were injectietb the joint potentially underwent

chondrogenesis.
a Prg4 b Col2a1 c Adamts5
w* P ** P=0.005 ** P=0.0022
0.010 p— PZ0005 0.004 — 0.0020 —_
0.003 0.0015 I
0.002 0.0010
—
0.001 0.0005
0.000 r 0.0000 T
mL1 MLI+MPC MLI MLI+MPC mLI MLI+MPC

d e e TNF
" “P=0.0087 — j—D=0.1255 |
G665 —l_ 0.006 1
0.0010 0.004
0.0005 0.002
0.0000 =r MERMPC 0:000 ML MLI + MPC

Figure 4.7: Gene expression profile of synovial specimens. 12-week old C57BL/6
mice underwent bilateral MLI surgery and received ananatrticular injection of
saline (MLI) or 5 x f0E11.5 MPCs (MLI+MPC) eight weeks sasgery. Gene
expression forPrg4 (a) Col2al(b) Adamts5(c) 116 (d) and Tnf (e) for synovial
capsules isolated 14 days post cell injectiinp=0.05 MannWhitney U conparing
synovial specimen from MLI knee joints that were or were not injected with MPCs;

mean + SEM=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-CreER™; R26R™/™C or Acan-Cre "% R26R™/™¢ MPCs

Todate, there idimited datato support the concept thamesenchyme progenitor
cells give rise to terminally differentiated chondrocytes/ivg whichin turninitiate
repair through cell replacemenor alternatively maintain their undifferentiated
form following transplantation and elicit their effecthrough a more passive
mechanism such as immunomodulatioAddressing this question, we injected
transgenic MPCs, described above into the knee joints of MLI surgradliyged

mice.

Cell fate was examimeby monitoring the switch in expression tafTomato to GFP

in delivered cells as indicated in Figure 4.1. Specifitajgcted MPCs isolated from
Prx:CreER; R26R™C mice that continued to express th®mato fluorescent
protein on tamoxifen inductia of micein vivowould have indicated that cells
differentiated whereas detection of GFXpressing cells on tamoxifen induction
would have showed that the MPCs remained in an undifferentiated state. Similarly,
in the parallel study with mice that receigeMPCs from AcaBreER; R26R7™E if
these cells continued to expresomato fluorescent protein it would have
suggested that the MPCs remained as progenitors or had potentially differentiated
into another cell type. However, if GipBsitive cells weraletected on tamoxifen
induction it would have suggested that the injected MPCs lost their progenitor
phenotype and differentiated into aggrecaxpressing cells, indicative of a

committingchondrocyte.

Comprehensive fluorescence analysis of histologieations obtained from 3 mice
analysed at day 7 indicated that no Gpditive cells were detectable in mice that
received either PrxCreER; R26R™C or AcanCreER; R26R"™° MPCs In an

effort to amplify the GFP signal, an a@FP antibody for immmohistochemical
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 Prx1
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CreER; R26RR"™C cells (Figure 4.8\ & B) which would suggest that the cells
differentiated and lost their prx1 expression. However, in the case of mice that
received AcanCreER;, R26RT™MS MPCsonly tdTomato expressing cells were
identified (Figure 8 C & D), indicating that these cells either remained

undifferentiatedor differentiated into a cell that did not express aggrecan.

Prx1-CreER™2;R26™1/mG

Acan-CreER™;R26™MT/mG

Figure 4.8: Fate of Injected E11.5 transgenic MPCs. Prx:CreER or AcanCreER
R26"M°MPCs were injected into mice on day 7 after MLI surgery. Knee joints were

isolated and processed fromice 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 Prx@reER (A & B) and AcarCreER R26"™C (c & D)

MPCs. Sections were counterstained with DAPI nuclear stain. Arrows indicate

mT/mG positive cells. No GipBsitive 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 increasel2al
expression detected (Figure7). Therefore, when MPGasere injected 7 days post
injury, to assess their effect and fate at a more acute state of injury; synovial
capsules were obtained for qFPICR analysis (Figure9¥.In accordance with
synovial gene expressi@malysisB weeks postMPC injection after Mlihduction of
OA thereappeared to be an increasing treimdPrg4and Acan expression 7 and 14
days post injury(Figure 49 a, b), especially at day 14 (b). In addition, there was a
trend seen towards an increase k4 and IL-10 (Figure 4.7 d, e). Them#d not
appear to be any difference detected betweddamts5and Il-6 expression at days
7 or 14 (Figure 8.c, f). Collectively, these data further support previous results
(Figure 47), that MPCs may activate an amiflammatory response in the
synoviun. These experiments indicate a trend in thelative expressiorof 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 conclusigeguments 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
postsurgery mice received an intarticular injetion of saline (MLI) or 5 x 10
E11.5 MPCs (MLI+MPC). Synovial capsule gene expressiBrgfdia) Acan (b)
Adamts5(c) 114 (d) 1110 (e) and 1I6 (f) 7 and 14 days post cell injection. Data is
represented as the mean + SEM statistical analysis was cautegasing a Kruskal

