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Abstract

Cartilage tissue engineering aims to repair damaged cartilage tissue in arthritic
joints. As arthritic joints have significantly higher levelspod-inflammatory cytokines
(such as IE1b and TNRJ Yhat cause cartilage destruction, it is critical to engineer stable
cartilage in an inflammatory environment. Biomaterial scaffolds constitute an important
component of the microenvironment for chondresyin engineered cartilage. However,
it remains unclear how scaffold material influences the response of chondrocytes seeded
in these scaffolds under inflammatory stimirithe present study, the effects of different
material derived scaffoldsilk, collagen, and poly lactic acid (PLABtructure of
scaffolds(pore size)and fabrication methods of scaffol@gueous derived (AQ) and
hexafluoroisopropanol derived (HFIP) silk scaffold®re investigated on bovine
articular chondrocyte in response to4mflammatory cytokines, #1 b andTh& NF U.
data indicatehat biochemical response of the chondrocytes in inflammatory nceieu
be influenced by biophysical properties of scaffold materials; cytokine release kinetics
and water uptake abilities. In addition to scaffold material, the role of Nkx3.2, a
biochemical factor involved in cartilage formation during development, wastigated
on chondrogenesis of human primary cells; human mesenchymal stem cells (hMSCs) and
human normal articular chondrocytes (hHACs) and itsanoleell responsander
inflammatory conditionSurprisingly, contrast to its role in mouse mesenchymal stem
cellline, C3H10T1/2n prior studiestransductiorof Nkx3.2 inhibited chondrogenesis
and redifferentiation of hMSCs and nHACS, respecjiidbwever, knockdown of
Nkx3.2 in hMSCs also results in inhibition of chondrogenesis, suggesting that Nkx3.2 is

necessary for chondrogenesis but should be maintained in a desired level. Interestingly,



Nkx3.2 exhibited protective roles on nHA@sresponse to inflamed condition by-1Lb ,
suggesting its possible use for cartilage repair and regeneration in inflanréd goihts.
Studies on ptimal microenvironmentreated by appropriate biophysieald
biochemical cuedor cartilage tissue in inflammatory milieull not only help develop
new strategies to engineer stronger and more stable cartilage but aldautendrifuture

clinical application.
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1. Introduction

Arthritis is the most common debilitating disease Lzt been predicted to affenter67
million people in the UBy 2030[1]. It is a progressive disease that is characterized by
the destruction of joint cartilage]. Altered biomechanical properties of cartilage and
changes in cellular respondgegrowth factorsaand cytokinesreassociated with aging
and injury leadng to tisste softening and ultimatelyegradation of cartilage]. Without
cartilage semng as a cushion, frictions @ixtaposing bones during joint movement
cause severe pain and immobiliBue to limited capcity of cartilage to repaitself,

either surgical or pharmacologicat@itments have been appliegptdients to restore
damaged joint function and relief pd#h 5]. However, these treatments are ineffective in
improvingcartilage lesions and give poor letegym outcome$4, 5]. Despite the
prevalence of this disease, effective therapetmns for arthritis still remains limited.

Thus, appropriate and effectitreatmentsre crucially needed.

Cartilage tissue engineeringromiseand limitation

Cartilage tissue engineering has emerged as a new treatment option for cartilage
repair and regeneration. Cartilage tissues can generally be reconstructed by seeding
cartilage cells in thredimensional (3D) natural or synthetic scaffolds in the preseince o
biochemical and biomechanical stimf@j 7]. A variety ofcell sourcesscaffolding
materials, and culture conditiohave been introduced to engineer cartilage ¢isswd
investigated for their potential use in cliniegdplication[6].

As promising cell sources, articular chondrocytes, adult stem cells, embryonic
stem cellsand induced pluripotent stem céilsve been investigated foartilage repair

andregenerationi8]. Not only human derived cellbut also other species such as murine,
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bovine, porcine cells have been utilized for stsdncartilage tissue engieeing both in
vitro and in vivoas abundant cell amourdrt be obtained frofarge animals, providing
lessdonorvariability [9]. A variety of studies have demonstrated in vivo transplantation
of cartilage tissue, consisted of chondrocytes embedded within scaffolding materials
using animal modelg 0-12]. Although transplanted cartilage constructs provided
improvementn cartilage defecthe engineeretissuecontainedibrocartilage like tissue
with little portion of hyaline cartilage tissue generaaedits long-term stability has not
been fully understoofl0-12].

