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Abstract

Integration of repair tissue is a key indicator of the longitsuccess of cell-based
therapies for cartilage repair. The objective of this studg W compare the in vitro
chondrogenic differentiation and integration of agarose hydrogeliedesth either
chondrocytes or bone marrow derived mesenchymal stem cells MBGefects
created in cartilage explants. Chondrocytes and MSCs wereesdlaim porcine
donors, suspended in 2% agarose and then injected into cylindrieatsdedfthin the
explants. These constructs were maintained in a chemicallyjnedefmedium
supplemented with 10 ng/ml of TGR. Cartilage integration was assessed by
histology and mechanical push-out tests. After 6 weeks in cuitioedrocyte seeded
constructs demonstrated a higher integration strength (64.4 + 8)3ckRpared to
MSC seeded constructs (22.7 + 5.9 kPa). GAG (1.27 + 0.3 kRal9s+ 0.03 kPa)
and collagen (0.31 + 0.08 kPa vs 0.09 + 0.01 kPa) accumulation in chondrocyte
seeded constructs was greater than that measured in the é48€dsgroup. The
GAG, collagen and DNA content of both chondrocyte and MSC-seededgeysiro
cultured in cartilage explants was significantly lower than cowrtrobtructs cultured

in free swelling conditions. The results of this study sugdestthe explant model
may constitute a more rigorous vitro test to assess MSC therapies for cartilage

defect repair.

Key Terms. Push out test; Integration; Chondrogenesis; PGF-Stem cells;

Chondrocytes.
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Introduction

Autologous chondrocyte implantation (ACY** and scaffold-based variants whereby

cells are incorporated within supporting three dimensional (3&fjadds or hydrogels
23349 3re promising alternative strategies for articular eayélrepair. However, there
are several problems associated with the ACI procedure, ingludifficulties in
obtaining a sufficient number of chondrocytes for transplantationndicessity of
creating donor-site defects within the articular cartilagel variability in the quality
of repair’® Mesenchymal stem cells (MSCs) possess the ability to @ralé
extensivelyex vivo while maintaining their multipotent differentiation capabgk-2*
making them an attractive cell type for cell-based cadilegpair strategies. These
cells can be isolated from the bone marrow using minimallgsive techniques from
non-critical locations such as the iliac crest, and havec#pacity to differentiate
along a number of different mesenchymal lineages including bon@agarand
fat.!#*32%The chondrogenic differentiation potential of MSCs can be demcetstrat
in vitro using well established proceduréd.A major challenge with MSC based
cartilage repair therapies is to generate cells witdiufes of stable chondrocytes

which are resistant to hypertrophy and terminal differentiai@enfound in hyaline

articular cartilagé®

Transplantation of isolated autologous bone-marrow derived MSCs sudpende

in hydrogels have been shown to promote the repair of articuldagartiefects in
young and/or active patierfts®’ Successful long-term regeneration of articular
cartilage defects using chondrocytes, MSCs or otherwise, esquitegration of the
repair tissue with the surrounding host cartilage has been demonstrated that 8
months following implantation of chondrocytes in an equine model theratieg

strength of the repair tissue, as measured by a uniaxial téestjaés approximately
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half that compared to intact control sampfegoor integration could lead to an
altered stress state within the regenerating tissue andatétyrits degeneratiorin
vitro explant models of cartilage defect repair have contributgdfisantly to our
understanding of tissue integration and the ability of cell-basealgies to fill defects
with articular cartilage-like repair tissé®’ These models allow for a systematic
analysis of various factors (e.g. cells, biophysical and bioad# cues, inflammatory
components etc) governing successful repair, without the natniability found in
animal models, such as the host immune response and levels afaplagivity*
Using such explant models it has been possible to demonstratehtmtrogenesis
and subsequent integration of tissue engineered cartilage depefasors such as
the choice of scaffol®’ the developmental stage of the constfiand the adjacent
tissue architecture and compositnintegration of such tissues has been further
investigated following subcutaneous implantation in nude fite’ These models
have revealed that the tensile strengths of bonds formed lmetwieular cartilage
and engineered cartilage increase with time, with littleenkesi differences between
the quality of integrative repair using articular or noreatar chondrocyte&’

Multiple in vitro studies have demonstrated chondrogenesis of MSCs in pellet
culture or on scaffolds in the presence of transforming growth fAc{@GF{3)
family memberg;18:233036.30525839 Thage studies have typically characterised
chondrogenesis through the expression and synthesis of cartilageespegifix
molecules. A number of studies have also investigated thdidoat mechanical
properties of cartilaginous tissues engineered using MSCs, snggekat the
mechanical properties (e.g. equilibrium Young’s modulus, dynamic mgdaf such
constructs are lower than that produced by chondrocytes under identical

conditions***®What remains unclear is what effect the complex milfefactors and
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stimuli that such constructs will experienigevivo will have on chondrogenesis of
MSCs. For example, what role the surrounding articular caetitagl the associated
factors released (e.g. matrix metalloproteinases, cathepgms oxide etc) will have
on chondrogenesis of MSCs is poorly understood. The aim of the pstgdmntis to
adapt a well established cartilage explant model that has bsed to access
chondrocyte-based therapies for cartilage repair to invest\ate-based therapies.
Such models, while obviously not incorporating many of the stimulieptés vivo,
do recapitulate certain aspects of the environment of daggrtdefect absent in
traditional pellet cultures and othervitro systems. The specific objectives of the
present study were to (i) compare the ability of chondrocytes andsM& form
neocartilage in ann vitro cartilage explant defect model and (ii) to evaluate the
mechanical integrity of the bond formed between the engineered amélntssue

using these two cell types.