Wallisi Sa i | y R -tBstmayuQein=_8Jdicelgroup.
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4.3.2 Localization of Prx1 expressing cells in the joint
The following experiments aimed to investigat@ether there is a Prx1 progenitor
population of cells within the jointhat could potentially be manipulated to initiate

endogenous repair

4.3.2.1 Prx1-CreER™ targets several tissues of the synovial joint
Followingtamoxifeninduction of2-week old PrxiCreER; R26K““transgenic mice
with 3 consecutive injections agamoxifen (0.1 mg/g of body weight)Prx1marked
several clis within the joint (Figure 4.1@). XGal 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. Pogticells also lined the periosteum
region of the joint (e)Converselyat 4 weeks (Figure 20 B) and 6 weeks (Figure
4.11 A), a marked reduction in-@&al positive cells was observed in all tissues.
Although there were some cells still evident at 4 weeaksthe meniscus and
articular cartlage (Figure 4.18 a), by 6 weeks no positive cells werersén these
tissues (Figure 4.1A a, b, c). Prxl expression remained positive in the marrow
spaces and in thenetaphyseal vascular region of the growth platieboth 4 and 6
weeks.Markedly, no XGal stain was present in the growth plate either 4 or 6
weeks (Figure 4.1B ¢ & Figure 411A d).

No staining was observed in tamoxiferduced wildtype, R26R**“mice (Figure
4.14 A) while weak or no staining wadserved in uninjured X#veek old tamoxifen

induced PrxiCreER; R26K““and vehicé only control mice (Figure 4B & C).

Using XGal staining, visualization &rx1 lineagesargeting joint mesenchyme and

chondroprogenitor cells populations was enadbl
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Figure 4.10: Tracing Prx1-CreER'%; R26R expression in 2 and 4 week old mice. 2
weekold PrxiCreER; R26R°{A a-e) and 4 weelold PrxtCreER: R26R°4B a-

d) mice were injected with tamoxifen (0.1mg/g mouse/day for 3 consecutive days).
Mice were sacrificed 1 day after the last injection dmgke joints were processed
YR |yl f &aldstBsida®e? axpression (blue). Positiv&al staining was
observed in the synoviunfA a), articular cartilage(A b), meniscus(A c) and
developing growth plate and periosteu(A e) of 2 week old Pr«xCreERT:2R26%“
mice. In 4 week old mice, someGal positive cells were detected in the meniscus
and articular cartilage, with no positive cells in the synovium. Scale bar; 100um (A a,
B a, b), 200um (A b, c, d; e, B ¢, d).F, Femur; T, Tibia; S, Synoviunmi$¢useAC,
Articular Cartilage; GP, Growth Pate; P, Periosteum
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A Prx1-CreER2;R26'2< 6 Week Old
a - b L] .- e
200pum AC
*d
. c
S * , T
. |
M
fealne i. v
100pm 200pum 5 S
M
d AC
GP :
. : F
v e BT A P
- 2000 AR TR SR SR
z_om o P od 1 .0y : 200|1m
7% R AL/ R ".‘ 5 LA !

Figure 4.11: Tracing Prx1-CreER"; R26R expression in 6 week old mice. 6 weekold
Prx:CreER; R26KR““mice were injected with tamoxifen (0.1mg/g mouse/day for 3
consecutive days). Miceere killed 1 day after the last injection, knee joints were
LINE OS & aSR |y Raldctgsidésé exdssion INg). in 6 week old mice,

no XGal was detected in the synoviu a) articular cartilaggB b), or meniscu¢B

c), positive cells were detted in marrow spaces and in the metaphyseal vascular
region of the growth platdA d). Scale bar; 100um (A a), 200um (B C b, c, d). F,
Femur; T, Tibia; S, Synovium; M, Meniscus; AC, Articular Cartilage; GP, Growth Pate;
P, Periosteum. Arrow heads mark€54l positive cells below growth plate; asterisk

marks XGal positive cells in marrow space.
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To determine a potential role of prxé@xpressing cells in the repair response, MLI
surgery was carried out on 12 week ®dx:CreER; R26[“mice. Tamox#n was
administered for 3 consecutive days prior to harvesting joints f@aK staining
which corresponded to 5 and 14 d post injury. No pexpressing cells were
detected in the articular cartilage, synovium or meniscus 5 d post injury (Figite 4.1
a,b). XGal 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 tke subchondral bone plate, close to the tidemark as indicated by an
asterisk (Figure 421A a).