In a clinical settinghuman articular chondrocytéise. autologous articular
chondrocyteshave been utilized for the regeneration of articular cartilage tissue.
Articular chondrocytes can lmbtained from the same dortbus providdess
immunagenicity.However, due to the limited availability of donor tissue, it is difficult to
obtain the required amount of autologous chondrocytes for clinic§l85eAlthough in
vitro expansion has lea attempted to obtain the necessary amount of cell number,
expanded human articular chondrocytes are likely tdiffierentiate, characterized by
changes in cell morphology, gene expression, and extracellular matrix synthesis, and lose
their chondrogenicapacities to recreate stable hyaline like tigd4¢ Furthermore,
transplantation of chondrocytes into cartilage defect in vivo failed to produce hyaline
cartilage, followed by cells undergoing hypertroptiiferentiation and cell dea{®, 15].

To overcome tis limitation, there have been studies on chondrocytes culture
methodologies to improve proliferative capacity and enhance chondrogenic phenotype in
articular chondrocytel8, 16]. In addition,Implantation ofbiodegadable scaffold seeded

with chondrocytes (i.e. porcine type /11l collagen bilayer seeded with articular



chondrocytes) has resulted in improved regeneration of hyaline like cartilage tissues in
biopsies from patien{d 7, 18] Moreover, it is considered that treatment using
autologous articular chondrocytes are more effective than other techniques, such as
mosaicplasty and arthroscopic drilling in terms of pain score anologdial and
histological analysed 9]. However, outcomes of these clinical studies carried out after
six monthgo one year, thus further long term studies are needexv&tuation of the
tissue stability

As an alternative cell source, mesenchymal stem cells (MSCs) have widely been
demonstrated for cartilage repair and regeneration. Mi&@s been found in a vaty of
adult tissues such as the bone marrow, fat tissue, and skeletal [@0kdRue to their
abundant proliferative capacityé differentiation potential, they habeen considered
as a strong potential source for cartilage repair. MSCs are capable of differentiating into
multiple lineages such as bone, cartilage, ligament, fat, and muscle under appropriate
cultureconditiors [21]. Chondrogenic medium containing growth factors such asf GF,
BMPs, FGFs, and IGFs has extensively been studied on promoting chondrogenic
differentiation of MSCs in vitrd22-25]. However, chondrogenic differentiation of MSCs
with these growth factors is frequently accompanied by hypertrophic differentiation by
producing hypertrophic markers such as collagen X, MMP13, and alkaline phosphatase
(ALP) [26, 27]

Apart from in vitro studiesnivivo studies by transplantation of engineered
cartilage into cartilage defects using animal models have been demonstrated in past years.

However, althoughenerating hyaline like cartilage tissue by M8€&rived chondrocytes



has been observed after weeks in vivo, the tissue formed after longer time points has been
found to be the inferior fibrocartilage like tissi28, 29]

Human MSCs (hMSCs) has been appliedaidicularcartilage repair in patients
with cartilage defects artiey have been considered as effectivbsmrirce as
chondrocytesor clinical use Previous studies have demonstrated itihatantation of
MSCin cartilage defect exhibited improved cartilage ref0f. Articular cartilage
repair by microfracture procedure also involves M$§1s 32] Although shorterm
studies have shown successful clinical outcome, fibrocartileg@ssue and poor
mechanical properties have been observed indernyg studie$31, 33]

Major reason of these unsuccessful outcomes involves the instabiltplainted
engineered cartilagéssuesfollowed by loss of rgenerative cells through cell
dedifferentiation or cell death upon transplantation and poor integration due to
insufficient matrix protein secreted by implanted cells and matrix degrada8p84]

Therefore despite significant attempttis engineer cartilage tissuesore
comprehensive approaches for improved fundtoengineered cartilagarecrucial for
their use in clinical application€ontrolling appropriate cell differentiation, cell death
along withsynthesiof matrix proteins ismportantaspecs in order tamprove outcomes
of cartilage repair and regeneratiamd ultimately to engirex strong and stable cartilage

Humanembryonicstem cell{hESCs) and induced pluripotent stem cells (iPSCs)
areanother attractive cell sources for cartilage tissue enging@rgj7]. hESCs have
immunosuppressive properties thus protect them from the host immune response and
have been conthedrealefdo apsrhdhdre afgaggethicahissuesg

remaired[8, 38]. IPSCs possess great differentiation cdpgtand can be obtained from



patient, providing less risk of rejection and disease transmi380d0] However,
studies on cartilage repair and reg@tion using these cells are yet limited thusre

comprehensive studies on hESCs and iP&esl to be addressed before clinical [46&.

Inflammatory environment in osteoarthritiamnd

Osteoarthritis (OA)s a disease that involves inflammatory mediators released by
joint tissues such as cartilageibchondral boneynovium muscle, tendon, ligament,
and fat pad41]. Inflammation triggered by these tissys#ay a major rolen the
pathogenesis afartilage destructioand OA progressiof#1].