Materials and methods
Cell and cartilage isolation and construct assembly

Articular cartilage was aseptically harvested from tbmdropatellar joints of two
immature/young pigs (four month old). Full depth articular cagil@xplants were
obtained using a 6 mm biopsy punch (Kai Medical Europe, Germard/tharheight
standardised to 2 mm through removing both the superficial and deep msing a
custom-built rig. Full depth concentric circular holes (3 mm ei&m were cut using
a biopsy punch (Kai Medical Europe, Germany) to form annuli sfi¢is
Chondrocytes and MSCs were harvested from the same donor pigsvhicim the
cartilage explants were harvested. Chondrocytes weraeddi@m articular cartilage

harvested from the femoropatellar joints. Briefly, careglaglices were rinsed with
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phosphate buffered saline containing penicillin/streptomycin (200 U/ife
cartilage chunks were then combined and digested via serestidig with pronase
(Img/ml) for 1 hour, then rinsed in PBS followed by incubation withBEMVF12
containing collagenase type Il (0.5mg/ml) (all from Sigma—AlkriDublin, Ireland)
for 16-18 hours under constant rotation at 37°C. The resulting cellrsispevas
then filtered through a 40um pore-size cell sieve (Falcon Lictest, Ireland) and

the filtrate centrifuged and rinsed with PBS twice. Cellsenseeded at a density of

50,000 cells/crhin 175 cmi T flasks and expanded to passage one (P1). Viable cells

were counted using a hemacytometer and 0.4% trypan blue stalsoigted
chondrocytes from all joints were pooled and maintained in DMEM/FSI@m(a—
Aldrich, Dublin, Ireland) supplemented with 10% v/v foetal bovineise(FBS) and
100U/ml penicillin/streptomycin (GIBCO, Biosciences, Dublireldnd) during the
expansion phase. Porcine MSCs were isolated from marrow obt&ioed the
femoral shaft, and expanded according to a modified method devdlmpbdman
MSCs?°. MSCs were sub-cultured at a ratio of 1:2 following colony ftiam and

expanded to passage three.

Chondrocytes and MSCs were suspended in 2% agarose at a densitynibfotb
cells/ml. The solution was aspirated with a 1 ml warm ggi(BD, Belgium) and 18
gauge needle (BD, Microlance, Ireland) and injected into thesommeated in the
cartilage explants, see Fig.1. The constructs wereos& minutes in petri dishes to
allow the agarose to cool and then they were transferred tdl plate dishes with
culture medium (2 samples per well with 2.5 ml of medium pertnaeis see below).
Free swelling (FS) controls (no surrounding cartilage) (n=5) artdag® constructs
(cartilage core in cartilage explant - histological arialymly) were also kept in

similar conditions (Fig.1). All constructs were maintained&aveeks in a chemically
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defined chondrogenic medium (CM) consisting of DMEM GlutaMAX suppleatent
with penicillin (100 U/mL)-streptomycin (10Qg/mL) (both GIBCO, Biosciences,
Ireland), 10Qug/ml sodium pyruvate, 4fig/ml L-proline, 50ug/ml L-ascorbic acid-2-
phosphate, 1 mg/ml BSA, 1x insulin—transferrin—selenium (all fBigma-Aldrich,
Ireland) and 10 ng/ml recombinant human transforming growth f88t¢FGF{3;
R&D Systems, UK). Medium was changed every 2-3 days. Forirste2fweeks of

the experiment medium was supplemented with 100 nM dexamethasone.

MSC Tripotentiality

Adipogenesis and Osteogenesis
MSCs were plated on 9.5émix well plates at a density of *t@lls/cnf and cultured
for 7 days in complete medium (DMEM GlutaMAXupplemented with 10% v/v
foetal bovine serum (FBS) and 100U/ml penicillin/streptomycin) Wwhi@as then
changed to osteogenic or adipogenic medium for 21 days. Osteogediunme
consisted of complete medium supplemented with 100nM dexamethasone, ftOmM

glycerolphosphate and 0.05mM ascorbic acid (Sigma). Adipogenic medinsisted

of complete medium supplemented with 100nM dexamethasone, 0.5mM

isobutylmethylxanthine and 50uM indomethacin (Sigma). Adipogenesiaaassed
by ethanol fixing followed by staining with 1% Oil Red solution, wHibr osteogenic
differentiation the plates were fixed with ethanol and staindld ®#6 Alizarin Red
solution.

Chondrogenesis
A pellet culture was used to access chondrogenesis. 250,000 exdlplaced in a 1.5
ml conical microtube and centrifuged at 650G for 5 minutes. Thetpellere

cultured in CM. For histological evaluation the pellets weardedded in paraffin, cut
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into 5 m thick sections, and stained with 1% alcian blue 8GX (&idxdrich,
Ireland) in 0.1M HCI to assess glycosaminoglycan (GAG) comtedtpicrosirius red

to detect collagen.

Mechanical testing

The integration strength of the MSCs and chondrocytes seededeabgdvegels to
the cartilage explant was evaluated at week 6 using a pushsautltie engineered
tissue was pushed out with a 2.5 mm diameter plunger, whileattiéage explant
was supported on a rigid annulus (6 mm outer diameter, 3.5 mm inmeeteiy
similar to other tests reported in the literattfr®. The maximum force achieved
before separation of the tissues (Fig. 2) was normalized dgtt#ral area of the core,

with the resulting value considered as the failure stessdescribed elsewhete

Cell viability, histology and immunohistochemistry

Viability of agarose encapsulated cells within explants wassassl 48 hours after
encapsulation using fluorescent membrane integrity assay, DEAID® Assay
(Invitrogen, Biosciences, Ireland). Explants were incubated wiiM calcein-AM

and 2uM ethidium homodimer for 1 hour and observed using a confocal microscope
(Zeiss, LSM-510-META) with a laser excitation wavelength of0 48m, and

fluorescent emissions collected at wavelengths above 520 nm.

