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Abstract

Cartilage Development and MaturationIn Vitro and In Vivo

Johnathan Ng

The articular cartilage has a limited capacity to regeneCateilage lesionsften
result in degeneration, leading to osteoarthrifisrrent treatments are mostly palliative
and reparative, andail to restorecartilage functionin the long termdue to the
replacement of hyaline cartilage with fibrocartilage. Although a stelirbased approach
towards regenerating the articular cartilage is attractive, cartilage generated from human
mesenchymal stem cells (hMSCs) often lack the function, organizaimbrstability of
the native cartilage. Thsy there is a need to develaffective method to engineer

physiologiccartilagetissuesdrom hMSCsin vitro andassess their outcomasvivo.

This dissertatiorfocused on three coordinated aims: establish alsiinpvivo
modelfor studying the maturation aisteochondral tissudsy showing thasubcutaneous
implantationin a mouserecapitulates native endochondral ossification (Aim 1), (ii)
develop a robust method for engineering physiologic cartilage discs frowsselinbling
hMSCs (Aim 2), and (iii) improve the organization and stability of cartilage discs by

implementing spati@mporal control during inductian vitro (Aim 3).

First, the usdulness of subcutaneous implantation in mice for studying the
development and maintenance of osteochondral tissuesvo was determinedBy

studying juvenile bovine osteochondral tissuesnilarities in the profiles of



endochondral ossification between the native and ectopic processes were obsetiyed.
the effects of extracellular matrix (ECM) coating and culture regimen on cartilage
formation from seHassemblinghMSCswere investigad Membrane ECM coatingnd
seeding density were important determinantsastilagedisc formation. Cartilagéiscs
were functional and stratified, resembling the native articular cartilage. Comparing
cartilage discs and pellets, compositional and omgasinal differences were identified

in vitro and in vivo. Prolonged kondrogenic inductionn vitro did not prevent but
expedited endochondral osgation of the discsin vivo. Finally, spatiotemporal
regulation during induction of sefssembling hMSCspromoted the formatiorof
functional, organized and stable hyaline cartilage diSetective induction regimens in
dual compartment culture enabled the maintenance of hyaline cartilage andatestent
deep zone mineralizationa@ilage growrunder spatitemporal regulatioretained zonal
organization without loss of cartilage markers expressionvo. Instead, cartilage discs

grownunder isotropic induction underwent extensive endochondral ossification.

Together, the methods established in this diggen for investigating cartilage
maturationin vivoand directing hMSCs towards generating physiologic cartilagéro
form a basis for guiding the development of new treatment moddbtiesteochondral

defects.
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Chapter 1

Background

1.1 Cartilage Development

During developmentthe primordial limb bud consists of an uninterrupted
mesenchymal prehondrogenic condead mesenchymal structure[1-3]. Cell
aggregations mediated by morphogenetic factors such rassforming growth factor
beta (TGFb )and adhesion factors such as fibronedind type | collagenCelkto-cell
interactionsmediated by adhesion molecules such asabtlherin in turn upregulates the
expression of chondrogenic genes such as-8@Xd boundary proteins such as tenascin
(Fig. 1-1). The condensed mesenchymal cells continue to proliferate poior

differentiation into chondroblasf].

Progression to differentiation phase is mediated by dowlaggu of genes
controlling celtto-cell binding and proliferation, angpregulation obone morphogenetic
proteins (e.g. BMR2, BMP-4). Exposure of BMR2 to chondroprogenitor cells enables
chondroblast differentiation, bypassing a condensation phB&P activity is
antagonized by Noggin, which provides negative feedback and enables joint formation
between skeletal elementds the mesenchymal cells differentiate into chondroblasts,
they deposit extracellular matrix rich in type Il collagen and glycosagiyoan

(GAG)[1].
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Figure 1. A summary of major genes associated with the stages of mesenchymal condensation during
cartilage development: Initiate, Set Boundary, Reddite, Adhere, Grow, and Differentiate. T®F
mediates condensation, driving the expression of®during early chondrogenesis. BMPs mediate overt
chondroblast differentiation and is regulated by Noggin for joint formation between skeletal elements.
Adapted fromHall et al[1].
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Adapted from Pacifici et 4P].



Interzone cells forming the synovial joints appear in the cartilaginous anlage and
cavitation within the interzone giseise to he joint capsuléFig. 1-2). Subsequently, the
differentiation of proliferating chondroblasts into chondrocytes and hypertrophic
chondrocytes is regulated by signaling pathways involving Indian hedgehog (lhh), which
induces the expression of parathyroidrhone related peptide (PTHrP) that provides

negative feedback to regulate Ihh actifity3].

Thus, the developing cartilage comprisames with morphologically distinct
chondrocytesncluding the permaent (restinyzone,andthe transien{proliferating,pre-
hypetrophic and hypertrophiczones. Hypertrophic chondrocytes trigger vascular
invasion, and deposits mineral to create a bone temiage 1-3). Osteoblasts remodel
the template with osteoclasts into mature bone. This process of endochondral ossification
is used in the growth plate, and drives bone elongation during skeletal developneent.

maturearticular cartilage consists of a superficiaydg a radial layer, and a calcified

layerwhich bridges it with the subchondral bajireg. 1-3) [3].

Superficial layer
Transitional layer

Radial layer

Calcified layer

]Subchondral bone

Figure 13. Histology of a developing (a) and a mature articular cagi(®y of the tibial plateau in®eels

(a) and 3months(b) old mice. (a) The developingrticular cartilageis characterigd by zones with
morphologically distinct chondrocytes: resting, proliferating,-fpypertrophic, and hypertrophic. (b) The
mature articular cartilage has a calcifiederface layerbridging the subchondral bone to the cartilage
comprisingsuperficial, tansition and radial layeré.dapted from lwamoto et #B8].



1.2 Clinical Problem

The articular cartilage is essential for joint function and quality of life. It lines
bone ends in the synovial joints, provides lubrication, and cushions snpiastever,it
is also avascular and has a limitapacity to regenerate upon skeletal maturation. Once
damaged, recovery of structure and function is difficult and degeneration with age and
injury is common. Osteoarthritis &degenerative joint disease affecting 33.6% of people
above 65 years oloh the U.S.characterized by progressive lossloé articular cartilage

and underlying bony changesgusingmovement limitation in 80% of patieni, 5].

Full-thickness chondral lesion (grade lll, IV) is a common articular cartilage
injury [6]. Current treatmentapproachesinclude debridement and lavagenarrow
stimulation techniques such asicrofracture cell-based therapies such as autologous
chondrocyte implantation (ACl)and osteochondral autograftand allografts [7-9].

Depending on the size of the lesion, a treatment algorithm hapbmmsed10].

Although microfracture is a common procedure fosmaller sized chondral
lesions, itis not restorative andften results in the formation of fibrocartilage with
inferior mechanical propertigél, 12] AlthoughACI is aclinically approved procedure
currently marketed by Vericel as Carticél does not consistentlpromote hyaline
cartilage repair[9, 13]. Furthermore, the periosteal flap that overlays the injected
chondrocytes and supports cartilage formation is promethoofibrosis and hypertrophy
[9, 14]. Longterm follow ups on survivors of microfracture and ACI found no

significant difference in clinical scores between the treatment groups. Importantly, 57%



of patients who received ACI and 48% of patients treated with micrafeadisplayed
radiographic evidence of early osteoarthritis at 15 yearsgyosedurg[15]. Thus, the

risk of treatment failure necessitates the development of other ¢énetatnodalities.

Femoral Patellofemoral

Condyle Joint
Malalignment
Mr,-mm:{ﬂ-Dnj;c:e:\cy Patellofemoral
ACL-PCL Alignment
Lesion Size Lesion Size
<2-3cm =PSBl <2-3cm >2=3€ln
High High High High
Low Demand Demgnnd Low Demand Demand Low Demand Demand Low Demand Diniind
MEX ++ MEX ++ OCA ++ MEX ++ ACUAMZ ++ MEX ++ ACHAMZ ++
OATS +4 OATS ++ ACI ++ ACHAMZ +- OATS/AMZ+- ACVAMZ + OCAIAMZ ++
|44 OCA/AMZ +-
If second line treatment option is needed ACl or OCA are good If second line treatment option is needed ACI with AMZ or OCA

options are good options

Figure 4. Treatment algorithm for cartilage lesions. MFX: Microfracture, OATS: Osteochondral
autograph transfer, OCA: Osteochondral allografting. ACI: Autologous chondrocyte implantatapted
from Cole et al

Although osteochondral autografts transfer can be restorative, the use of
autografts is limited in their availability, size, shape, and donor site morbidity. The use of
allografts permits repair of larger lesions but requires sourcing from cadavers and
immunosuppressionrhe shortcomings of current treatment approaches have motivated
new treatment modalities in the form lofing cartilage replacementgrown from cells
by tissue engineerin[d.6]. In particular the use othondrocytes and mesenchymal stem

cells (MSC$ for cartilage tissue engineerigE) has been widely investigated.

5



1.3 Cartilage Tissue Engineeringand Its Challenges
1.3.1 ChondrocyteBased Methods

In cartilageTE, scaffolding materialsuch asagarose, alginatg@olyglycolic acid
(PGA), polyL-lactic acid (PLLA), type | and Il collagenkave been used with
chondrocytes to great effedi7-20]. As well as trophic factors such as T®F
deformational loadingenhanced cartilage foation from chondrocytesn vitro to

achieve properties apprioxating those of native tissugl, 22]

Prepared NeoCart® implant
Biopsy normal hyaline Neocart® > p
tissue (200-400 mg) Implantation o

nt

Cell seeding into bovine
Cell expansion collagen | matrix

) = 2e2d. 1
== == P

Figure 15. Schematics of NeoCart production and implantation. Adapted from Crawfor{8i.al

The clinical relevance of cartilage TE is exemplified by NeoCartiissue
engineered cartilage implagtownin vitro by seeding autologous chondrocytesyipet |

collagen scaffold and culturingin a bioreactor(Fig. 1-4). Studiesin a porcine model
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demonstratethyalinelike cartilage repaiof full-thickness femoratartilage defestwith
NeoCart[23]. Preclinical succesmotivated clinical Phase | and Il trials showing the

safety and efficacy of NeoCart forethepair of fullthickness cartilage injurig@3, 24]

Still, the use ofchondrocyteshas its limitations. It is well documented that
chondrocyteshave a limited proliferative ability in vitro and are prone to de
differentiationwith prolonged culturg19]. Furthermore, articular cartilageeedsto be
harvested from another néoad bearing site, which could result in donor site morbidity

and other complications.