Proinflammatory cytokines, maly interleukin1 b (IL-1 pandtransforming
necrosis factet) (T N P,lre present in osteoarthrtic joint and have been shown to be
involved incell death andartilage destructaMu c | ear f actor kappa
transcription factor that mediate pirdlammatory cytokine signals ankéads to
induction ofnitric oxide (NO),cyclooxygenase 2 (Cox2), and prostaglandin E2 (PGEZ2).
This process results olownregulation of carige matrix proteins including Sox9 and
type collagen II, and activation of cartilage degradingymes including aggrecanases
and proteases such as metalloproteinase 13 (MMP13) and YINP&2, 43]

As discussed earlier, failure of generating hyaline cartilage tesssidi¢he long
term instability of the cartilage tissue formed in vivo are major obstactasetcome in
current cartilage tissue engineerihgflammation, present in arthritic joint, is regarded as
a major factor that causes instability of the cartilage tidausartilage defect,
transplanted chondrogenic cells can be lost due to leakalge oéft suspensioand

apoptosis and necrosigduced by pranflammatory cytokines, NO, and mechanical

B



stress present in OA environmergsuling in decreased viability of implantexlls[13,
34]. Furthermore, pranflammatory cytokines can causedifferentiation or incomplete
differentiation of transplanted cells, and matrix degradatesulting in insufficient
matrix productiorand poor integration with the hdai, 34]

Previous studies have shown that the presehproeinflammatory cytokines,
IL-1b and TNFU, a dis-canglitiohed mediur ishibigechandrogemnesis
in human MSC#$44, 45] In addition, pimary bovine articular chondro@gcultured
with pro-inflammatory cytokineslL-1 U, TNFBNoawdeécreased their
proliferationand enhanced NO productip46]. Moreover, another study has
demonstrated that matured tissue engineered cartilage constructs subjected to
inflammatory condition produced significantly increased amount of aggrecanase enzyme
compared to the constructs during chondrogenic differentiptign These data suggest
thatproviding appropriate environment for engineered cartilage tisdue fiesistant to
and be stable againsto-inflammatorycytokines is critical and the potential effect of
inflammation in arthritic joint has tbe taken into considetran when engineering

cartilage tissue

3D scaffold material focartilage tissue engineerindpiochemical and biophysical

properties

Scaffolding material, one of important components of cartilage tissue engineering,
provides a 3D environment for cells and improves cellular functions and behaviors. A
variety of natural and synthetic materials has been introduced for cartilage tissue

engneering and used for the 3D culture and implantation of chondrogenic cells or stem



cells.Multiple studies have shown thatagfoldsmade frondifferent materials have
differential surfacdeatures ad physical characteristitsat affectcell growth, cell
attachment, and matrix productip8-50].

A number of studiebave demonstrated the comparison between different
materials in cartilag matrix productionin a recent comparison between silk and agarose
hydrogels, Chaet al.found that cartilage constructs derived from these two materials
yielded similar biochemical and biomechanical propeféé$ Work from Ericksoret al.
indicated that bovine articular chondrocytes (BACs) seeded in agarose gels had a higher
level of GAG/DNA ratio than in scaffolds derived from hyaluronic acid (HA) and self
assembly peptidgs2]. Consistently, Mouvet al.also reported that agarose gels
supporte a higher GAG/DNA ratio in BACs than alginate, collagen, fibrin or
polyglycolic acid (PGA)53]. In contrast, Het al. showed that PGA cartilage constructs
contained more collagen than agarose constfbdts Another study compared
polycaprolactone (PCL), polglycerol sebacatéPGS) and poly (1,8 octanediob-citrate)
(POC) scaffolds, and found that POC supported the highest collagen Il/collagen | ratio
and higher aggrecan expression from porcine chondrof®agdn addition to studying
scaffolds of different materials, multiple groups also compared the properties of
composite scaffolds that were derived from the same material, but with different
modifications. It was found that various modifications of PCL awigigithylene glycol
(PEG) scaffolds supported different GAG/DNA and collagen Il leNg8s57] Together,
these thorough studies indicated that scaffolding properties have significant impacts on
cartilage gene expression. It is likely that electric charge, porosity and surface chemistry