Following the 6 week -culture period, constructs were fixed in 4%
paraformaldehyde overnight, rinsed in PBS, processed on an autotisseel
processor (ASP300 Leica, Germany), embedded in wax and section&gum
thickness. The histological sections were stained with 1%ralgiue 8GX (Sigma—

Aldrich, Ireland) in 0.1M HCI to assess glycosaminoglycantexmnand picrosirius
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red to detect collagen. Type | and type Il collagen content eeatiated with a
standard immunohistochemical technique. Briefly sections weeated with
chondroitinase ABC (Sigma) in a humidified environment to enhaagegability of
the extracellular matrix by removal of chondroitin sulphate. Shde® rinsed with
PBS, quenched of peroxidase activity, and blocked with goat sesur@ hours.
Sections were then incubated overnight at 4°C with mouse monoctiblagien type |
diluted 1:400 (Abcam, UK) (concentration 5.4 mg/ml) or mouse mondclmia
collagen type Il diluted 1:100 (Abcam, UK) (concentration 1 mg/afder washing
in PBS, the secondary antibody for type | and type Il collagearti-fAouse 1gG
Biotin antibody produced in goat) (concentration 1 g/L) binding was appdie 1
hour. Color was developed using the Vectastain ABC reagentaiaust ABC Kit,
Vector Laboratories, UK) for 45 min and 5 min exposure to Peroxydas® D
substrate kit (Vector laboratories, Uyegative and positive controls were included
in the immunohistochemistry staining protocol for each batch.c@htlage sections
were examined with an Olympus 1X51 microscope and mounted witdlyanpus

video camera.

Biochemical analysis

Constructs were assessed after 6 weeks of culture. Frdmgwentrols were cored
using a 3 mm biopsy punch, the wet mass of both annulus and core resuddéen
frozen for subsequent analyses. These cores were compared toeesuyitissue
formed within the cell seeded explants. For the cell seexjgdrgs, the engineered
cartilage (after push-out tests) and surrounding cartilageetisere also weighed and
frozen for separate biochemical analyses. All samples wéagested in papain

(125pug/ml) in 0.1 M sodium acetate, 5 mM cysteine HCI, 0.0eDMA, pH 6.0 (all
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from Sigma—Aldrich, Dublin, Ireland) at 60°C under constant rot&torl8 hours.
Aliquots of the digest samples were assayed separately Kk Bnd sulfated
glycosaminoglycan (GAG) content. DNA content was quantified udiagHoechst
Bisbenzimide 33258 dye assay as described previdUsly.standard curve was
generated with calf thymus DNA (Sigma—Aldrich, Dublin, Irelarid)e proteoglycan
content was estimated by quantifying the amount of sulfated giytosglycan
(GAG) in constructs using the dimethylmethylene blue dye-binding dBdgscan,
Biocolor Ltd., Northern Ireland), with a chondroitin sulfate stadd&otal collagen
content was determined by measuring the hydroxyproline content, wsing
hydroxyproline-to-collagen ratio of 1:7.6%?°> Each biochemical constituent (DNA,

hydroxyproline and GAG) was normalised to the tissue wethtieig

Satistical analysis

Mechanical and biochemical properties of engineered constmecexpressed in the
form of mean + standard deviation (SD). Five samples were rpadearoup; 3
samples were used for mechanical and biochemical analys@ssanaples were used
for histology. Differences in mechanical and biochemical propeniiascell type and
culture condition were determined by using either a studest tbr two way ANOVA
with Bonferroni post-tests. All calculations were performedngiscommercially
available software (GraphPadPrism 4, San Diego, USA). &l lef p<0.05 was

considered significant.

Results

Stromal cells isolated from the bone marrow of young porcine fedemeonstrated

the ability to differentiate down the osteogenic, adipogenic and chomicdeages

10
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(Fig. 3). Qil droplets were observed around cells cultured adipogenic medium
after 21 days. Calcified nodules were observed in plates supplemaerite
osteogenic medium, while pellets stained positive for both caollfgierosirius red)

and GAG (alcian blue).

The LIVE/DEAD® Assay demonstrated dual staining (red for dedid end
green for live cells) in the cartilage and in the seeded hgthat hours after cell
encapsulation, with greater cellularity observed in thdlaget explant (Fig.4). Dead
cells were concentrated within the interface between thigage and agarose seeded
gel. The interface was characterized by a thin acellegion between the cartilage
and hydrogel. No obvious difference in the initial viability beéw MSC and

chondrocyte seeded constructs was observed.

Alcian blue and picrosirius red staining revealed that chondresgeded in
agarose hydrogels demonstrated enhanced GAG and collagen atmmudmpared
to MSCs in this cartilage explant model (Fig.5). Little mr gaps were observed
between the cell seeded hydrogels and the surrounding cartildigemmimal
evidence of interdigitation between the two tissues for both MSCchaddrocyte
groups. In comparison small gaps were observed at the intdréeeen explants
filled with cartilage plugs that had not filled with neocagédaafter 6 weeks in culture
(Fig.5). Immunohistochemistry demonstrated positive stainingdtiagen type Il in
both the chondrocyte and MSC groups, with weak type | stainingnir@idor type Il
collagen was more uniform in the chondrocyte seeded group, but mdisddda the
cells in the MSC group. A similar trend was observed with pfegosirius red
staining. The cartilage surrounding the hydrogel always stgositive for type Il

collagen.