1.3.2 Engineering Cartilage from MSCs

Mesenchymaktem cells (MSCs) are an attractive alternatgk sourcethat can
be harvested &m a variety of tissues. Despite soudspendent variability, they can
readily proliferateand differentiateinto multiple skeletal lineagesin vitro [25, 26]
However, attempt® use scafflding materials t@ngineercartilage from MSCave only
foundlimited success. Particularly, MSGeeded in agarosermedcartilagetissues with

subnormal propertieshen heldn direct comparisons with chondrocy{es, 28]

Still, longterm culture with TGH supplementationdeformational loading
osmotic loading and enzymatic treatmdrave been shown to improveropeties of
cartilage grown from MSC#7-30]. The incorporation ofnative glycosaminoglycans
such as hyaluronic acid and chondroitin sulfate ibp hydrogels also enhanced

chondrogenesi§31-33]. Scaffolds with architecturemimicking that of native cartilage



matrix, such asinterlocking woven polycaprolactone (PCL), alsapportedcartilage
formation from MSCsto result in large anatomically shaped josurface[34]. To
enhance cartilage formatiorhese scaffolds caalso be modified to delivelbioactive
cues via incorporation of native molecules such asatiherin or viral vectors to drive

endogenou3 GF-b expression35, 36}

1.3.3 SeHAssembly Methods

Tissue engineering relies on biological principles to recapitulate tissue formation
in vitro with physiologic likeness. Not surprisinglysiomimetic methodshave been
shown toenhancecartilage formation fronMSCsby recapitulating some aspectstbe
native microenvironment Developmental studieshighlighting the importance of
mesenchymal condensatibave motivated selissembly methods to enginesartilage
without scaffolding materiain vitro. In the earlest examples of sessembly culture,
chondrocyteseededn culture insertgleposited cartilaginous matrix and formed hyaline

cartilage discs over time under chondrogenic indud8an 38]

Similarly, selfassembly methods have also been adapted successfully to grow
cartilage from MSCslIn pellet culture, MSCsaggregate andeposit cartilaginous matrix
to form spheres following induction witif GFb suppl enthis pracess 0 n
recapitulates the cellular and molecular events dudngndrogenesi§39, 40] Our
laboratory recently showed that pellétsnedinto freeforming cartilage tissuewith
physiologic likenesgFig. 1-5A) [41]. The pelletdormedcondensed mesenchymal bodies

resemblinghe prechondrogenic mesenchyme, and they could be fused prior to the onset



of boundary proteins to form large, functional and stratified articular cartilage on
decellularized bone following prolonged chondrogenic inductibn.disc culture,
multiple layers of MSCs deposit cartilaginous matrix to form discs when comp&ated
1-5B) [42, 43] Interestingly, comparative studies provide some evidence that disc culture

results in better hyaline cartilage formation from MSCs than pellet cidt@rel 3]

Cartilage

ol
e
=
Q
E

2 weeks on membrane 3 weeks on membrane
on CPP: 4 weeks 8 weeks 4 weeks 8 weeks

Figure 16. Selfassembling MSCs in chondrogenic culture form cartilage layers in osteochondral
constructs. (A) MSCs differentiated in membrangture form stratified cartilage on CPP scaffold. (B)
MSCs differentiated in pellet culture and fused to form stratified cartilage on decellularized bone. Adapted

from Leeet al and Bhumiratana et al.



1.3.4 Stabilityof Engineered Cartilagén vivo

Despte recent advances in materials and methodsjlage tissues engineered
from MSCslack stabilityin vivo. During ectopic implantation, cartilage tissues grown
from MSCs undergo endochondral ossificatiofihis is characterized by extensive
mineralizationof the cartilaginous matrix, and the formation of mature bone around a

bone marrow cavity.

B

Figure 17. Histology of implanted cartilage tissues formed from chondrocytes (top row) and BMSCs
(bottom row). Stains for proteoglycans (Alcian blue) (A anddajcium (alizarin red/fast green) (B and

G), type Il collagen (C and H), type X collagen (D and 1), and type | collagen (E and J) are shown.
Cartilage tissues formed from chondrocytes do not undergo endochondral ossification. In contrast, cartilage
tisstes formed form BMSCs undergo endochondral ossification. Adapted from Pelttefd 4} al

Interestingly, a studyn thein vivo outcomes of cartilage tissuggown from
MSCs found thatthe spontaneous expression of type X collagen by MSCs after
prolonged chondrogenic induction correlated with endochondral ossifig@&tignl-5).
This suggests that endochondral ossification is mediated by spontaneous differentiation

of MSCs into hypertrphic chondrocytes duringn vitro chondrogenesisinstead,
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chondrocytes did not express type X collagen aadtilage tissues grown from
chondrocytes are stallevivo [44]. Interestingly, the promeess of cartilage formed from
MSCs to undergo endochondral ossification has motivated a new strategy to repair bone
defect using a cartilage template formed frt8Cs[45-48]. However,more effective
strategies are needed to that ensure that cartilage grown from MSC can be maintained for

lastingcartilagerepair[49, 50}
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Chapter 2

Goals, Rationale and Approach

2.1 Goals

Although there is a need to engineer cartilage replacements from adult stem cells,
current methods do not adequately address existing challenges. Scaffolding methods used
successfully with chondrocytes have found limited success when used with WSIEs.
selfassembly methods have been shown to form stratified and functional cartilage from
MSCs, culture parameters are not well defined andirth@vo outcomes of cartilage
tissues grown using different methods have not been investigated. Further, rdaapitula
of a mature articular cartilage phenotype hasbeen achieved, presumably due in part
to the failure of isotropic culture to recapitulate spatiotemporal aspects of native cartilage
development.As the in vivo outcomes ofengineered cartilagaissues ultimately
determine the experimental success, there is also a need for a convenient model that

evaluates the tissues in a physiologically relevant way.

The goal of this dissertation is to establish an ectopic implantation model for
studying the develapent of osteochondral tissuéms vivo, regulate thein vitro
development of cartilage engineered from hMSCs, and studi tiieo maturation of

engineered cartilage via ectopic implantation.
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2.1 Hypothesis

The proposedhypothesisis that ectopic implanteon is useful for studying
maturation of osteochondral tissués vivo, and recapitulation of physiological
developmentanresult in the formation of cartilage from hMSCs with nafikenessin
vitro and in vivo. Specifically, sibcutaneous implantatiom a mousecan recapitulate
endochondral ossification associated with native developramtilage disc formation
from sel-assembling hMSCsan be controlled bthe ECM coatingf the membranand
the culture regimen taesemblethe native articular calhge The stability and
organization of cartilage discs can be improved by implemerdisgatiotempordy

regulated rgimen that induces superficial zone maintenance and deep zone maturation.

2.3Overall Approach and Specific Aims

The overall investigational approach w&s develop a method for engineering
stable and organized cartilage from ssetembling hMSCs, and study tire vivo
outcomes of native and engineered cartilage subcutaneously in a Mowdhieve that,
the researchithis dissertation is divided into three coordinated a{fh€stablish ann
vivo model by studying juvenile bovine osteochondral tissieghe subcutaneous
environment of a mouse arshowing that ectopic implantation recapitulatestive
endochondralossification (Aim 1), (i) develop a robust method for engineering
physiologiccartilage discs from seldssembling hMSCby regulating theeCM coating
andculture regimen (Aim 2), and (iiijmprovethe organization and stability of cartilage

discsby implementing spatiotemporal control during inductiowitro (Aim 3).
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Aim 1: Investigate subcutaneous implantation in mice as an ectopic model for

studying osteochondral tissues vivo

Rationale

Subcutaneous implantation has been used to studyntlvevo maturation of
standalone cartilage and bone tissues. Chondrocytes form cartilage that resists
endochondral ossification whereas hMSCs form cartilage uhdergo endochondral
ossification into an ossicle engrafting hematopoietic cells. However, it isarmehether
the ectopic process recapitulates native endochondral ossificddaring skeletal
development, endochondral ossification occurs atcdréilage-bone interfaceand the
endochondral bone is remodeled into trabecular bone containing marhasv.aim
investigated the directionality and dynamics esfdochondral ossification in juvenile
osteochondral tissueduring subcutaneous implantation, highlighting similarities and

differences between the ectopic and native processes

Approach

Age-matchel juvenile osteochondral tissue slice®re harvestd from bovine
femoral condylesand implanted subcutaneously in immunocompromised mice.
Explanted tissuesfollowing different lengths of implantation were analyzed
histomorphometricallyand radiographicallyand compared with native adult tissues.
Cartilage and bone turnover, including changes in bone parameters, were examened.
involvements of vascularization, osteoclastogenesis, and nmffeation were also

investigated and correlated with tissue turndegsropose a mechanism.
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Aim 2: Develop arobust selfassembly method for making cartilage discs from

hMSCs and evaluate then vitro and in vivo outcomes

Rationale

Pellet culture of hMSCs recapitulates mesenchymal condensation and serves as a
convenient rathod for studying chondrogenesisvitro. However, pellet culture tends to
from fibrocartilaginous tissues thktck stratification of the native articular cartilage and
are prone to endochondral ossificationvivo. Recent studies showeHat disc culture
promotes stratified hyaline cartilage formation from sas$embling hMSCs. Stilthe
effects of important culture parameters are not well understod culture regimens
remain poorly definedThis aiminvestigated the effects &CM coating and seeding
densityon disc formationfrom selfassembling hMSG<ompared the composition and
organization ofdiscs and pelles in vitro and in vivo, and established the effects of

prolonged chondrogenic induction on maturation of cartilage disaso.

Approach

To induce disc formationhMSCs were compacted in transwell inseois
membranes with or without ECM coatiaf) differentseedingdensitiesThe ability of the
selfassembling hMSCs to form discs and the properties of the discs farnbsd
different conditions were assess@&iscs and pellets were evaluatid compositional
and organizational differencésvitro andin vivo. The effects of prolonged chondrogenic
induction on maturation of cartilage dists vivo were studied by culting discs for

different lengths of time prior to implantation.
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Aim 3: Improve the organization and stability of cartilage discs by implementing

spatiotemporal regulation during induction

Rationale

Cartilage development is regulated by complex crosstathong multiple
signaling pathways and across differetissue zones. This resilts in cartilage
maintenance in theuperficial zone, proliferation of chondrocytes in the middle zone and
hypertrophic maturation of chondrocytes leading to mineralization in the deep zone.
However, current methods to grow cartilagevitro rely on isotropic culture which fails
to recapitlate spatiotemporal gradients present nativeBonsequently, cartilage
engineered from hMSCs was prone to turnover and failed to retain organization
resembling the native articular cartilage upon implantatidns aim investigated the
effects of spati@mporal regulatioim vitro on the function, organization and stability of
cartilage engineered from hMSCs, and showed that spatiotemporal regutatidro

recapitulated some aspects of native development and promoted physiologic likeness.