At 14 d post injury, several Prx1 positive cells were detected in the articular
cartilage as indicated by the black arrow heads (Figur8 A.b, c €). Some lie
were also detected in the meniscublack arrow heads, Figure 4.18 a, c).
Similarly, the marrow space and periosteum also stained positive for Prx1 cells. No

positive cells were identified in the growth plate (Figure34ALf).
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Figure 4.12: Prx1 expression in the knee joint 5 days post injury. ML| surgery was
performed on 12weekold PrxiCreER; R26R*transgenic mice. Mice were
injected with tamoxifen (0.1mg/g mouse/day for 3 consecutive days) and killed 1
day after the last injectioncorresponding to 5 d post injury. Joints were processed
for XGal staining and counterstained by nuclear fast red. At this time point post
injury, no XGal staining was observed in the articular cartilg@ea), synovium or
meniscus(A b). Positive staiing was observed just below the growth plate and
periosteum (A ¢, d). Cells also appeared to cross the tidemark, marked by an
asterisk(A a). Scale bars 100pum (A a, b), 200um (A b, c, d). F, Femur; T, Tibia; M,
Meniscus; AC, Articular Cartilage; GP, Gholdite; P, Periosteum
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Figure 4.13: Prx1 expression in the knee joint 14 d post injury. MLI surgery was
performed on 12weekold PrxiCreER; R26K*transgenic mice. Mice were
injected with tamoxifen (0.1mg/g mouse/day for 3 consecutive days) 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 reaX positive cells were
identified in the articular cartilag¢A b, c, e), below the growth plae (A f) and
periosteum regiongA d). No positive cells were identified in the synoviuBiack
arrow heads indicate %al positive cellsScale bars 20um (A b, ¢) 50um (A a, e)

100pm (A f), 200um (A d).
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Figure 4.14: B-galactosidase staining controls. (A) Histological sections of the knee
joints from wild type WT; R26%“mice injected with tamoxifen ofB & C) Prxt
CreER: R26Rmice injected with either tamoxifen or vehicle alone (corn oil) and

stained with XGal arl counterstained with nuclear fast red. Scale bar; 100um (A),
200um (B, C).

118



Chapter 4

4.4 Discussion

This body of work aimed to assess tagparate aimslinitial experiments focused
on identifying where cells home to in the joint and elucidating the fate of
mesenchymeprogenitors on transplantation into the OA joint microenvironment.
Secondly, the joint niche was examined for Ppxkitive cells in an attempt to
identify a potential population of cells that could be manipulated to participate in

repair after joint injuy.

4.4.1 Fate of injected MPCs and role played within the joint

MPCs, isolated from E11.5 embryonic limb bud&re utilized as a tool to
investigate cell fatan vivoand were selected basedn mesenchyme precursor
characteristics and their ability to givesise to Sox@xpressing osteo
chondroprogenitorgMartin and Olson, 2000QAkiyama et al., 2009aAt this stage,
this population of cells represents early undifferentiated mesenchyme withén t
chondrogenic program. ®© culturing, these cells can be differentiated into
chondrocytes, osteoblasts or adipocytiesvitro (Takacs et al., 20).3However, ér
the purpose of these experiments, MPCs were not cultured prior to injedtion