11
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Greater GAG accumulation was measured in chondrocyte seedstiucts
(2.27 £ 0.3 %w/w) compared to MSC seeded constructs (0.19 + 0.03v)%w/
(p<0.0001) (Fig.6b). A similar trend was observed for collageneobnivith greater
accumulation in the chondrocyte group (0.31 + 0.08 %w/w) compared tvlH&
seeded group (0.09 + 0.01 %w/w) (p<0.05) (Fig.6c). DNA content nais
significantly different for MSC and chondrocyte seeded constiiigs6a). Control
constructs cultured in free swelling conditions (i.e. not in legei explants)
demonstrated higher GAG, DNA and collagen (p<0.05) content thanchtiseed in
cartilage explants. For chondrocyte-seeded controls not surroundedilageaGAG
content was 1.7 £ 0.1 %w/w, DNA content was 0.04 + 0.003w@awd collagen
content was 0.98 £ 0.13 %w/w. For MSC-seeded controls not surroundeditgge,
GAG content was 0.65 £ 0.01 %w/w, DNA was 0.03 = 0.002 %w/w atidgen

content was 0.42 + 0.08%w/w.

After 6 weeks in culture chondrocyte seeded constructs demonstrated a

significantly higher failure stress (64.4 + 8.3 kPa) during pushtesting from the
surrounding cartilage explant compared to MSC seeded construcist(32 kPa)
(p=0.0026) (Fig.6d). Earlier assessment (week 3) of the iniegranechanical
properties of cell seeded hydrogels could not be accuratelyrie¢el because of the
relatively weak integration of the gels to the cartilage enplat these time points.
Biochemical analysis of engineered tissues at week 3 relvaadamilar trend to that

observed at week 6 (data not shown).

Discussion
Integration of native tissue and repair tissue is a key itaficd the long-term success

of tissue-engineered approaches to cartilage repair.dmntkitro model of cartilage

12
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defect repair, it has been demonstrated that chondrocytes @ateigreater amounts
of cartilaginous matrix than MSCs in the agarose gels, wkighagreement with the
findings of previous studies in free swelling culttfeBased on the results of the
push-out test, cartilaginous tissue secreted by chondrocgtesmtdgrates better with
the surrounding tissue. This result may simply be a function othitfiger GAG

content associated with the chondrocyte seeded constructs negyresiter swelling

of the engineered tissue, thereby increasing the peak foltemed from the push-
out test utilised in this study. Previous studies have suggéstethe failure stress of

such an interface is not purely a function of the total biochendimalent of the

engineered tissu8,and may depend more on the formation of cross-links between the

adjacent tissues which were not measured in this study. The Hagjhee stress
observed in chondrocyte seeded hydrogels may also be due to fabtorshan the
strength of the bond between the adjacent tissues. It hasdbpamstrated that the
outgrowing fibrous tissue formed durimg vitro culture of cartilaginous specimens
significantly increases the failure stress obtained from pushests’ While pilot
studies revealed that the use of a chemically defined medairaupplemented with
foetal bovine serum generally reduced such tissue outgrowth, in@asompletely
absent in our explant model. Given that such tissue was natigdypemoved in this
study, it may be that higher push-out forces observed in the chorelse®ded group
are a result of greater tissue outgrowth associated withighesr levels of matrix
accumulation by chondrocytes compared to MSCs. It is also posisdildéailure of
the gelltissue material itself, as apposed to the inenath the explant, contributes
to the measured failure properties.The magnitudes of intestaeegth reported in
this paper are of a similar magnitude to other reported studbesexample, the

strength of the chondrocyte seeded group (64 kPa) is higher thareploated by

13
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Hunter et al. (~10 kPa), but lower than that reported by Obradivat (~80 - 384
kPa) following bioreactor culture. Differences in speciestuce conditions, testing
regimes etc may explain much of the reported differences.eXxanple, Dherét al

have demonstrated using finite element modelling that fact@maciased with the
experimental set-up of push-out tests will influence the tieguinterfaces stressés.
Higher resolution imaging to access neo-tissue organisatitimeainterface should

also be considered in future cartilage explant studies.

Matrix accumulation in both the MSC and chondrocyte seeded groups was

inhibited by the presence of a surrounding cartilaginous ring, iaermed by a
significant decrease in GAG content in these groups compared eosivelling
controls. Given that the diffusion coefficient of articulartdage to key chondrogenic
molecules is lower than that in free solutf8i;>*°°it would seem reasonable to
assume that diffusional limitations associated with the surrourtdirigage may be
partially responsible for this result. Related to this is guessibility that the
surrounding articular cartilage may be acting as a sink for mgthatory molecules,
as various growth factors have been observed to bind to cell recepibrcartilage

é7;,48,60

matrix component most likely proteoglycans and/or some other non-

collagenous matrix proteins. Matrix components may also neutthksactivity of

growth factors'’

It is also unclear what role the physical confinement ot#rélage
explant has on chondrogenesis. Confining self assembled tissue eedjioedilage
for 2 weeks in agarose wells has been shown to increase the covepséffsess of
the construct without a change in the GAG or collagen cohitétuwever the growth
dynamics of self-assembled cartilaginous tissues and those emgina hydrogels

are fundamentally different, leading to altered levels of iphystimuli acting on the

developing tissues. This complicates comparisons betweentthegulture systems.