Approach

Cartilage discsvereformed in transwell insertsy compacting multiple layers of
hMSCs andmaintained in isotropic culture or dual compartment cult@encurrent
maintenance of hyaline cartilage and deep zone mineralization were induced via selective
apdication of key trophic factors in the dual compartment cultixiscs formed under
spatiotemporal regulationwere evaluateth vitro andin vivo, and compared with control

discs formed in isotropic culture.
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Chapter 3

Subcutaneous implantation in miceasan ectopic model

for studying osteochondral tissue# vivo

3.1 Abstract

Subcutaneous implantation in a mouse can be used to investigate tissue
maturationin vivo. Here, we demonstrate that this simple model can recapitulate
endochondral ossification assated with native skeletal development. By histological
and pCT analysis, we investigated morphological changes of immature bovine
osteochondral tissues over the course of subcutaneous implantation in
immunocompromised mice for up to 10 weeks. We obsemmiltiple similarities
between the ectopic process and native endochondral ossification: (i) permanent cartilage
retention in the upper zones, (ii) progressive loss of transient cartilage accompanied by
bone formation at the interface, and (iii) remodglof nascent endochondral bone into
mature cancellous bone. Importantly, these processes wasgliated by
osteoclastogenesis amdscularizationand modulated by inflammatioiaken together,
these findings advance our understanding of how the simple ectopic model can be used to
study phenotypic changes associated with endochondral ossification of native and

engineered osteochondral tissuesivo.

17



3.2Introduction

The artcular cartilage consists of a superficial zone that forms permanent
cartilage and a transient deep zone originating from the developing epiphysis that
undergoes endochondral ossificatiprior to skeletal maturit{2]. During en@chondral
ossification, chondrocytes at the cartildgme interface stop proliferating, differentiate
and typertrophy before calcifying51]. Subsequently, the calcified cartilage forms a
template for bone ofmation by osteoprogenitorf52]. To develop a model for
understanding thén vivo maturation of osteochondral tissues, we were interested if
subcutaneous implantation in mouse can recapitulate endochondral ossification

associated with native skeletal development.

Subcutaneous implantatidn a mouse is a model commonly used to evaluate
biocompatibility and tumorigenicit{b3, 54] and also to study tha vivo fate of cells in
cartilage or bong44, 5557]. In this model, articular chondrocytes formed stable
cartilage whereas growth plate chondrocytes underwent endochondral ossifiéétion
49, 58, 59] Instead, mesenchymal stem cells (MSC) formed fibrous tissue or underwent
endochondral ossification, depending on the extent irof vitro chondrogenic
differentiation [44, 50] Interestingly, MSC formed cartilage that resembled a fracture
callus with prolonged chondrogenidifferentiation, and underwent endochondral
ossification reminiscent of that seen during native long bone rigaa&7]. Such insights
have motivated new strategies in bone tissue engineering fondnéatig bone defes

[48].
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Although subcutaneous implantations of cartilage and bone are well documented,
no study has yet investigated the ectopic fate of osteocharshaé. We hypothesized
that subcutaneous implantation can cause phenotypic changes in immature osteochondral
tissues that recapitulate endochondral ossification associated with skeletal development.
Specifically, we investigated if the following developmed features can be
recapitulated: (i) the retention of permanent cartilage in the upper zone, (i) the
progressive replacement of transient cartilage by bone at the interface, and (iii) the

remodeling of the nascent endochondral bone into mature carccbboe.

To test our hypothesis, we studied the changes in juvenile bovine osteochondral
tissues implanted subcutaneously in immunocompromised mice for up to 10 weeks. By
analyzing morphological changes, we show that subcutaneous implantation in mouse can
indeed cause the replacement of cartilage by endochondral bone at the interface in
immature osteochondral tissues, in a process that recapitulates endochondral ossification
characterized by cartilage and bone turnover, and extensive endochondral bone
remadeling. Notably, we identified osteoclastogenesis and vascularization as important
mediators, similar to the hallmarks of native endochondral ossificafibanges in the
expression of inflammatory markers were also observed over Wealso noted some
interesting differences in the fate of cartilage implanted with and without subchondral
bone components. Thus, we propose that that the simple ectopic model can be used to

study endochondral ossification of native and engineered osteochondral tissues.

19



3.3 Materials and Methods
3.31 Sample Preparation

Juvenile bovine osteochondral explants (4 mm in diameter) were obtained from
the femoral condyles of 2 month old bovine calves (Green Village Packing Company) by
drilling and rinsing with sterile phosphatriffer solution (PBS). Excess subchondral
bone was trimmed from the explants so that the length of the explants (cartilage and bone

inclusive) was approximately 9 mm.

Explants were incubated in PBS with 2% antibigtio t i mycoti ¢ at 37¢ec
hour to ensure sterility. Subsequently, two identical axial sections measuring 4 mm X
Imm x 9 mm were sectioned from each osteochondral cylinder 4Fig. Prior to
implantation,the sections were cultured for 2 daysinhggph uc os e Dul beccods 1
Eagleds medium ( DMEM) suppl emented with 10%
antibioticantimycotic. For histological comparison, osteochondral tissues from skeletally

mature cows (ear old) were also obtained by slicing with a band saw.

For comparison between pre and post implantations, one section from each
explant was fixed in 10% formalin and kept for subsequent analysis while the other one
was rinsed in PBS just before implatibn. To investigate the role of the subchondral
components, subchondral bone marrow was removed some osteochondral tissues by
sterile flushing as described previously, and cartilage explants were also prepared by

removing the whole subchondral bone [17].
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3.3.2 Subcutaneous Implantation in SCID Mice

Animal study was done following an IACUC approved protocol at Columbia
University. Explants were implanted into subcutareepouches of female SCID mice
aged 810 weeks Jackson Laboratory). Two incisions mgrepared on the backs of the
mice, and a blunt forceps was used to create a pocket in the subcutaneous space inserting
the explant sections. After implantation, wounds were closed with two sutures and mice
were monitored daily. No signs of discomfortre®bserved following surgery in any of
the experimental animals throughout the study. Samples were explanted at 4 weeks and
10 weeks, fixed in 10% formalin and analyzed. All animal experiments followed federal
guidelines and were conducted under a prdtapproved by the Columbia University

Animal Care and Use Committee.

i 4w, 10w:
J UVE.FIIIE (~2 months) Explant at 4 weeks (4w)
bovine femoral condyle and 10 weeks (10w) for
uCT/ histology
DO: . L o\,
1mm Fixed atday 0 (D0) /. by
_< for uCT/ histology ~ ‘5%:

—]
./

[\

N~ 7

Figure 31. Experimental design. 4mm diameter cylindrical cores were harvested from juvenile (2 month
old) bovine femoral condyles and sectioned in the axial direction into 1mm Sicesslice from each core

was fixed for analysis and one slice was implanted subcutaneously in immunocompromised mouse for 4
weeks or 10 weeks.
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3.33 Histologic Evaluation and Analysis

All samples were fixed i10% formalin for 24 hours, anelxcept forcartilage
only samplesdecalcifiedusing Immunocal (Fisher Scientific). Subsequently, samples
were dehydrated in ethanol, embedded in paraffin and sectioned to 5 um thick. Sections
were stained for (1) Hemat oxyl in (@Wah Eosin |
Kossa with Nuclear Fast Red, or (iv) tartrate resistant acid phosphatase (TRAP) with 1%

Alcian Blue (pH1.0). All reagents unless otherwise specified were from Sigidagch.

Immunohistochemical analyses were performed using the followntigagies:
type X collagen (Abcam, U.S.A.), PD&@®B (Abcam), and CD31 (BD Pharmingen,
U.S.A.). Dilutions of antibodies were prepared as recommended by manufacturers
(1/2000 for tye X collagen,1/100 for PDGFBB and CD31 and 1/500 for iNOS and
Arginasel). Antigen retrieval was performed with pronase E and hyaluronidase
treatment for type X collagen, and 10 mM citrate buffer (pH 6.0) for all other markers.
Sections were blocked with serum in PBS and incubated with primary antibody solution
over ni g mmunaobinding was detected with biotinylated secondary antibodies
using the Vectastain ABC kit and sections were counterstained with hematdsgdior
Laboratories) All images were acquired using an Olympus FBX microscope. To
guantitatively compa staining, corresponding images were balanced and analyzed using
ImageJ (National Institutes of Healti)RAP and PDGHBB stains were deconvoluted
using an ImageJ plugiset to a thresholdind positively stained cells were counted as

particles(Fig. 3-2).
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(A) Deconvolute — (B) Threshold — (C) Count Particles

Figure 32. Image processing method for quantitatively comparing histological stains. Images of
immunostains were (A) deconvoluted using an ImageJ plugin to isolate the color of interest, (B)
thresholded to identify the cells and (C) cells were cedinRepresentative deconvoluted images and
particle counts are shown for the TRAP-G) and a PDGIBB (D) stains.

334 Micro CT imaging (e€CT) and morphol ogical
All samples were fixed in 10% formalin for 24 hours at room temperature.

Following fixation, the samples were rinsed in PBS. Higholution threalimensional

(3D) images were obtained for each sample usingivaCT 40 system (SCANCO

Medical AG). The grayscale images were binarized using a global thresholding

technique. Standard morphologl parameters such as the bone volume fraction (BVF)

and bone mineral density (BMD) were measured for each sample using the standard

morphological analysis software on the VivaCT 40 system. To obtain axial profiles of the

BVF and BMD, 200 um thick segmenwere evaluated across the entire axial lemgt

the tissue samples (Fig-33.
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Figure 33. Method to determine spatial profiles of MD and BVF in the subchondral bone. MD and BVF of
200.um segments were determined by manual contouring of each sedresniis were plotted with
respect to the length of the subchondral bone from bottom to top.
3.35 Individual Trabecular Segmentation (ITi®sed morphological analyses

A complete volumetric decomposition technique was applied to segment the
trabecular bone network into individual trabecular plates and rods, as in our previous
studies [18, 19]. Briefly, the surface and curve skeleton of the trabecular bone
microstructurewnere first extracted through an iterative thinning process, while preserving
the topology and morphology of the original microstructure. Then, the entire skeleton
was decomposed into individual plate and rod skeletons, with each skeletal voxel
uniquely idatified as either a plate or a rod, based on digital topological classification,

using an iterative reconstruction method.
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The plate and rodspecific morphological parameters of the trabeculae were
measured as follows. Plate and rod tissue fraction (BBVand rBV/BV) were
calculated as the total volume of plate and rod bone volume divided by the total bone
volume. The number of plates and rods was quantified by the corresponding number
densities (pTb.N and rTh.N, min). The average size of plates andgevas quantified as
the plate and rod thicknesses (pTh.Th and rTh.Th, mm), plate surface area (pTH,S, mm
and rod length (rTb.L, mm). The intactness of the trabecular network was characterized
by the platéplate, platérod, and rodrod junction densityP-P, RR, and RR Junc.D,

mm' ¥, calculated as the total number of junctions between trabecular plates or rods per

unit volume.