orderto maintain theirin vivoprogenitor phenotypgZhang et al., 2004

Loalization of E11.5 mT/mG MPCs following delivery into joints with established
OA (8 weeks posturgery) was investigated. Cells were detected along the synovial
lining in addition to the meniscus, with no cells detected in cartilage tissues. On
gene analyis of synovial capsules isolated 14 d post cell injection, there was an
increase in expression levels Bfg4and Col2alwith a decrease seen ikdamtsh
II-6 and Tnf. Prg4 encodesfor lubricin, an important cartilage superficial zone
protein that protectsthe articular cartilage and plays a role in joint lubricat{@ay
and Walle). Theincrease inPrg4 together with Col2alexpressiorsuggests thaat
least some cells delivered may have undergone chondrogenesis. Given that
inflammation has previously been shown to redymg4 levels in both cartilage and
synovium(Jones and Flannery, 20QThe increased levels éfrg4may also suggest
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less inflammation in MR@eated joints. This would coincide with the dease in
levels of It6 and TNF, both prmflammatory cytokines considered principal
mediators of the inflammatory response in 8tannus et al., 2030 with IL-6
playing a prominent role in the recruitment of other inflammatory cells, including
monocytes (Kaplanski et al.,, 2003 The decrease iMdamtss gene expressign
coding for anaggrecanase that cleaves aggrecan, the main proteoglycan in
cartilage suggests that MPCs may have had an-eatabolic effect(Fosang et al.,
2008. This result points to signs that delivered MPCs may be attempting to direct
repair of cartilage in the jointoy differentiating in addition to acting in a trophic
mannerto provide antiinflammatory effects. A similar trophic effect was seen in a
study byDesando et al., in which ADSCs were injected into an experimental rabbit
model of OA,eight weeks posinjury. Cells were detectedn the g/novial
membrane and medial maescus. Moreover, delivery of cells was associated with

anti-inflammatory effectdDesando et al., 2033

To further elucidate Wwether MPCs differentiate in thgoint, cells were isolated
from PrxtCreER R267™C and AcarCreER: R26™™C mice and injected into
murine knee joints, this time 7 days post injufhis time point was selected to
assess if the early inflammatory signals present after joint imjuould affect cell
fate decisionsAgain, cells localized to the synovium and meniscus of-Mjcted
joints; however, no GFFpositive cells were detected, indicating that injected cells
may have differentiated but not into chondrocyte$racing celfate decisionsin

vivo can be challenging, with multiple approaches available to label cells
(Kretzschmar and Watt, 20L2For this study, the mT/mG double fluorescent
reporter mouse was selected to mark cells and trdok tate of MPCsén viva It
seemed reasonable to assume using this model tHatedls injected would express
tomato fluorescent protein until tamoxifen injection, after which upon Cre
recombination membrane associated GFP would mark the cells targetedrdoy
recombination. However, in our hands we did not detect any-@ésttive 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 recanbination was not sufficientlt 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 synav¥i fluid from OA and RA donors inhibits
chondrogenic differentiationHeldens et al., 201XKruger et al.2012. This has
recently been attributed to Mdactivated macrophages present in the synovium
(Fahy et al., 204 Although this may be #result, the lack of a suitable control to
demonstrate that efficient recombination took plade vivo makes it difficult to

draw any tangible conclusions on cell fata alternative approach could habeen

to prime MPCs either prior to or following &gtion to direct differentiation of these

cells and ensure recombination. Several factors have been shown to enhance the
chondrogenic ability of MPCs in micromass culture includirigy GChimaiMonroy

and Diaz de Leon, 199@nd parathyroid hormongWang et al., 2013aHowever,

given that we wanted to understand how the factors present in the joint

microenvironment would alter these cellsno preconditioning was included.

Although the fate of injected MPCs was not determinsginovial capules were
isolated 7 and 14 days post Mitgection (14 and 21 days post injury) for gene
analysis.Prg4 was similarly increased in MR@ected joints with an increase in
Acanalso detected. Changes in aggrecan expression may indicatecells had
differentiated although these changes wenbviously 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 methakiag
into consderation the results from the initial study, it was hypothesized that MPCs
may have antinflammatory potential. MSCs have previously been described as
immune modulatorgEnglish, 201Bwith one such mechanism being their ability to
modulate macrophage polarizatiqiMantovani et al., 200R Specifically, MSCs have
been shown tanduce macrophage polarization from thelassically actated (M1)

or proinflammatory state, towards an alternatively activated M2 oranti-
inflammatory state (Maggini et al., 2010 Taklng this into consideration,gene

expression for markers of macrophage polarization were assessed inclueifg IL
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and |4 which are recognized as important negative regulators ofiplammatory
gene expression (M2 marker§araiva and O'Garra, 201®orentino et al., 1991
and 16 which as mentioned previously is a pnflammatory MZassociated

cytokine.