14
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It has also been suggested that soluble factors released tdrooursling
cartilage can inhibit cell proliferation and matrix accumolatin chondrocyte seeded
hydrogels within such explant modéfsThis inhibition was observed whether or not
the cell seeded hydrogel was cultured inside a cartilageiaonih close proximity
to the explant® Therefore the inhibition of MSC chondrogenesis observed in this
study may also be due to the presence of such factors releaghad surrounding
cartilage tissue as nitric oxide, cathepsins or MMPs thateleased and activated
when the cartilage is damaged leading to cell death ang tgsgradation. However
there is also evidence to suggest that chondrogenesis of M@Bslaienhanced in
the presence of viable cartilaginous tissue. For examples ivden demonstrated that
chondrocytes can store latent pro-chondrogenic cytokines such a$, TdablE- can
regulate both the temporal and spatial activation of such molééuBssculture of
MSCs with chondrocyte-like cells has been proposed as a noakdgst to induce
chondrogenic differentiation of MSE$:3°¢ Co-culture of xenogenic MSCs and
chondrocytes has revealed that while the presence of MSCseghance
chondrogenesis of chondrocytes, a chondroinductive effect by chondrocyWksGm
was not observedf. Similarly, co-culture of MSCs with nucleus pulposus cells has
been demonstrated to enhance chondrogeffebist, only if cell to cell contact is
allowed, which is generally absent in the explant model employetisnstudy.
Intimate contact between different cell types may leadnme efficient transduction
of molecular signals that induce chondrogenesis. Surface rezeftadjacent cells
come into direct physical contact, and the autocrine and pardactues secreted by
one cell type readily interact with the otfieFo completely de-couple these different

possible effects, future studies will include controls whereC\d8eded hydrogels are

15
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cultured in the proximity of cartilage explants, in media suppfeete with and
without known anabolic and catabolic cytokines.

The results of this explant study suggest that alterations todhbdwnical or
biophysical environment may be required before MSCs produce siragatts to
primary chondrocytes. In the future such models could also be improved by
incorporating the many additional factors known to be present inirthevo
environment, but missing in this vitro model, such as bone morphogenic proteins or
fibroblast growth factor. Cartilage explant models can alsocteméed to include the
subchondral bon®, which among other benefits, may be a source of soluble factors
(e.g. bone morphogenetic proteins) that regulate chondroganesgigo. Another
critical factor to include in futuren vitro models of MSC based cartilage repair is
physiological levels of mechanical loading to the exptamthich has previously been
demonstrated to regulate chondrogenesis of MSCs in various bioreactor
systems 1" #52Dynamic loading will also influence the transport of large mulles
in such construct$® Cartilage treatments should also be investigated, as other
authors have already shown in cartilage repair studies thatimtent with highly
purified collagenase and/or hyaluronidase improves integratividlagar repair.
Finally the use of alternative scaffold materials to agasb®uld be investigated (e.qg.
fibrin, collagen), as agarose does not allow for significatit movement, limiting
their ability to migrate to the cartilage interface.luston of these and other factors
will significantly improvein vitro models of cartilage repair, potentially reducing the
need for animal model trials and providing controlled experiments fwi clinical

investigations.

16



O©CO~NOOOTA~AWNPE

Acknowledgements

Funding was provided by Science Foundation Ireland (President ahdréfoung

Researcher Award - 08/Y15/B1336)

17



O©CO~NOOOTA~AWNPE

References

1.

Ahsan, T.; R. L. Sah. Biomechanics of integrative eayil repair.
Osteoarthritis and Cartilage 7(1):29-40; 1999.

Ait Si Selmi, T.; P. Neyret; P. C. M. Verdonk; L. rBauin. Autologous
chondrocyte transplantation in combination with an alginate-agarcass ba
hydrogel (Cartipatch). Techniques in Knee Surgery 6(4):253-258; 2007.
Albro, M. B.; N. O. Chahine; R. Li; K. Yeager; C. Hlung; G. A. Ateshian.
Dynamic loading of deformable porous media can induce active solute
transport. Journal of Biomechanics 41(15):3152-3157; 2008.

Awad, H. A.; M. Q. Wickham; H. A. Leddy; J. M. Gimbl&. Guilak.
Chondrogenic differentiation of adipose-derived adult stem cellgamoae,
alginate, and gelatin scaffolds. Biomaterials 25(16):3211-3222;. 2004
Barry, F.; R. E. Boynton; B. Liu; J. M. Murphy. Chondrogenicedéhtiation
of mesenchymal stem cells from bone marrow: differentiatigreddent gene
expression of matrix components. Exp Cell Res 268(2):189-200; 2001.
Boon, C. H.; T. Cao; H. L. Eng. Directing stem cell eli#ntiation into the
chondrogenic lineage in vitro. Stem Cells 22(7):1152-1167; 2004.

Bos, P. K.; J. DeGroot; M. Budde; J. A. Verhaar; G.ah @sch. Specific
enzymatic treatment of bovine and human articular cartiiaggications for
integrative cartilage repair. Arthritis Rheum 46(4):976-985; 2002

Brittberg, M.; A. Lindahl; A. Nilsson; C. Ohlsson; Gaksson; L. Peterson.
Treatment of deep cartilage defects in the knee with autologmmimcyte
transplantation. New England Journal of Medicine 331(14):889-895; 1994.
Bruder, S. P.; N. Jaiswal; S. E. Haynesworth. Growth ikseself-renewal,

and the osteogenic potential of purified human mesenchymal stendeetg

18



O©CO~NOOOTA~AWNPE

10.