3.3.6 Statistical Analysis

The results of g uant i-guartitativeeimageCanalysisn al y s i S
were presented asmaean + SEM (n=4). Statistical analysis was performed with Prism
(GraphPad, U.S.A.) using the Studemedt with the HolmSidak correction for multiple
comparisons, onway ANOVA with Tukeyposthocanalysis, or two way ANOVA with
Bonferroni post hoc analy s i s ( U= 0-valués) were fepored for statistically

significant differences between the groups.
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3.4Results
3.4.1 Juvenileosteochondral tissues undergo endochondral ossification during ectopic
implantation

Native juvenile osteochondral tissues were harvested from bovine femoral
condyles and implanted subcutaneously in immunocompromised mice for 4 weeks and
10 weeks (Fig.3-1). Following implantation, the osteochondral tissues displayed
cartilage retention ithe upper zone and endochondral bone formation in the deep zone,
in continuity with the preexisting subchondral bone (Fig-43. The replacement of

cartilage bybone at the interface progressed axially towards the articular surface.
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Figure 34. Repreentative H&E stains of osteochondral sections at day 0, and after 4 weeks and 10 weeks
of subcutaneous implantation, and of a skeletally mature cow (2 year old). Articular cartilage and
subchondral bone are denoted as AC and SB. Deep zone cartilage laesddyy endochondral bone at

the interface. Trabeculation was nascent in the subchondral bone at 4 weeks and well established at 10
weeks. Scale bar: 200 pm.
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There was no significant change in the total length of the graft, suggesting a lack
of interstitial cartilage growth duringhe implantation (Fig. -8). Most endochondral
bone formation occurred over the first 4 weeks of implantation, by which time the
cartilage length decreased and the bone length increased by approximately 1.2 mm each.

In comparison the corresponding change in the cartilage length (decrease) and bone

length (increase) were 2 mm each over the totabDaf/deks of implantation (Fig-S).
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Figure 3-5. Changes in tissue length and composition. (Top) Representative photographs of whole tissue
sections at day O, after 4 weeks and 10 weeks of implantation. Scale bar: 1 mm. (Bottom) Length of
cartilage determined from representative histologies, angdtieof bone determined by pCT analysis,
showing osteochondral tissue composition before and after implantation. Cartilage length decreased and
bone length increased apparently by 4 weeks, and significantly at 10 weeks, respectively (n=4).
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Morphological @aalysis revealed that hypertrophic chondrocytes were initially
abundant at the interface, but their presence was markedly reduced by 4 weeks following
implantation and was barely visible after 10 weeks of implantation. Similarly, the
expression of type Xatlagen at the interface was observed at day 0 and after 4 weeks

but attenuated after 10 weseof implantation (Fig. -®).
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Figure 3-6. Representative type X collagen stains of osteochondral sections at day 0, after 4 weeks and 10
weeks of implantation. Hypertrophic chondrocytes (indicated by red arrowheads) were observed initially at
the interface, but diminished over time. Scale B&0 um.

Using osteochondral tissue explanted from a skeletally mature animals (2 year old
cows) as a benchmark, we found that ectopic implantation did not progress to the extent
of native skeletal maturity. The final cartilage thickness (~4 mm) dideamh that of a
fully mature native articular cartilage (~2 mm), suggesting ectopic implantation

recapitulated the early but not the final stages of endochondral ossification reminiscent of

native skeletal development. High turnover of cartilage and bwaethe first 4 weeks
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was followed by bone remodeling between 4 weeks and 10 weeks of implantation. Bone
trabeculation was nascent after 4 weeks of implantation, progressing throughout the
mature subchondral region, as evidenced at thevek time pointoy cancellous bone

interspersed uh fatty marrow spaces (Fig-8.

3.42 Ectopic endochondral ossification recapitulates tissue properties of juvenile
subchondral bone

The newly formed endochondral bone and subchondral bone were further
investigated ¥ the Movab s pentachr ome?7) antd agiamitng a¢( Fveg. &

imaging (Fig. 38), to reveal differences in bone architecture in the subchondral region.

DO 4W 10W

Pentachrome

Figure3-7 . Representative Movatdés pentachr omelwseksai ns of o
and 10 weeks of implantation. Scale bar: p&f
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Figure3-8. Representative pCT images of osteochondral tissues at day 0, and after 4 weeks and 10 weeks
of implantation. Scale bar: 1mm.
To quantify these diff ersubclwoedsal bon2 @0 e m s
different time points were analyzed lengthwise by uCT. Bone in the deeper subchondral
region that has been remodeled exhibited higher mineral density (MD) in the range of
70071 800 HA/cm3 whereas bone closer to the interface had a le\ein the range of
5507 700 HA/cm3 (Fig. ). Interestingly, the newly formed endochondral bone at the
interface seen at 4 weeks and 10 weeks following implantation displayed similar MD
profiles to those of the native bone. Also, the MD of subchondraé bn the deeper
region that originated from the pexisting subchondral bone increased significantly at

10 weeks.

Conversely, the deeper subchondral region exhibited a lower bone volume
fraction (BVF = 0.1i 0.2) relative to the interface (BVF = 0.2.3). Although the BVF
profiles were similar, the newly formed endochondral bone at the interface had BVF

values below those measured for the initial nabieee (BVF= 0.4 0.55) (Fig. 39).
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Figure 3-9. Spatial profiles of the mineral density (MD) ahdne volume fraction (BVF) of the
subchondral bone at day 0, after 4 weeks and 10 weeks of implantation. The 4 weeks group is shown in a
lighter shade for ease of comparison between day 0 and 10 weeks. Newly formed bone at the interface
exhibited higher B'F and lower MD than native bone, whereas the bone in the deeper region exhibited
significantly higher MD and lower BVF after remodeling (*p<0.05; **p<0.01; n=4).

In addition to standard morphological analysis, -d&ed analysis highlighted

key differenes between the subchondral bone before and after ectopic implantation.

Whereas plates (shown in green) were initially predominant, rods (shown in red) were

vastly more abundant at 10 weeks due tersive bone remodeling (Fig:1B).
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Figure 3-10. Viswalization of plates (green) and rods (red) identified from pCT images of osteochondral
tissues at day 0 and 10 weeks. Plates were predominant at day 0, whereas rods where predominant at 10
weeks
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Figure3-11. ITSbased analysis showed significant decedaghe plate volume and density, increase in
the rod volume and density, and increase in thereddunction density (****p<0.001; n=4).
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This was documented by the decreasing bone volume fraction of plates (pBV/BV
= 0.76 to 0.22) and increasing volumeadtions of rods (rBV/BV = 0.24 to 0.78).
Similarly, the density of plates decreased from 3.79-Into 2.24 mml while the
density of rods increaseftom 3.32 to 4.17 mri (Fig. 311). Besides substantial
decrease in the density of junctions between pkatelsbetween plates and rodsRRand
P-R), the junction density between rods-RR also increased (from 16 to 62 mih
Consistently, the plate surface area (pTb.S) and the trabecular thickness (pTb.Th and

rTb.Th) also decreased, whereas the rod lengtnljrincreased.

3.4.3 Osteoclastogenesis and vascularization mediate ectopic endochondral ossification
TRAP staining revealed a vast presence of TRAP+ cells after 4 weeks of
implantation that wasittenuated by 10 weeks (Fig:-12). Comparing multipleregions
across multiple samples, the number of TRAP+ cells in the subchondral bone decreased
significantly by more than 70% from 4 weeks to 10 welelewing implantation (Fig.
3-13). As mononuclear TRAP+ cells (posteoclasts) form larger multinucleaells
(osteoclasts) during osteoclastogenesis, we counterstained TRAP with DAPI and
compared pseudcolored stains to detect increased presence of large multinuclear
osteoclast$60]. Corresponding to the greater number of TRAP+ cells, the TRaiRed
areas that are indicative of the ostlast maturation were significantly larger at 4 weeks
than at 10 week$ollowing implantation (Fig. 3L3). Notably, the numbers of large
TRAP+ cells at the interface were also higher at tlveedk than 1@veek time point.
Taken together, these data suggdlestearly osteoclastogenesis mediated greater cartilage

resorption and bone turnover after 4 weeks than after 10 weeks of implantation.
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TRAP/Alcian Blue

Figure3-12. Representative stains of TRAP with Alcian Blue of osteochondral sections at day 0, and after

4 weeks andl0 weeks of implantation. Magnified images with pseadtored nuclear counterstains

(DAPI) are shown in the right panels. TRAP+ cells were more abundant at 4 weeks than at 10 weeks
following implantation. Large, mulihuclear TRAP+ cells (indicated bydearrowheads) seen at 4 weeks
indicate the presence of mature osteoclasts mediating cartilage resorption and bone remodeling. Scale bars:
200 pm (main images) and 100 pm (magnified images).
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Figure 3-13. Quantitative analysis of TRAP stains. The number of TRAP+ cells and average stain area of
TRAP+ cells were significantly higher at 4 weeks than at 10 weeks following implantation (n=4).
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We also determined that TRAP+ cells expressed RBBFin agreenent with a
previous study highlighting that preosteoclasts secrete PBEBnd thereby promote
vascularizatior{61]. Similar to the TRAP staining, large numbers of PBDEB+ cells

were detected at weeksand only few allO weekqFig. 3-14, 3-16).

|

PDGF-BB

Figure 3-14. Representative PDE@BB stains of osteochondral sections at day 0, and after 4 weeks and 10
weeks following implantation. Magnified images are shown in the right panels. PEéliB+ere seen at 4
weeks and 10 weeks following implantation, and were more abundant at 4 weeks. Scale bars: 200 pum
(main images) and 100 um (magnified images).