In joints that recé&ved MPCs, there was a trend towards increl$6 and 114 gene
expression, cytokines indicative afternative activation of macrophages into an
anti-inflammatory state However, compared to the previous experiment, no trend
towards a decrease idamts5or 116 expression was observedinding of cell
injection may of course be a critical element and this could be reflected in this
difference in gene expression observdt.is possible that injected MPCs were
unable to overcome the strong inflammatory resse at this earlier timgoost
injury. Although, previously demonstrated in a collagenaseuced OA model,
injection of ADSCs 7 days post injury, as conducted in this study, was more effective
in decreasing synovial thickening and cartilage destructiom t&lls injected at a
later time point of 14 days. Comparable to our gene expression data, no significant
decrease inll6 gene expression was detectdter Huune 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 collageauced arthritis

with inflammation not affecting the biodistribution or pertice of these cells
(Toupet et al., 2016 However, direct comparisons to these studies cannot be made
given the differentcell sourceand also theOA modelsused. For example,
comparisors between collagenase and Injuryinduced OA models have
demonstrated that injuryinduced was more reliable and reproducible than the
collagenase induced mod@Kim et al., 2018 Thus given the discrepancies in the
current OA modelswvailable timing of cell injectiormay have required finguning

to ensure optimal cell respongke MLIOA model.

Several other studies have also reportadilar antiinflammatory benefits of stem
cells in both RA and OA disease modelsan antigerAnduced arthritis model of RA,

Kehoe et al. injected murine BMSCs 1 day post arthritis inducti@amd similarly
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found that the cells homed to the synovium othe joint and reduced joint
inflammation. It must be noted that in this study the authors used 53%\8Cs10

times more cells thein the present studyKehoe et al., 20)4Diekman et alalso
injected MSCs immediately after fracture in a ptsiumatic model of OA. In this
study serum levels of 4L receptor antagonistl-1ra) and IE10 were increased in

the MSGtreated groups after fracture, indicating an early aintilammatory trophic

effect (Diekman et al., 2003 In a rat menisectomy model, following injectior o
MSCs directly after surgery, enhanced meniscal regeneration was achieved which

wasalsoassociatedvith decreased osteoarthritis progressi@dorie et al., 201p

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 intrarticularly delivered stem cells
localize to the gnovium 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 d¢le or exogenously added cells to aid in repair.
Ultimately however, these findings warrant further investigation to answieether

or not intraarticular injected cells exert their effects in their differentiated or

undifferentiated state.

4.4.2 Prx1 expression in the joint

Determining the origirand phenotype of stem cell progenitors in the joint is key to
understanding their role in maintaining joint homeostadis addition to better
understanding bw that can be manipulated taid repair. Several studies dve
previously identified endogenous stem cells residing in synovial joint niches which
might be beneficial to articular cartilage repair. In an attemptutoravel whether

Prx1 expressing cells have a role to play in the maintenance of the synoviahjoint i
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both physiologic and pathologimonditions the PrxtCreERwas 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 patterningen Berge et al., 1998It starts to be expressed

in all limb bud mesenchymal cells at E9.0 befSix9 and is downregulated as

cells begin to differentiate into cartilage ce(lNohno et al., 1993Akiyama et al.,
20053 Leussink et al.,1995. In mature bone, Prx1 becomes restricted to
undifferentiated mesenchyme and later to periostey@uyang et al., 20)3Prx%
CreER thus traces all linages 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-al staining was detected in several tissues within the
synovial jent with expression patterns decreasing over time. Specifically, at 2
weeks prxlpositive cells were seen within the synovium, meniscus, articular
cartilage and periosteum. Some positive cells were also detected in the developing
growth plate and marrow sgce. Although Prxpositive 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 activatiorand mobilization of progenitor cells within the joint and
their subsequent homing to injured tissues may depend on a local inflammatory
state, OA was surgically inducedAmx:CreERE; R26R““mice. Subsequently, Prx1
expression was evaluated 5 and 14ydgost injury. Unlike previous studies where
the presence of proliferating mesenchyme celiurth et al., 2011 and Gdf5
reactive proliferating prgenitor cells(Koyama et al., 2008vere identified in the
synovium, following injury, no Prx1 cells were detected in the synovium. This may
be due to the facthat Prx1 is a boarder Cre and th&sdf5 mesenchyme cells arise

from Prx1 expressing cells but lose théix1 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.témestingly 14 days post injury, Prx1 expressing
cells were also detected in the articular cartilage. Given that this experiment
induced crerecombination prior to harvesting for analysis it is difficult to postulate
where these cells may have ascendedhrdt 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 ¢Blitavthwaite et

al., 2004. Moreover, prxl 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 describedprogenitor cell in human osteoarthritic cartilatiet

they believe migrates from the bone marrow through breaks in the tidemark. They
described these cells as progenitors given thatsingle marker identified thm.
Although they were distincfrom the chondrocyte and osteoblast lineage cells and
mesenchymal stem cells, they hawultidifferentiation potential (Koelling et al.,

20093.