11.

12.

13.

14.

15.

16.

extensive subcultivation and following cryopreservation. Journal ebiul@r

Biochemistry 64(2):278-294; 1997.

Campbell, J. J.; D. A. Lee; D. L. Bader. Dynamic casgive strain

influences chondrogenic gene expression in human mesenchymal stem cell

Biorheology 43(3-4):455-470; 2006.

Caplan, A. I. Mesenchymal stem cells. Journal of OrtlthpaResearch

9(5):641-650; 1991.

Dhert, W. J.; C. C. Verheyen; L. H. Braak; J. R. d;WC. P. Klein; K. de

Groot; P. M. Rozing. A finite element analysis of the pushtesit influence

of test conditions. J Biomed Mater Res 26(1):119-130; 1992.

Elder, B. D.; K. A. Athanasiou. Effects of confinement ba mechanical

properties of self-assembled articular cartilage constrirctthe direction

orthogonal to the confinement surface. J Orthop Res 26(2):238-246; 2008.

Erickson, I. E.; A. H. Huang; C. Chung; R. T. Li; J.BAIrdick; R. L. Mauck.

Differential maturation and structure-function relationships irsenehymal

stem cell- and chondrocyte-seeded hydrogels. Tissue Eng Part ALD8(5)

1052; 2009.

Gratz, K. R.; V. W. Wong; A. C. Chen; L. A. Fortidy; J. Nixon; R. L. Sah.

Biomechanical assessment of tissue retrieved after in eartilage defect

repair: Tensile modulus of repair tissue and integration with tadilage.

Journal of Biomechanics 39(1):138-146; 2006.

Horas, U.; D. Pelinkovic; G. Herr; T. Aigner; R. ScheettlAutologous

chondrocyte implantation and osteochondral cylinder transplantation in

cartilage repair of the knee joint. A prospective, compardtiaé Journal of

Bone and Joint Surgery - Series A 85(2):185-192; 2003.

19



O©CO~NOOOTA~AWNPE

17.

18.

19.

20.

21.

22.

23.

Huang, C. Y. C.; K. L. Hagar; L. E. Frost; Y. Sun;3.Cheung. Effects of
cyclic compressive loading on chondrogenesis of rabbit bone-marrovedier
mesenchymal stem cells. Stem Cells 22(3):313-323; 2004.

Huang, C. Y. C.; P. M. Reuben; G. D'Ppolito; P. C. SahilH. S. Cheung.
Chondrogenesis of Human Bone Marrow-Derived Mesenchymal Stemigell
Agarose Culture. Anatomical Record - Part A DiscoveriesMimlecular,
Cellular, and Evolutionary Biology 278(1):428-436; 2004.

Hunter, C. J.; M. E. Levenston. The influence of refigéue maturation on
the response to oscillatory compression in a cartilage defpatr renodel.
Biorheology 39(1-2):79-88; 2002.

Hunter, C. J.; M. E. Levenston. Maturation and integration issue-
engineered cartilages within an in vitro defect repair mddssue Eng 10(5-
6):736-746; 2004.

Ignat'eva, N. Y.; N. A. Danilov; S. V. Averkiev; M..\Dbrezkova; V. V.

Lunin; E. N. Sobol. Determination of hydroxyproline in tissues and the

evaluation of the collagen content of the tissues. J Anal B#f):51-57;
2007.

Johnson, T. S.; J. W. Xu; V. V. Zaporojan; J. M. Mesa\M€inand; M. A.
Randolph; L. J. Bonassar; J. M. Winograd; M. J. Yaremchukgiatee
repair of cartilage with articular and nonarticular chondrocyfBssue
Engineering 10(9-10):1308-1315; 2004.

Johnstone, B.; T. M. Hering; A. I. Caplan; V. M. Goldb&td;). Yoo. In vitro

chondrogenesis of bone marrow-derived mesenchymal progenitor cells.

Experimental Cell Research 238(1):265-272; 1998.

20



O©CO~NOOOTA~AWNPE

24,

25.

26.

27.

28.

29.

30.

31.

Kadiyala, S.; R. G. Young; M. A. Thiede; S. P. Bruder. Walexpanded
canine mesenchymal stem cells possess osteochondrogenic patewnival
and in vitro. Cell Transplantation 6(2):125-134; 1997.

Kafienah, W.; T. J. Sims. Biochemical methods for dhalysis of tissue-
engineered cartilage. Methods Mol Biol 238:217-230; 2004.

Kim, Y. J.; R. L. Sah; J. Y. Doong; A. J. Grodzinsky. Fiuoetric assay of
DNA in cartilage explants using Hoechst 33258. Anal Biochem 174(1):168-
176; 1988.

Kuroda, R.; K. Ishida; T. Matsumoto; T. Akisue; H. FujioKa;Mizuno; H.
Ohgushi; S. Wakitani; M. Kurosaka. Treatment of a full-thicknagicular
cartilage defect in the femoral condyle of an athlete wiitologous bone-
marrow stromal cells. Osteoarthritis and Cartilage 15(2)228-2007.

Leddy, H. A.; F. Guilak. Site-specific molecular diffusiin articular cartilage
measured using fluorescence recovery after photobleaching. Annals of
Biomedical Engineering 31(7):753-760; 2003.

Lennon, D. P.; A. I. Caplan. Isolation of human marrow-derivesenahymal
stem cells. Exp Hematol 34(11):1604-1605; 2006.