Correspondingly, CEB1 staining for endothelial cells revealed vascular lumens
seen after 4veeks but not after 10 weeks of implantation (RBg.5, 3-16). Therefore,

osteoclastogenesis seems to couple bone turnover to bone vascularization viBBDGF

secretion, and mediate the early progression of endochondral ossification.

CD-31

Figure 3-15. Representative CEB81 stains of osteochondral sections at 4 weeks and 10 weeks. Vascular
lumens (indicated by red arrowheads) were seen at 4 weeks but not 10 weeks following implantation. Scale
bar: 100 pm.
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Figure 3-16. Quantitation of PDGBB and CD31 stains The numbers of PDGBB+ cells and CEB1+
area were significantly greater at 4 weeks than at 10 weeks (n=4).
3.4.4 Host cells populate the subchondral space and drive endochondral ossification

To decouple the roles of host and graft cells, simitgrlantation studies were
conducted with osteochondral tissues stripped of marrow cells in the subchondral bone
prior to implantation, and using cartilagaly tissues. Earlier comparisons revealed that
preimplanted tissues had residual gradrived mamw cells in the subchondral bone,
and it was unclear if these cells or the host cells were driving endochondral ossification.
Thus, the cells were completely removed from the subchondral bone using saline buffer
and the implantation outcomes were evaluaRibr to implantation, it was evident that
the cells, except for osteocytes, were not present in the subchondral bone. The vacant
subchondral bone was infiltrated by the host cells dvereeks of implantation (Fig.-3
17A). In line with the other data, ndochondral ossification was apparent as the
replacement of cartilage by bone pregged from the interface (Fig:-13B). Bone length

at 4 weeks increased and cartilage length dseckby a similar amount (Fig:13C).

Notably, the cartilag®nly tissues did not undergo endochondral ossification.
Instead, the deep zone hypertrophic chondrocytes at day 0 mineralized to form distinct

zone of calcified cartilage at 4 weeks withaisible bone formation (Fig.-37D). Our
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results suggest that host sefpopulate the subchondral space and drive endochondral
ossification, and confirm that native cartilage is resistantntboehondral ossification

duringectopic implantatiomlespite deep zone mineralization
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Figure 317. Host cells populate the subchamdibone and drive endochondral ossification. (A)
Representative H&E stains of osteochondral sections at day 0 and at 4 weeks following implantation.
Sections were stripped of bone marrow (BM) cells in the subchondral bone prior to implantation by sterile
rinsing. Magnified images are shown in the right panels. The subchondral bone was densely populated with
cells at 4 weeks, indicating host involvement. Scale bar: 200 um. (B) Representative pCT images of
osteochondral sections at day 0 and at 4 weeks fmitpwmplantation showing new endochondral bone
formation and subchondral bone remodeling. (C) The lengths of cartilage (determined from representative
histologies) and bone (determined by uCT analysis) showing osteochondral tissue composition before and
after implantations. Cartilage length decreased and bone length increased markedly by 4 weeks following
implantation (n=4). (D) Implantation outcomes of cartilagdy grafts. H&E and Von Kossa stains at day 0

and after 4 weeks of implantation. Hypertrophitondrocytes mineralized during implantation without
visible endochondral bone formation. Scale bar: 200 pm.

3.4.5Macrophages selectively regulate cartilage and bone turnover
To investigate the role of inflammation on ectopic endochondral ossificaten, w

stained samples at 4 weeks and 10 weeks for markers associated with classically (M1)
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and alternatively (M2) activated macrophages, inducible nitric oxide synthase (INOS)
and arginase 1 (Ard). Corresponding to the greater turnoasid number of TRAP+

cdl, both INOS+ and Argl+ cells weremore prevalenat 4 weeks than at 10 weeks. In
particular, INOS+ cells were seen extensively in the subchondral bone region at 4 weeks
but not at 10 weeks. Arti+ cells were als@xtensiveat 4 weeks, especially near the
interface where deep zone cartilage was being replaced by endochondralnbthree.

subchondral region, Ar@+ cells lined the surface the trabecular bone.

iNOS (M1) Arg-1 (M2)

Cartilage . . .~

Figure 318. Macrophages selectively regulate cartilage and Hanmeover. (Left) Cells expressing
classically activated (M1) marker INOS were observed extensively at the interface as well as in the
subchondral bone region at 4 weeks. At 10 weeks, the presence of INOS+ cells persisted near the interface
but attenuatechithe subchondral bone. (Right) Cells expressing alternatively activated (M2) markér Arg
were observed extensively at 4 weeks, especially at the interface. At 10 weeflts; éetis were abundant

near the interface and lined the newly formed endochobdred in the subchondral region
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To quantify the comparison, cells were counted as particles in binarized images of
representative frames. Correspondingly, there were slightly more iNOS-thagll#\rg

1+ cells at 4 weeks. Instead, there were morelargells than INOS+ cells at 10 weeks.

iNOS/Arg-1 immunohistochemistry
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Figure 319. Semiquantitative analyses of INOS and Atgmmunohistochemistry. Particles were counted
using multiple representative frames of binarized images. There were slightly more iINOS+ cells than Arg
1+ cells & 4 weeks, albeit not significantly. In contrast, there were morelArgells than iINOS+ cells at

10 weeks.

Particles/ Frame

3.5 Discussion
While several studies investigated the fate of cells in cartilage or bone during

ectopic implantation, the present study is thstfto look at phenotypic changes in
immature osteochondral tissues over the course of subcutaneous implantation. Motivated
by the findings from developmental studies, we hypothesized that subcutaneous
implantation in mouse can recapitulate endochondmsification associated with native
skeletal development. The results we obtained support our hypothesis, as immature
osteochondral tissues underwent endochondral ossification reminiscent of that seen
during skeletal development and characterized by thergssiye loss of cartilage and

concomitant endochondral bone formation at the cartiege interface. Cartilage
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retention was evident in the upper zone whereas all cartilage turnover occurred at the
interface and progressed axially towards the surfactedd, previous studies reported
that ectopic implantation of callike cartilage formed from MSC resulted in bone

formation at the surface and cartilage loss that progressed into the bulk of the tissue.

We also noted several interesting differenbesveen the ectopic and the native
processes. Despite the steady progression of endochondral ossification, there was no
increase in the graft size, suggesting a lack of interstitial cartilage growth. During skeletal
development, cartilage thickens as chagtes proliferate and deposit matrix prior to
terminal differentiation. This process is regulated by the signaling crosstalk between
multiple pathways such as bone morphogenetic protein (BMP) and Wingless (Wnt), and
signaling feedback such as that betwgarathyroid hormoneelated peptide (PTHrP)
and Indian Hedgehog (Ihii%1, 52] In ectopic environment, the lack of trophic factor
gradients might have disrupted signaling crosstalk and feedback between the multiple

pathways that are necessary for cartilage growth.

Similarly, the osteochondral tissue could have been subjectedptansumal
oxygen tension in the vascularized subcutaneous environment across different cartilage
zones, which in turn could have disrupted cartilage growth. In addition, the extent of
endochondral ossification was also limited as its progression atteraitged0 weeks of
subcutaneous implantation. Notably, the diminished presence of hypertrophic
chondrocytes, as indicated by cell morphology and type X collagen expression, at the

interface with prolonged implantation suggests that terminal differentiatbn
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chondrocytes was inhibited in the absence of native gradients of trophic factors.
Consequently, the final cartilage thickness did nathethat of mature native tissuAs
mice are known to reach skeletal ority around 5 months of age,i# unlikely that the

skeletal maturity of the host affected morphogenesosteochondral graff62].

There were also similarities and difference$one turnovebetweenthe native
and ectopic processes. MoTr imdgiog and analgsis) ¢ o mp a i
revealed that the new endochondral bone exhibited similar BVF and MD profiles as the
native juvenile subchondral bone after bone remodeling. Just like the initial subchondral
bone, endochondral bone at the interface had a higher &\a lower MD than
cancellous bone in the deeper subchondral regions. These similarities suggest that
endochondral bone formed during ectopic endochondral ossification was also

progressively remodeled into mature cancellous bone.

Still, there were impaant differences in the quality of the cancellous bone and
the composition of the marrow within the trabeculae.-bBSed analysis revealed that
unlike the initial subchondral bone that was mostly composed of plates, the remodeled
bone following subcutamelis implantation was mostly composed of rods. The prevalence
of rods is reminiscent of osteoporosis and indicative of pathological bone remodeling. As
mechanical loading affects bone maturation, it is likely that the lack of physiologic
loading resulted iradverse bone remodeling and the formation of cancellous lbbf
subnormal propertief63]. Trabecular bone microstructure and mechanical properties

vary among different skeletal sit¢84-66]. We confirmed in our earlier studies such
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differences in trabecular plated microstructures among different anatomic locations,
and found their dependence on locaéchanical environmen67]. In addition, the
marrow that filled the spaces between the trabeculae during later stages of implantation
was fatty and not hematopoietic. Because adipocytes limit hematopoiesis and cause fatty
marrow formation, it is likely that thecaess of cells from the adipocyteh hypodermis

enabled fatty marrow formation and inhibited hematopo[é8s69]

Besides morphological comparisons, we also identified osteoclastogenesis and
vascularization as important mediators of ectopic endochondral ossification. Initial
progression of endochondral ossification was characterigech vast presence of
mononuclear presteoclasts and mature multinuclear osteoclasts. TRAP staining was
evident at 4 weeks throughout the subchondral bone, particularly at the interface where
cartlage was resorbed and endochondral bone was formed. Gtar@gbm
vascularization was evident at site of bone formation. Attenuation of endochondral
ossification at 10 weeks pestplantation correlated with the diminished presence of
pre-osteoclasts, osteoclasts and vasculature. Motivated by recent studiesgstieat
PDGFBB couples bone formation and angiogenesis, we studied HEBSE&xpression
and found that the results mirrored those of TRAP staitibhg70]} Our data suggest that
PDGFBB mediated early endochondral ossification during ectopic implantation by

coupling osteoclastogenesis with vascularization.