It was not surprizig that in this study Prx1 positive cells iwadentified in the
periosteum as several studies have demonstrated the role of these cells in fracture
repair. In a study b¥awanami et al., a Prx€CreERGFP mouse was generated that
confirmed prx1 expressiom the forelimb and hindlimb buds #&10.5 and in some
craniofacial regions at E17.8 this study, Prxkxpressing periosteal cells were
found to differentiate into both chondrocytes and osteoblasts in the fracture callus
supporting the notion that Prxéxpressing cells in the periosteum are
osteochondroprogenitor cells anthke partin repair (Kawanami et al., 2009
Additionally, in a study by Murao et.aising the PrxXCre mouse, Prxfositive cells
were identifiedin 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 cobtrtion to the soft callus. However, prx1
positive cellswere alsoidentified 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 theER mouséViurao et al., 2018
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The study described herédentified Prx1 positive cells at early postnatal time
points, 2 and 4 weeksin the synovium, meniscus, articular cartilage and
periosteum that by 6veekswere 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/hat progenitor cellgpresentin 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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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, nedebhas
focused mainly on two strands; the repair of old tissue using biomatkaséd
scaffolding and incorporation of exogenous stem cells, and the regeneration of new
tissue through identification and recruitment of endogenous stem cells from their

surounding niche.

This thesis primarily examines two aspects of stem-bmsked approaches to
cartilage regeneration in the context of OA. The first approach was the use of a
TGH doaded HA microspheres asgeowth factor delivery system with targeting
capabilities that would enable differentiation of exogenously added MSCs or
recruitment of endogenous cells (Chame? 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 whetharPrx1 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 apmddobm
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 amned t
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 2the hypothesis thaHA microspheresvould be optimal growth factor

delivery vehicledor in situ chondrogenic differentiation of hMSCs wested. HA

was utilized given itemportant role within the extracellular matrix and niche of

MSCg(Solis et al., 2012Qu et al., 2014 It is also widely selected as an optimal

biomaterialfor stimulating MSC chondrogene$i&/u et al., 2013bWu et al., 201D

compared with other material@Chung et al., 20)4HA microspheres had no effect

on cell viability,supported MSC attdonent and were biocompatibleAlthough,

alone they lacked the biological cues necessary to effectively induce chondrogenic
differentiation. Thus, based on the knowledge th8GF o Kl & GKS | oAf Alde@
accelerate cartilage differentiation and promote cartilage repair, this growth factor

was loaded onto HA microspheré¥ohnstone et a 1999. It was demonstrated

that the release of TGFo FTNRY I ! YAONRALKSNB& o6l a OSNE
chondrogenic differentiation of hMSCs, with an upregulation in cartiggeific

genes and proteoglycan detectetihrough conducting rigour prriments to select

the optimal delivery and

While we concentrated on the use of the growth factor TG >~ |y | € G SNY I (A ¢
approach could have beetherapeutic gene delivery, through which controlled

gene expression in @mporal and tissueregulated maner can be achievedoth

viral and nonviral approaches have been investigateceiwvivo cultured cells and

in vivo cartilage repair modeléEvans and Huard, 201L55everal notviral strategies

have incorporated biodegradable PLGA nanoparticles to help faciligéeme

delivery of prochondrogenic genes including SOX5, 6, and 9 to enhance
chondrogenesis of MSCs (Park et al., 2010; Park et al.,, Khlet al.,, 2011).

Similarly, plasmid DNA encodii@® m Ay | FAONRY 3ISf nlyR t][ D!
to be an effective method to restore cartilage defects in a rabbit m@dé&ng et

al., 2010. Adenc and adencassociatedsiral vectormediated expression of seral

factors includingnsulinlike growth factorl, Indian hedgehog protein aniGF ™

have also proven successf{@rowerToland et al., 2001Smith et al., 2000Chen et

al., 2010 Sieker et al., 2005 and notably have also entered into clinical trials

(Mease et al., 20LEvans et al., 2000

130



Chapter 5

Until recently, autologous articular chondrocytes have been used as the primary
cell source for articular cartilage defects. However, desgiterts using these cells,
generation of a tissue that resembles native hyaline cartilage has yet to be
achieved. As described in lapter 1, various types of stem cells have been
investigated for cartilage regeneratiom dapter 2 of this thesis, BNMSG were
utilized for our experiments and demonstrated successful differentiation when co
cultured with TGH doaded HA microspherest may be interesting however, to
assess the use of other cells types with this material. For example sydeviaéd
MSCs have been described as having a higher proliferative and chondrogenic
capacity than other MSGO&akaguchi et al., 20p5More recently, an interesting
study by Martin and cevorkers described nasal chondrocytesaasalternative cell

type for cartilage repair.