Li, W. J.; R. Tuli; C. Okafor; A. Derfoul; K. G. Dameln; D. J. Hall; R. S.
Tuan. A three-dimensional nanofibrous scaffold for -cartilagesudis
engineering using human mesenchymal stem cells. Biomat@6éty:599-
609; 2005.

Lu, Z. F.; B. Zandieh Doulabi; P. I. Wuisman; R. A. Balkk; N. Helder.
Differentiation of adipose stem cells by nucleus pulposus ¢&tisfiguration
effect. Biochemical and Biophysical Research CommunicatBs®44):991-

996; 2007.

21



O©CO~NOOOTA~AWNPE

32.

33.

34.

35.

36.

37.

38.

39.

Maniatopoulos, C.; J. Sodek; A. H. Melcher. Bone formation tiro \by
stromal cells obtained from bone marrow of young adult rats. GellTessue
Research 254(2):317-330; 1988.

Marcacci, M.; E. Kon; S. Zaffagnini; G. Filardo; M. Pegliano; M. P. Neri;
F. lacono; A. P. Hollander. Arthroscopic second generation autologous
chondrocyte implantation. Knee Surgery, Sports Traumatologyr@dstopy
15(5):610-619; 2007.

Maroudas, A. Distribution and diffusion of solutes in articulartilage.
Biophysical Journal 10(5):365-379; 1970.

Mauck, R. L.; C. T. Hung; G. A. Ateshian. Modeling of NelutSolute
Transport in a Dynamically Loaded Porous Permeable Gel: Implisator
Articular Cartilage Biosynthesis and Tissue Engineering. Jouwfal
Biomechanical Engineering 125(5):602-614; 2003.

Mauck, R. L.; X. Yuan; R. S. Tuan. Chondrogenic differéintia and
functional maturation of bovine mesenchymal stem cells in lomgy-sgjarose
culture. Osteoarthritis Cartilage 14(2):179-189; 2006.

Moretti, M.; D. Wendt; D. Schaefer; M. Jakob; E. B. Hunziké& Heberer; I.
Martin. Structural characterization and reliable biomechamissessment of
integrative cartilage repair. Journal of Biomechanics 38845-1854; 2005.
Mouw, J. K.; J. T. Connelly; C. G. Wilson; K. E. Michad. E. Levenston.
Dynamic compression regulates the expression and synthesis of chondrocyte
specific matrix molecules in bone marrow stromal cellsnSCells 25(3):655-
663; 2007.

Ni, Y. F.; X. F. Li; Y. Liu; Z. J. Lei; Q. Lu. Inivo chondrogenesis by co-

culture of rabbit bone marrow-derived mesenchymal stem cells and

22



O©CO~NOOOTA~AWNPE

40.

41.

42.

43.

44,

45.

46.

chondrocytes. Journal of Clinical Rehabilitative Tissue Engined&egparch
12(16):3185-3188; 2008.

Obradovic, B.; I. Martin; R. F. Padera; S. Treppo; LFEeed; G. Vunjak-
Novakovic. Integration of engineered cartilage. J Orthop Re6):1989-
1097; 2001.

Pedrozo, H. A.; Z. Schwartz; R. Gomez; A. Ornoy; W. Seng; S. L.
Dallas; L. F. Bonewald; D. D. Dean; B. D. Boyan. Growth ptdtendrocytes
store latent transforming growth factor (TGF)- ?1 in theitrixdhrough latent
TGF-?1 binding protein-1. Journal of Cellular Physiology 177(2):343-354;
1998.

Pelttari, K.; E. Steck; W. Richter. The use of mesemetystem cells for
chondrogenesis. Injury 39 Suppl 1:558-65; 2008.

Peretti, G. M.; L. J. Bonassar; E. M. Caruso; MRandolph; C. A. Trahan;
D. J. Zaleske. Biomechanical analysis of a chondrocyte-rapadt model of
articular cartilage. Tissue Engineering 5(4):317-326; 1999.

Peterson, L.; T. Minas; M. Brittberg; A. Nilsson; §o?gren-Jansson; A.
Lindahl. Two-to 9-year outcome after autologous chondrocyte trangjtenta
of the knee. Clinical Orthopaedics and Related ResearchiZ324234; 2000.
Pittenger, M. F.; A. M. Mackay; S. C. Beck; R. Kisival; R. Douglas; J. D.
Mosca; M. A. Moorman; D. W. Simonetti; S. Craig; D. R.afghak.
Multilineage potential of adult human mesenchymal stem cé&lisence
284(5411):143-147; 1999.

Richardson, S. M.; R. V. Walker; S. Parker; N. Pod®ls; J. A. Hunt; A. J.
Freemont; J. A. Hoyland. Intervertebral disc cell-mediatedenchymal stem

cell differentiation. Stem Cells 24(3):707-716; 2006.

23



O©CO~NOOOTA~AWNPE

47.

48.

49.

50.

51.

52.

53.

54.

Ruoslahti, E.; Y. Yamaguchi. Proteoglycans as modulatorsoweftiyrfactor
activities. Cell 64(5):867-869; 1991.

Schneiderman, R.; E. Snir; O. Popper; J. Hiss; H. Steiktaroudas. Insulin-
like growth factor-1 and its complexes in normal human articaatilage:
Studies of partition and diffusion. Archives of Biochemistry and Biojlys
324(1):159-172; 1995.

Selmi, T. A. S.; P. Verdonk; P. Chambat; F. Dubrarna; Botel; L. Barnouin;
P. Neyret. Autologous chondrocyte implantation in a novel algingaeose
hydrogel: Outcome at two years. Journal of Bone and Joint Surganes B
90(5):597-604; 2008.