By stripping osteochondral tissues of the subchondral bone marmmiv a

comparing their implantation outcome with that of intact osteochondral tissues, we found
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that cells populated the subchondral space to drive endochondral ossification with or
without preexisting bone marrow. Interestingly, we also implanted cartitadye tissues

and found that they did not undergo endochondral ossification but instead mineralized in
the deep zone. This suggests that the subchondral bone was necessary for the recruitment
of hematopoietic and vascular cells in the ectopic environmeinitiate endochondral
ossification via a mineralized cartilage template. Recent developmental studies using
tamoxifeninducible genetic recombination and situ hybridization challenged the
paradigm that hypertrophic chondrocytes undergo apoptosis demagpchondral
ossification, by showing that they can become osteoblasts via transdifferenfirdtjon

72]. Still, based on the findings from this study, we propose thabdkecells populate

the subchondral space and potentiate ectopic endochondral ossification as there has been
no evidence that chondrocytes or osteocytes are capable of transdifferentiating into cells

of hematopoietic or vascular origin.

To investigate tl roleof inflammation, we stained for markers associated with
different macrophage phenotypddacrophages are broadly classified into classically
activated (M1) and alternatively activated (M@)enotypeg73]. M1 macrophages Kkill
intracellular pathogens by converting arginine into nitric oxide (NO) via iNOS. Instead
M2 macrophages inhibit NO production by converting arginine into ornithine, a precursor
of hydroxyproline andolyamines[74-76]. Thus, M2 macrophages are associated with
repair and implicated in the wound healmegponsg74, 76, 77]However, the effects of
INOS and Argl on bone and cartilage turnover are not clédnereasone studyfound

that NO autoregulate osteoclastogenesis medtatedceptor activator of nuclear factor
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kappaB (N F 8) Bgand (RANK-L), another study found that bone resorption mediated
by N F aiB dependent on HL induction and activation o0NOS [78, 79] In this study,

we found tlat extensive presence of INOS+ cells at the interface and subchondral region
correlated with high bone and cartilage turnover at 4 weeks, as well as the extensive
presence of TRAP+ osteoclag®sevious studies reported thagin NO production due to
Arg-1 knockdown resulted in enhanced osteoclast differentiation, which suggests that
Arg-1 is a negative regulator of osteoclast differentiation and bone resorption. Addition
of recombinant Argl was also showrto abolish RANKL mediated osteoclast
differentiaton [80]. In our study, we found a slightly greater presence oflArgels

than INOS+ cells at 10 weeks. Alg cells populatedhe interface antined the newly
formed bone in the subchondral regidihis could be indicave of anabolic activity and
negative regulation of bone resorption following early tissue@over [74]. This also
agrees well with M1 to M2 transition which is characteristic of bone healing during
fracturerepair[81]. Interestingly, ogeoclasts reciprocally suppress the ioma response

via crosstalk with Tcells [82]. Although the mice used for this study were
immunocompromised, it is likely that autoregulation occurred reciprocally between
macrophages and osteoclasts as both treepee of INOS+ and Arfj+ cells attenuated

by 10 weeks, similar to TRAP+ osteoclasts.

Despite showing the usefulness of the ectopic model for investigating
developmentof juvenile osteochondral tissues, the present study has limitations. For
example, wealid not study the expression of other characteristic markers associated with

endochondral ossification such as MNB. Despite borrowingmechanistic evidence
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from native developmental studies, we showed only correlation but not causality, which
would requre rigorous gain and loss of function experimemtss is true for establishing
the importance of osteoclastogenesis, vascularization and inflammation associated with
differential macrophage responsglthough the lack of transdifferentiation evidence
suggests that host cells populate the subchondral bone and potentiate ectopic
endochondral ossification, we did not track cell lineages and thus could not accurately

define the contribution of host and graft cells towards phenotypic changes.

Future studies auld help gain insights into themechanism of ectopic
endochondral ossification. For example, the reversibility of the adverse subchondral bone
remodeling can be probed by administering the mice with bisphosphoivategu
hybridization could clarify theorigin and fate of different cell types during ectopic
endochondral ossification of osteochondral tissues. With further mechanistic
understanding, the utility of this model can also be extended towards the evaluation of
tissueengineered osteochondralstigesin vivo prior to their orthotopic implantation in

large animal models.

3.6 Conclusion

This study shows thatubcutaneous implantation of osteochondral tissues in a
mouse recapitulates endochondral ossification resembling that occurring during native
skeletal development. We observed the cartilage retention in the upper zone, and the
formation of endochondral benprogressing from the cartilage/bone interface towards

the cartilage surface. We show that the endochondral bone remodeled into mature
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cancellous bone resembling the native subchondral bone. However, we also noted

several important differences betweer #ttopic and native processes, which could be

attributed to the inability of the ectopic process to recapitulate the native trophic and

mechanical factors. The lack of physiologic stimuli likely disrupted chondrocyte

differentiation and bone maturation.
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Figure 320. Summary of ectopic implantation outcomes. Schematics illustrating that osteochondral tissues
comprising articular cartilage (AC) and subchondral bone (SB) with or without bone marrow (BM)
underwent endochondral ossification (E€jaracterized by the replacement of cartilage by bone at the
interface. Instead, fullhickness cartilage mineralized in the deep zone but did not undergo EO.
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3.7 Future Work

Transient cartilage in juvenile osteochondral tissues can undergo ectopic
endoclondral ossification during subcutaneous implantation in mice. Thus, the
subcutaneous implantation model could be used to evaluatm thigo stability and

maturation state of the engineered cartilage or osteochondral tissue.

In the subsequent chaptergjdes summarized in Aim 2 (Chapter 4) and Aim 3

(Chapter 5) will utilize subcutaneous implantation to assessnthévo outcomes of

cartilage tissues engineered from ssedembling hMSCs.
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Chapter 4

Evaluation of cartilage discs grown from self-

assemiting MSCsin vitro and in vivo

4.1 Abstract

Methods of cartilage formation by s@fsembly of human mesenchymal stem
cells (MSCs) recapitulate important cellular events during mesenchymal condensation
that precedes native cartilage development. Here,shav that the cartilaginous
extracellular matrix (ECM) coating and the cell seeding density are important
determinants of functional cartilage disc formation by-asfembling hMSCs. Type |
collagen, expressed in the prechondrogenic mesenchyme, enadefbrchation and
enhanced early chondrogenesis. High cell seeding density improved tissue properties but
resulted in less frequent disc formation. Comparing the discs and the pellets, we
identified previously unreported compositional and organizatiorféérencesin vitro
andin vivo. Further, we found that prolonged chondrogenic induction of the idisitso
expedited endochondral ossificationvivo. These results demonstrate that ithevitro
andin vivo outcomes of cartilage formation by sakserbling MSCs can be modulated
by the control of culture parameters. Insights gained from this study could motivate new
directions for engineering cartilage and bone via a cartilage template from self

assembling MSCs.
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4.2 Introduction

The articular cartilagenas limited capability for intrinsic healing due to its
avascular nature. Current approaches to treat focal cartilage lesions include autograft,
mosaicplasty and autologous chondrocyte implantdiior8]. However, these methods
are limited by donor site morbidity and the proliferative ability of chondrocytes. Thus,
there is an ongoing effort towards developing stem-ligdled therapies for cartilage

regeneratiofl6].

In cartilage tissue engineering (TE), scaffolding materials have been successfully
used for cultivatiorand delivery of chondrocytes. However, scaffolding methods have
resulted in subnormal cartilage formation by M3Che most attractive cellosirce for
clinical application[27]. In contrast, selassembly of MSCs recapitulated mesenchymal
condensation that precedes joint development, and enhancedvitre chondrogenesis

of MSCs[39-42].

In pellet culture, cells form spherical aggregates that deposit matrix and grow
over time [5, 6]. In disc culture, multiple layers of calisposit matrix and form a disc
that grows in thickness over time [8, 9]. Cartilage formed in pellet culture of self
assembling MSCs lacks physiological stratification and is not well suited for cartilage
repair due to its tendency to undergo endochorassificationin vivo[3, 10, 11]. While
the pellet culture has been well established, the exact conditions for cartilage disc culture

are not known37, 42] In some cases, MSCs could not form discs due to the forces
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associated with seHssembly (Table4-1). It remains to be determined how the

conditions of MSC selassemblyn vitro affect artilage fatan vivo.

Table 4-1. Summary of studies on disc culture of sefembling chondrocytes or MSCs far vitro
cartilage formation. In some cases, MSCs failed to form discs.

Density Disc

Cell Type Source (x 1%/ I_Ir]sert Substrate Formation R Ref.
mm?) ype (Yes/ No) Giay
Chondrocytes Bovine  0.050 Millicell Type Il Yes - [37]
MCC joint PTFE Collagen
Bovine 0.016 Millicell Type Il Yes 0.3 [38]
MCC joint PTFE Collagen
Bovine  0.160 - CPP Yes 0.94 [83]
MCC joint
Sheep 0.160 - CPP Yes 0.5 [84]
MCC joint
Bovine  0.067 Millicell Type Il Yes 0.45 [85]
hock joint PTFE Collagen
Bovine  0.033 Millicell Type li Yes - [86]
MCC joint PTFE Collagen
Bovine 0.172 - Agarose Yes 0.15 [87]
distal femu
Bovine  0.289 - Agarose Yes 0.8 [88]
distal femu
Human 0.006 Millicell Type I/ Yes 0.15 [89]
femoral PTFE Type ll
cartilage Collagen
Human 0.102 - Agarose Yes 0.6 [90]
articular
cartilage
MSCs Human BV 0.015 Corning None Yes 0.8 [42]
PC
Porcine 0.392 Millicell None Yes 1.3 [91]
BM PET
Human BV 0.015 Corning None No - [46]
PC
Sheep BM 0.033 Millicell Type IV Yes 0.5 [43]
PTFE Collagen
/ICPP
Equine  0.033 Millicell Fibronectir  Yes 0.1 [92]
cord blood
Human BV 0.102 - Agarose No - [90]
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We hypothesized that (i) the membran€NE coating and (ii) thecell seeding
density determine functional disc formationvitro. To this end, we investigated if the
control of these two parameters would enable reliable formation of cartilage discs by self
assembling MSCs. Further, we asked whetheritheivo fate d cartilage can be
modulated by the sedssembly regimen (disc versus pellet) and the lengih witro

culture.

To test the hypotheses, we analyzed gene expression, biochemical, mechanical
and morphological changes of sasembling human MSCs (hMSGs) membrane
inserts with or without ECM coating, following chondrogenic induction at different cell
seeding densities. Further, we compared the composition and organization of the discs
and pelletsn vitro andin vivo. Finally, we investigated the vivo fate of discs cultured
under different durationis vitro. Overall, the study was designed to clarify the effects of
in vitro culture parameters on tlhe vitro properties andh vivo fate of cartilage formed

by selfassembling hMSCs.