Nasal chondrocytes arise during embryonic development from the
neuroectodermal germ ger and are distinguished from mesodeqerived cells by

the lack of expression of homeobox (HOX) genes, including HOXC4 and HOXD8
(Achilleos and Trainor, 2012eucht et al., 2008 In this study they showed that
cloned nasal chondrocytes were able to interchange betwd#éferentiated and
dedifferentiated states and still supported cartilage tissue forwm@in vitro andin

vivo. By reprogramming these cell® stably express HOX gendbkey confirmed

that nasal chondrocytes could directly contribute to cartilage repair upon

implantation into a caprine articular cartilage deféBelttari et al., 2011

Althoughit is widely accepted that stem cells have the capacity to home to injured
tissue, engraftment of delivered cells is still insufficient with reporiggasting 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 eff@ote et al.,
20094 Iso et al., 200y In the study by Lee et alntravenously infused hMSCs were

detected mostly asemboli inthe lung, and these trapped cellapregulated the
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expression of multiple genesncluding tumor necrosis factemducible gene 6
(TS&6), the anttinflammatory protein The authors demonstrated that
improvement in mge with myocardial infarctio was in part because the cells
trapped as emboli activated TS8Gwhich, in turn,acted on the nearby cardiac

tissue,reducing theinfarct sizéLee 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 injuy is
prerequisite. With this in mindwe hypothesized that by targeting microspheres
using an aribody to an epitope exposed in degraded collagen type II, localization to
articular cartilage could be achieveddA microspheres were successfully
functionalized with an antibodfCOL23/4M, directed to a neoepitope exposed in
degraded type Il collagen. Bhantibody was shown to be origated correctly and
functional. Furthermoresuccessfultargeting in anexvivo human osteoarthritic
cartilage modelwas demonstrated confirming ow hypothesis It could be
conceived that incorporation of@F o Ay (02 GKA& O2yaidNHzOi
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 endog®us 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 dmhancing the mobilization of host
stenyprogenitor 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 poorreparative potential of cartilage has been attributed to the lack
of stem/progenitor cells within the tissue, there is now increasing evidence to
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suggest that there are stelike progenitors present in skeletal sises 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.

Femur

Marrow /
\\ Synovium
Periosteum/ ®/ @

Perichondrium Cartilage

O Tibia

Groove of Ranvier

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 bworthley et al. identified a unique skeletal
progenitor cell by its expression of the BMP antaggrgremlin 1. These cells were
termed osteachondroreticular (OCR) stem cells and were found immediately
adjacent to the growth plate and trabecular bo(@orthley et al., 201% In whole
mount in situ hybridization, Grem1 expression was identified at the onset of
hindlimb development at E9 andave rise to almost all of the cells within the
primitive mesenchyme and the primary spongiosa a fracture repaimodel, the
authors demonstrated thatGrem1 positive OCR cells responded to injury by
expanding and differentiating into osteocalgmositive 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 derivedin vivofrom a lineagerestricted progenior cell. Moreover, they
revealed that cell commitment is flexible. Eloquently desigimedivoexperiments
demonstrated thatby antagonizingvascular endothelial growth facto(VEGF
signalling in early skeletal progenitors, these cells favoured a cartiletg rather
than bone Similarly, in a parabiotimodel, it was demonstrated that incorporation
of BMP2 into collagen sponges could induce osteogenesis of resident 1(t3@a@s
et al., 2013. These studiesdemonstrate 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 Pi&teER mouse to track Prx1 expression
at vaious developmental time points and pesijury. As described previously, Prx1
is a transcriptioal coactivator that is expressed in most cells derived from the
lateral plate mesoderm with an essential role in skeletal developn(lsogan et al.,
2002 Martin and Olson, 2000 This PrxLre transgene has previously been found
to label a PDGFA+Scal+ multipotentserechymal progenitor cell that plays an
important role in HSC maintenance. Theésalated population alsgontained all of
colony formingcellsand could undergo osteogenic and adipogenic differentiation

vitro (Greenbaum et al., 2033

We hypothesised that Prx1 would be expressed at early postnatal time point but as
the synovial developed, Prx1 expressiould be lost. Expression wagamined at

two, four and six weeks and five and 14 days post injury. In these mice, Prx1 cells
g SNB I 0 Sgaf AtRwo arid dior weeks of agBrx1 positive cellsvere
present in several tissues in the synovial joint. However, by six weeks, Prx1
expression had declimeand 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 igjy signalsThe 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 proces®©f note, strong Prx1 expression was identified
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adjacent to the growth platéhroughout, where Worthley et al., had identified their
ORC cells.