Silverman, R. P.; L. Bonasser; D. Passaretti M.Randolph; M. J.
Yaremchuk. Adhesion of tissue-engineered cartilage to natititagar Plastic
and Reconstructive Surgery 105(4):1393-1398; 2000.

Tam, H. K.; A. Srivastava; C. W. Colwell Jr; D. DLima. In vitro model of
full-thickness cartilage defect healing. Journal of Orthopadrigsearch
25(9):1136-1144; 2007.

Thorpe, S. D.; C. T. Buckley; T. Vinardell; F. J. C&8iV. A. Campbell; D.
J. Kelly. Dynamic compression can inhibit chondrogenesis otnofiymal
stem cells. Biochemical and Biophysical Research Commiunmisa2008.
Tognana, E.; F. Chen; R. F. Padera; H. A. Leddy; ShEstensen; F. Guilak;
G. Vunjak-Novakovic; L. E. Freed. Adjacent tissues (tzagé@, bone) affect
the functional integration of engineered calf cartilage inovi@steoarthritis
and Cartilage 13(2):129-138; 2005.

Torzilli, P. A.; T. C. Adams; R. J. Mis. Transieotude diffusion in articular

cartilage. Journal of Biomechanics 20(2):203-214; 1987.

24



O©CO~NOOOTA~AWNPE

55.

56.

57.

58.

59.

60.

Torzilli, P. A.; J. M. Arduino; J. D. Gregory; M. Bansdtffect of
proteoglycan removal on solute mobility in articular cartilageurnal of
Biomechanics 30(9):895-902; 1997.

Tsuchiya, K.; G. Chen; T. Ushida; T. Matsuno; T. Thtei$he effect of
coculture of chondrocytes with mesenchymal stem cells on thditaginous
phenotype in vitro. Materials Science and Engineering C 24(339612004.
Wakitani, S.; M. Nawata; K. Tensho; T. Okabe; H. Macghlda Ohgushi.
Repair of articular cartilage defects in the patellodesh joint with
autologous bone marrow mesenchymal cell transplantation: threeepasts
involving nine defects in five knees. Journal of tissue engingeand
regenerative medicine 1(1):74-79; 2007.

Williams, C. G.; T. K. Kim; A. Taboas; A. Malik; Rlanson; J. Elisseeff. In
vitro chondrogenesis of bone marrow-derived mesenchymal stemirceals
photopolymerizing hydrogel. Tissue Eng 9(4):679-688; 2003.

Worster, A. A.; B. D. Brower-Toland; L. A. Fortier; 5.Bent; J. Williams; A.
J. Nixon. Chondrocytic differentiation of mesenchymal stens calfjuentially
exposed to transforming growth factor-?1 in monolayer and insulin-like
growth factor-l in a three-dimensional matrix. Journal of Ortedma
Research 19(4):738-749; 2001.

Yamaguchi, Y.; D. M. Mann; E. Ruoslahti. Negative regutat of
transforming growth factor-? by the proteoglycan decorin. Nature

346(6281):281-284; 1990.

25



O©CO~NOOOTA~AWNPE

List of figures:

Figure 1.

1.a. Diagram illustrating research design. A) Cartilageartilage. B) Agarose gels
seeded with chondrocytes. Byarose gels seeded with MSCs. QCartilage annular
rings filled with MSC seeded hydrogels. Eartilage annular rings filled with
chondrocyte seeded hydrogels. 1.b. Diagram illustrating the iogesnhethod:
Chondrocytes and MSCs were suspended in 2% agarose at a derisityndfion
cells/ml (n = 5 per group). The solution was aspirated with & warm syringe and
18 gauge needle and injected into the cores created tattiage explants.

Figure 2:

Force-displacement curves for chondrocytes and MSCs seeded dasnsthec peak
force to push out the gel seeded with chondrocytes is higher thaor¢benkeded to
push out the MSC seeded gel from the construct.

Figure 3:

A) Adipogenic potential of mesenchymal stem cells: coloniestipesfor oil red
staining. B) Chondrogenic potential of mesenchymal stem: aadlenies staining
positive for glycosaminoglycan with alcian blue (top image) andcbllagen with
picrosirius red (bottom image). C) Osteogenic potential acsemehymal stem cells:
colonies positive for alizarin red staining.

Figure 4.

Representative image of dead (ethidium bromide labelled; nmedl)lige (calcein
labelled; green) cells in MSC constructs after 48 hours. [Mee and dead cell

population was more heterogeneously distributed in the agarodedsgel when
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compared to the cartilage explant where non-viable, dead ceks predominantly
situated near the cored cutting surface (original magtiio x 100).

Figure5:

Microscopic appearance of cartilage explant and gel seedeccimndrocytes (first
row), MSCs (second row) and cartilage (third row) at weeBegtions taken from
half-way through the depth of the construct were stained foraAl8lue (stains
glycosaminoglycan), picrosirius Red (stains collagen) and typed | collagen by
immunohistochemistry; original magnification x 100.

Figure6:

A: DNA content, B: GAG content and C: Total collagen contentVi8C and
chondrocyte explant core and free-swelling control gels at weelP8.0:05. Typical
DNA content in cartilage disks was 0.036 %ww, GAG content wa%dvw and total
collagen content was 8 %ww. D: Failure stress during push-dingder MSC and

chondrocytes seeded constructs at weekpg&0*0026.
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Figure 1; Tatiana Vinardell
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Figure 2; Tatiana Vinardell
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Figure 3; Tatiana Vinardell
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Figure 6; Tatiana Vinardell
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