4.3 Materials and Methods
4.3.1 Cell source and preparation

Fresh bone marrow aspirates were obtained from Cambrex and proassised
our previous studiegll1]. Bonemarrow derived hMSCs were isolated and expanded to
the fifth passage in high glucose DMEM containing 10% fetal bovine serum, 1% Pen
Strep and 1 ng/mL of fibroblast growth facr(FGF2). All reagents were from Life

Technologies, unless specifiedhetwise. At P5, hMSCs were seeded for experiments.
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4.3.2 Cell seeding and differentiation
For chondrogenic differentiation, serdmee chondrogenic media consisting of
high glucose DMEM, ITS+ supplement (BD Biosciences), 5 midrdline, HEPES,
sodium pyrua t e , dexamet hasone, 50 &M ascorbic aci
transforming growth factor bet& (TGFb 3 ) (PeproTech) was used.

from Life Technologies, unless otherwise specified.

For disc formation, 6.5 mm diameter transwell nsewith polycarbonate
membranes were used (Corning). To each transwell, 50 pL of vehicle (1ImM acetic acid
with ethanol), 1.5 mg/mL type | collagen (BD Biosciences) or type Il collagen (Elastin
Products) was added and the transwells were air dried overfirghswellswere seeded
with hMSCs,loaded in24-well plates, anctentrifuged at 200g for 5 minutes. The next
day, chondrogenic media was added so that every transwell was fully submerged.
Medium was changeelery 2 days for up to 6 weeks.

A

=

Veh

OOO

Col1

% B
hMSE %ﬁz =
U=

Figure 41. Selfassembly methods for cartilage formation by hMSCs. (A) Top, disc culture: hMSCs were
seeded in transwell inserts coated with vehicle control (Veh), type | collagen (Coll), or type Il collagen
(Col2); Veh group failed to form discs. Bottom, pellet atdt hMSCs were seeded in rodoottom wells

and formed spherical aggregatéB) Representative images of hyaline discs formed in coated transwells

are shown.
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For pellet formation, 0.25x2thMSCs were seeded in a leattachment round
bottomed 96well plate (Fisher Scientific), and the plates were centrifuged at 200g for 5
minutes. Medium was changed twice a week for up to 6 weeks. For implantation studies,

pellets were cultured for up to 10 weeks prior to implantation.

4.3.3 Subcutaneous Implantation i€I® Mice

For implantation studies, discs werdtated for 6 weeks, 8 weeks, &0 weeks
and pellets were cultured for 10 weghsor to implantation All animal experiments
followed federal guidelines and were conducted under a protocol approved by the
Columbia University Animal Care and Use Committdéssues were implanted into
subcutaneous pouches cfl8 week old female SCID mice (Jackson Laborgtofyo
incisions were made on the back of each mice, and a blunt forceps was used to create a
pocket in the subcutaneous space into which the tissue samples were inserted. After
implantation, the skin was closed with two sutures, and mice were monitahgedNia
signs of discomfort were observed following surgery in any of the animals throughout the

study. Samples were explanted at 4 weekkanalyzed.

4.3.4 Histology and Immunohistochemistry

For histology, samples were fixed in 10% formalin for 24 hours, decalcified with
Immunocal (Fisher Scientific), dehydrated in ethanol, embedded in paraffin, and
sectioned to 5 um. Sections were stained for (i) Hematoxylin and Eosin (H&E), (ii)
Alcian Bluewi t h Nucl ear Fast Red, (i i) Picosiriu

All  reagents were from Sigma Aldrich, unless otherwise specified.
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Immunohistochemistry was performed using the following antibodies: type | collagen,

type Il collagen, type X collan, lubricin, and osteopontin (Abcam, U.S.A). Sections
were processed according to manufactureros
with biotinylated secondary antibodies using the Vectastain ABC kit (Vector

Laboratories). Images were acquired uangOlynpus FSX100 microscope (Olympls

4.3.5 Mechanical testing

The compressive Young6s modul us of the
submerged in PBS using unconfined compresamulescribed by a previous stud, with
some modification$41]. From the tissue samples (n=4 per group), 3mm diameter discs
were cored using a biopsy punch. The disc thickness was measured by the position of
tissue contact to that of the platforifo achieve a very low strain ratéiet cylindrical
constructs were compressed at a rate of 100 nMb@OR% strain per second) for up

2,000 s, and the compressive load was measured.

l nstead of determining the Youngdés modul
values at different strainghe discs were loaded continuously at a very low strain rate and
the transient stress was mei@sl at every increment. The transient stress was plotted
against strain at every increment, generating a sstesi® curve with 2000 data points
for each measurementThis enabled the identification of the elastic range during
compression loading fromhich the rampmodulus was calculatess the gradient dhe
linear slope (280% strain). Full thickness cartilage discs were obtained from the tibial

plateau of 2nonth otl calves (Green Village Packing serve as a reference.
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Due to the presence afterstitial fluid pressurethe articular cartilage exhibits a
stressrelaxation response and thfleo u n g 60 s (apprakimataly®.5 MPajetermined
from equilibrium stress is ideal for assessing shreicture functionof the engineered
cartilage following fluid exudation[93]. However, the equilibrium response is not
physiological as it only occurs after hours of static loading. For this reason, investigators
have also studied the dynamic modulus of the articular cartilage to better understand its
mechanical response wrdphysiological loading conditions. Displacement controlled
studies found thatthe dynamic modulobf the bovine articular cartilage at 1 Hinder
strain amplitudes 0d.5, 1, and 2.5%vere 13, 20, and 37 MPE4-96]. Similarly, a load
controlled study found that the incremental dynamic modulus at 0.1 Hz increased from
14.6 MPa at zero applied stress to 4BIPa at 4 MPa of applied ssg[97]. Thus,
interstitial fluid pressurizatiomn the aticular cartilage results in a frequency and load

dependent mechanical responseler cyclical loadig at physiological frequencies

In our measurement, the ramp loading rate is similar to the first leg of a sawtooth
cyclical loading profile with an ampilide of 10% and a frequency of 0.0005 Hz.
Although this rate is suphysiological (0.01i 2 Hz), we tested for interstitial fluid
pressurization and found that the ramp modulus at 0.02%/s was approximately 2.7 times
that of the equilibrium modulus. Thushere was significant interstitial fluid
pressurization Still, this enabled ugo compare themechanical responsef the
engineerednd nativecartilage The biochemical composition of teagineered cartilage
correlated with the ramp modulualso, the ramp modulus of the engineered cartilage

wassignificantly lower but in the same order of magnitude as the native cartilage.

55



4.3.6 Biochemical analysis

DNA, sulfated glycosaminoglycan (GAG), and collagen (COL) contents were
measured as previsly described (2). All reagents unless otherwise specified were from
Sigma Aldrich. Briefly, the samples (n = 4) were blotted dry and weighed. Subsequently,
the samples were digested in 0.5 mL proteinase K solution at 60 °C. With the sample
digests, the DM content was determined using the Molecular Probes Picogreen assay
(Life Technologies). The GAG content of the sample digests was determined using the
1,9-dimethylmethylene blue (DMMB) dye calorimetric assay with chioitih-6-sulfate
as a standard. Themaining sample digests were hydrolyzed at in 6 N hydrochloric acid
overnight andthe hydroxyproline content, assumed to be?d@f the total collagen

content, was determined.

4.3.4 Gene expression analysis

Samples (n=4 per group) were crushed with pestles and homogenized by mixing
in the TRI zol reagent . RNA was extracted ac
using the TRIzol method. The quantity of RNA was measured on the Nanodrop ND1000
(Fisher Scietific). Following treatment with DNase | removal kit, cDNA synthesis was
performed using the Applied Biosystems High Capacity kit according to the
manufacturer 6s i ns tPCR analysis was doneQusirgy 2@ ng tDNAi ve R
per reaction and the Appt Biosystems SYBR® Green PCR Master Ml primers
(Table4-2) were synthesized by Life Technologi@fie expression of target genes was
normalized to the housekeeping gene GAPD#{®and calculated from the mean CT

values of technical duplicatesrfeach sample. All reagents were from Life Technologies.
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Table4-2. List of primers used for qPCR.

Gene Forward Sequence Reverse Sequence
ACAN CCCCTGCTATTTCATCGACCC GACACACGGCTCCACTTGAT
COL2A1 AGACTTGCGTCTACCCCAATC GCAGGCGTAGGAAGGTCATC
COL1A1 GATCTGCGTCTGCGACAAC GGCAGTTCTTGGTCTCGTCA
C4ST  CATCTACTGCTACGTGCCCA CTTCAGGTAGCTGCCCACTC
C6ST CTCGGAGCAGTTCGAGAAGTG CGCCAGTTTGTAGCCGAAGA
COL10A1CATAAAAGGCCCACTACCCAAC ACCTTGCTCTCCTCTTACTGC
MATN3 TCTCCCGGATAATCGACACTC CAAGGGTGTGATTCGACCCA
CHM1 CTGGATCACGAAGGAATCTGT ACCATGCCCAAGATACGGG
SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
RUNX2 CCGTCTTCACAAATCCTCCCC CCCGAGGTCCATCTACTGTAAC

438Mi cro CT imaging (eCT) and standard mor phc
For uCT, samplegn=4 per group)ere fixed in 10% formalin for 24 hours at

room temperature, rinsed briefly, and kept in PBS. 3D -héglolution images were

obtained for each sample usingVavaCT 40 system (SCANCO Medical AG). The

grayscale images were binarized using a global thrésHaiandard morphological

parameters such as mineral volume (BV) and mineral density (MD) were evaluated for

each sample using the standard morphological analysis software on the VivaCT 40

system.

4.3.9Statistical Analysis

All quantitative results arerpsented as mean + SEM (n=4 per data point).
Statistical analysis was performed with Prism (GraphPad), using the Stiesnot one
way ANOVA wipodt hodtastk Significant differences are denoted as *(p <

0.05), ** (p < 0.01) and *** (p < 0.0D).
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4.4Results
4.4.1 Morphologicalanalysis of cartilageliscs and pellets

Type | collagen and type Il collagen are important fibrillar collagens that are
expressed during different stages of chondrogeri@8js99] Multiple layers of hMSCs
were seeded on transwell membrane inserts coated with type | collagen (Coll), type Il
collagen (Col2)or vehicle (Veh), and allowed to s@lésemble. Pellets were also formed

from seltassembling hMSCairoundbottomed wells. (Fig.4).