Given that thepurpose 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 damag 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 dISCshas previously been shown to be
independent of aggMurphy et al., 2002pbScharstuhl et al., 200,7this is not the
case for the osteogenic potential MSCED'Ippolito et al., 1999Zhang et al., 2008

or periosteal cell{O'Driscoll et al., 2001 Moreover, these studies relate to BM
derived MSCs and may not directly correlate to the effects of agingrecupsor

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 processtEvidence supporting this theory derives from stigjipreviously
alluded to in chapter 4, which showed MSC chondrogenesisinhibited 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 (MRC), previously shown to be elevated in
inflammatory arthritis (Koch et al., 1992 blocks chondrogenic differentiation of
these cel in vitro (Harris et al., 2013 Inflammatory signals have similarly been

shown to inhibit osteogenic differentiation of MSTacey et al., 2009

This inflammatory microenvironment may thus prove detrimental to exogenously
added cells but also the functioning of endogenousagoirsor cellsln chapter 4, the
hypothesis thatthe fate of injectedcells could be tracked by using MPCs isolated
from transgenic mice was examined. HoweviEgm our results we could not
definitely determine if cells differentiated. It is possible th#éhe hostile

inflammatory environment presenat 7 days post injury wherhe cells were
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injected inhibited differentiation. Neverthelesspotential immunomodulatory
effects were observed linked with macrophage polarizatislthough these studies
failed to prove our hypothesis,uture studies could possiblyvestigatepriming
these cells fordifferentiation prior to delivery or indeed with othesignalling
moleculesin an attempt togather evidenced support our hypothesis-or MSC
therapy, it isproposedthat prior treatment of cells withinflammatory signals is
required for therapeutic efficacy, in particular for stimulating their
immunosuppressive effectavanagh et al., 2014No doubt, further research is
required to fully comprehed 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 amflammatory agent such as-IL

10 alongside TGF doaded HA microspheres described in chapter 2. One could
imagine that this antinflammatory/pro-chondrogenic approach would dampen the
inflammatory signals obstructing the differentiation of progenitors while
simultaneously providing a prchondrogenic stimuwis 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 Ryrdssing

cellsidentified in hapter 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 succssful
situ activation are capable of generating dige 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 onetep procedure with minimal manipulation. However, due to the
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complex mture of OA and given that patients most often present at late stages of
the disease, a single strategy might not be enoughhough MSCs have been

shown to enhance tissue repair in response to injury, for cartilage repair
combinatorial approaches thahcludes 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 arat wh

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 suggestetbtimsving:

1. HA microspheres are compatible delivery vehicles for delivery of bioactive
molecules such as the growth factor FGl® @

2. Released growth from these HA microspheres is efficamifferentiating
hMSCs down the chondrogenic lineagevitro.

3. On injection imo 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 Il galig 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 intrarticular delivery into OA joints.
Although their fate is yet tobe 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 injuPyx1l 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
incorporatingadditional molecules, such as an amilammatoryagent or possibly

an antibody against VEGF, as Chan et al. suggests that this gdroagenitor cells
down the chondrogenic pathway(Chan et al., 2015 With regards to
functionalizaton and targetingof HA microspheres, quantificatiois required to
determinethe number ofHA microspheres retained within the cartilage, with and
without antibody functionalization. Moreover, given that tles vivoculture system
used in these studiedo not truly represent thein vivoenvironment in joint;anin

vivostudy would be required toonfirm functional targeting.

A major issue in cell transplantation is locating the destination of infused cells.
Although cells were located in theynovial joint postdelivery, they did not
represent the numbesinjected. To address this issue, future studies could include
the analysis of other tissues such the popliteal and inguinal lymph nodes, kidney,
liver and lunggo invesigate whether cells leave the jot and enter other tissues.

In relation to the identification of Prx1 expressing cells within the joint, it would be
interesting to furtherexamine where these cells arise from and whether they have
an MSdike surface phenotypethe surfacemarkers of thees and elucidate their

expression
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