Following chondrogenic induction, the Coll and Col2 groups formed 6.5mm
hyaline discs but not the Veh group (Figi-2). The lack of ECM coating in the Veh
group abrogated disc formation and resulted in condensation, yielding a hemispherical
tissue tlat resembled the pellet (Fig-2). The Veh hemispheres and pellets exhibited rich
sulfated glycosaminoglycan (sGAG) destion (shown by Alcian Blue) in the center
regions, and dense fibrillar structures (shown by PicoSirius Red) that was rich in type |
collagen at the surface of the tissues. In contrast, the Coll and Col2 discs were stratified
and exhibited more homogersdeposition of SGAG and type Il collagen. To highlight
the organizational differences, the tissues were stained for lubricin, the superficial zone
protein. Whereas lubricin lined the entire surface of the pellets, its expression on the discs
was limited b the top surface but not the bottom side in contact with the membrane.
Although resembling the pellets, the Veh hemispheres was lined with lubricin only at the
surface but not the bottom side inntact with the membrane (Fig-4 Whole tissue
comparisonbetween the Coll and Col2 discs revealed an overall increase in the

deposition of SGAG and type Il collagen with prolonged chondrogenic induction, from
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day 17 to day 42. However, the deposition of ECM rich in SGAG and type Il collagen
was only observed ae membrane coated with Coll, not Col2. This was evident at both
time points evaluated following chondrogenic induction, with a partial recovery of ECM

deposition in the A& discs seen at day 42 (Fig3%

Col1 Col2 Veh Pellet

PicoSirius Alcian
Red Blue

Type ll
Collagen

Type |
Collagen

N\

Type X
Collagen

Figure4-3. Histology of Coll, Col2, vehicleontrol and pellet. Poor ECM deposition in the deep zone was
seen in Col2 discs. Vehicle control condensed into a hemisphere. Type | collagen rich fibrillar structure
formed at the surface of the pellet and vehicle control. Discs exhibited more unifari tgllagen and

GAG distribution whereas GAG was visibly denser at the center of the pellet. Scale bar: 200 pm.
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Figure 4-4. Histology of Coll and Col2 discs aftdi7 days and 42 days of chondrogenic induction.
Although both groups formed stratifietiscs that grew in thickness and deposited ECM over time, less

ECM was observed in the deep zone of Col2 diScale bar: 200 pum.
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Figure4-5. Histology comparing lubricin stains. Lubricin was expressed at the entire pellet surface but only
at the top srface of the discsScale bar: 50 pm.

Using Coll as the choice coating, the effects of cell seeding density on tissue
morphology was evaluated. Increasing cell seeding density from 6.5x10x1¢ per

well increased the disc thickness without causimpreciable chargs in tissue

morphology (Fig. 46).
500k 1M

500k

H&E

1M

Figure4-6. H&E stains show that Coll discs seeded at 1.0x106 were thicker than those seeded at 0.5x106.
Scale bar: 200 pm.
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To investigate the prevalence of type | collagen during chondrogenesef-of
assembling hMSCs, pellets were stained for type | collagen at different time points
following chondrogenic induction. Type | collagen was expressed in early condensed
mesenchymal bodies, and reduced to the penidial margin over time (Fig.-@). This
confirms previous findings highlighting the importance of type | collagen for early

chondrogenesis during mesenchymal condensation.

O
-

D3 D7 D14 D21 D42

Type |
Collagen

Figure 4-7. Type | collagen stains of pellets at different time points after chondrogenic induction show
initial expression throughout the pellet, and reduction to the surface layer oveStiaie.bar: 200 um.
4.4.2 Compressive properties of cartilagescs

In agreement with the results of histological analysis, mechanical evaluation
revealed that the compressive dotus of Coll discs (~280kPa) was significantly higher
than that of the Col2 discs (~170kPa), with little difference in tissue thickness. However,
neither group reached the level ofimatcartilage (~800kPa) (Fig-2A). Consistent with
our previous findigs, cartilage formed by seafsembling hMSCs achieved a
compressive modulus exceeding that of cartilage formed in scaffold culture by MSCs
reported in earlier studigd1]. Increasing the cell seeding density from 0.xi€r well
(0.015x16 /cm2) to 1 x18 per well (0.030x16/cm2) tended to increase thedkmness
(from 0.5 mm to 0.7 mm) and the compressive modulus (from 280 kBaOt&Pa) of

Coll discs (Fig. 4B). Comparing the stresdrain curves, the engineered and native
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tissues exhibited similar profiles with toe and elastic regions. However, thegioa (G

10% strain) associated with the native tissue was smaller than that of the engineered
tissue (015% strain). Also, yield points and subsequent escalations were seen in the
native tissues but not the engineered tissues which remairstd ¢eiogh 40% strain

(Fig. 47C). These differences could be attributed to the maturity of the native cartilage

(adult bovine) used as a reference.

g 1000, _ 2.0 3.0x105 Native
e E _
@ 800 5 - Coll
g f £15 | 2504105 Col2
5 600 @ x2.
o 2 1.04 A
L) [ — 2 £1.04105
7 2 0.5 &
£l TANRET Tl N e
N ol : : 0.0- : . - T p—
Coll  Col2z Native Coll Col2 Native 0.0 0.1 Uéztra?ﬁs 04 05
5
g 1000, o £ 2.0, 3.0x105 Native
£ 8004 | £ 1.5] | 5 Col1 1M
2 600 N 2 $2.0.105 - Col1 0.5M
2 == 210 . @
w 4007 s ES £€1.0x10%
2 200, g °'5'. 7 S
2 ol 5 — _ 0.0/ 5 — y 0+ -
0.5x10° 1.10° Native 0.5x10° 1.10° Native 00 01 02 0.3 04 05

Strain

Figure 4-8. Mechanical and physical properties of discs formed byesslfs e mb|l i ng hMSCs . (A)
modulus meaged by unconfined compressive loading revealed that Coll discs outperformed Col2 discs.
Increasing seeding density from 0.5%1@ 1.0x16 further improved Coll discs. (B) Disc thicknesses were
comparable for the Coll and Col2 discs; increasing seedimgjtgéncreased the thickness of Coll discs.
(C) Representative stresfrain curves. Engineered and native tissues exhibited similar profiles.
4.4.3 Disc formation under different culture conditions

In addition to the compressive modulus and thickrtbssfrequency of successful
disc formation was assessed. At 0.5%iér well, the Col1 group formed disc in all cases
(100%; 12/12) but not the Col2 group (75%; 9/12). The Veh group failed to form discs in
all cases. Increasing cell seeding density to @° p&r well resulted in less frequent disc

formation in the Coll group (50%; 6/12) and almost no disc formation {&2) in the

Col2 group (Table B). Further increase to 1.5X@er well almost abolished disc
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formation (1 out of 12) in the Coll grouphus, Coll enables more reliable formation of

cartilage discs with better mechanical properties, but only up to a critical seeding.densit

Table 43. Comparison of the frequency of successful disc formation in different experimental groups. Coll
coating @abled the highest yield of disc formation, but this effect was abolished at high seeding density
(1.5x16 per well).

Successful disc formation

Seed density Col1 Col2 Veh
0.5x1065/ well 12/12 9/12 0/6
1.0%x10%/ well 6/12 1/12 N.A.
1.5%10%/ well 1/12 0/12 N.A.

4.4.4 Biochemicalanalysisof cartilagediscs and pellets

In agreement with the results of histological and mechanical evaluations,
biochemical analysis revealed compositional differences between the Coll and Col2
groups. Both the sGAG and collagen (COL) contents, normalized to wet weight, were
higher in the Coll group than the Col2 group and the differences reached significance at
day 42. Comparing the pellets with the discs, compositional differences in agreement
with histological analysis were also identified. Whereas the pellets had a higher sGAG
content, the discs had a higher COL content, and consequently a higher COL to sGAG
ratio. The higher COL content can be attributed to increased collagen productivity of
cells differentiated in the disc culture than in pellet culture, as indicated by COL content

normalized to DNA content (Fig-8A).

63



Increasing the cells seeding density frorix16 to 1 x16 per well resulted in an
increase in the sGAG content (normalized to wet weight) of the Coll group, but not the
COL content. Normalizing to DNA content, the similar SGAG/DNA ratios suggest that

the increase in SGAG content could be dugraater cellularity (Fig.-48B).
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Figure4-9. Biochemical quantification of glycosaminoglycan (GAG), collagen (COL) and cellular (DNA)
contents. (A) Comparisons of Coll discs, Col2 discs and pellets after 17 days or 42 days of chondrogenic
induction. Atday 42, pellets exhibited higher GAG and DNA contents (per wet weight) and discs exhibited
higher COL/DNA and COL/GAG ratios; Coll discs had higher GAG and DNA contents than Col2 discs.
(B) Comparisons of Coll discs at different seeding densities. Doubdieding density from 0.5x4.@o
1.0x1@ increased GAG content (per wet weight) but not COL content.
4.4.5Gene expression analysis of cartilage formed byassdémbling hMSCs

To further investigate differences identified by histological, mechanical and
biochemical analyses, the gene expression of important cartilage markers were analyzed.
In agreement with results at the phenotypic levels, the expression of important cartilage

markers (ACAN, COL2A1, C4ST, MAT3) was significantly higher in the Coll group

than the Col2 group after 17 days of chondrogenic indngdbiut not after 42 days (Fig.
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4-9). The early deficits in gene expression indicate that Col2 coating delayed the onset of
chondrogenesis by sedssembling hMSCs and resulted in poor long term ECM

deposition and mechanical properties.

Figure 410. Gene expression analysis. Data are shown for Coll discs, Col2 discs and pellets after 17 days
or 42 days of chondrogenic induction (by quantitative-ti@a¢ polymerase chain reaction, gPCR). Col2
discsdisplayed lower expression of chondrogenic markers at day 17 than Coll discs. Pellets displayed
lower COL2A1/ACAN ratio and higher expression of COL1A1 than discs at day 42. All gene expressions,
unless otherwise stated, are normalized to GAPDH and esqures ZC!

Gene expression analysis also confirmed a cellular basis for compositional
differences between the discs and the pellets as the ratio of COL2A1 to ACAN
expression by cells differentiated in disc culture was higher than that in pellet culture
Greater expressions of chondroitin sulfotransferases (C4ST and C6ST) by cells in pellet

culture also suggest increased GAG sulfation, which might have contributed to the higher
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