of the scaffolds all influence the cellular function of chondrocjg2g



Aside from biochemical propertidsy different materials and compositions
structural propertiesf biomaterials surrounding cells can also affect cell proliferation
and matrix productiofb8]. For examplelarge poresized gelatin scaffolds supported
higher levels of cartilage matrix marker collagen IlI, but also higher levels
dedifferentiation markegollagen | and hypertrophic marker collagen X than smaller
poresized scaffolds for rat chondrgtes[58]. Wang et al. also reported that small pore
size increased cell attachntdut had limits on cell proliferation and differentiation while
larger pore size exhibited increased cell proliferation and advanced chondrocyte
differentiation in rat chondrocyt¢S9]. Another study has shown thadre size of
scaffold influencd redifferentiation potential in human articular chondrocytes where
smaller pore sized scaffolds supported more hydikeeextracellular matrix than
scaffolds with larger pore siZ60]. Furthermorestudies have demonstrated that
different cell types have differential preference to scaffold pore gf2e$2] These
previous studies strongly suggest that structural properties of biomaterials surrounding
cells are alsome of important factors that influence cell behavior and cell differentiation

[63].

Silk as biomaterials for cartilage tissue engineering

Silk from the silkwormBombyx moriwidely used as materials for textiledan
biomedical suturef64], provides good biocompatibility, slow degradation rates, and
impressive mechanical properties which can offer significant advantages for tissue

engineering as scaffolding materjé#l, 65] Silk-based biomaterials with different



physical forms such as gels gmoraus spongehave previously been demonstrated their
exceptional benefits in cartilage regeneraf@®68].

Silk can be processed with different fabrication methadsch result in scaffolds
of different surface chemistrgegradation profileand mechanical propertiebnhe two
most established ways are aqueoasd the organic solveiasedabrication methosl
With respect to the aqueous method (AQ), a water bsifletibroin solution is used for
scaffold processing. With respect to theamg solvent methodyophilizedsilk fibroin
is firstdissolved irthe organic solventhexafluoroisopropanol (HFIR)nd further
processed with methanol which generates optimized water solubility and stability in silk
structurg[69, 70] The resulting HFIPderived silk scaffolds exhibit a lower degradation
profile than aqueous silk scaffoldased on multiple in vivo studi¢sl, 72] For both
AQ and HFIPmethods, porous scaffolds of different pore sizes can be generated. This is
achieved by incubating the silk solution with NaCl particles of different sizes, thus
allowing the growth of tissues of different cell sizes and spatial cell organizations.
Previous studies have investigated the advantages for the use of HFIP derived and
agueous derived (AQ) silk scaffoldsaartilage tissue engineering as well as other

tissuessuch as bondigament, and tootf/1, 7375].

Potential genes involved in chondrogenesis and stability of cartilage tissue

Gene transfer technology (i.e. the use of genetically modified cells), has been
proposed for the treatment of cartilage and its potential use as a means to improve
cartilage repair has been demonstrgi&] 77] Gene based approaches have been

applied to inhibit catabolic pathway to prevent matrix degradation (e.g. inhibition of



matrix degrading enzymes (tissue inhibitor of metalloproteinases (TIMP)) and pro
inflammatory cytokines (ILLRa, STNFR)), stimulate abalic pathways to promote
matrix synthesis (e.g. chondr-hg&ERax gr owt h
transcription factors (Sox5, 6, and 9)), and cell protection and proliferation (e.g. growth
factors (IGF1 and FGF2) and inhibition of cell apoptas(bct2 and HSP70))76].
Transplantation of engineered cartilage derived from genetically modified cells into
cartilage defects has also been described
BMP2,BMP7, IGF1, and FGR2 etc. havdeen studied and significant improvements in
repairing cartilage defects by genetically modified cells with the target genes has been
observed, suggesting a promising therapeutic option by use of gene transfer approaches
for human articular cartilage defe¢#8-81].

Several groups have compared delivery of two different target genes on
improving repair of damaged cartilage. Mason et al. compared-BBsi#l sonic
hedgehog (SHH) on cartilage repair by delivering them to MSCs using retr{82ju
this prior study, they found that both gene products were able to promote cartilage repair
compared to control groups. However, overall cartilage repair by SHH was significantly
improved compared to & by BMR7 [82]. Another group, Gelse et al. evaluated MSCs
adenovirally transduced with either BMPor IGFI on the repair of cartilage lesions in
rat femurg83]. The group found that BMR or IGF transduced MSCs generated hyaline
cartilage like tissue and increased synthesis of collagen type Il andgiyotn.
However, the joints received BMPexpressing MSCs exhibited signs of ectopic bone
formation and displayed osteophytes, whereasl1@kpressing MSCs did not show any

of these phenomenj&3]. These previous studies suggest that the effect of each target
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gene may vary in degree of restoring cartilage damage and there is still a itesdify
most advantageous genes for supporting chondrogenesis of MSCs and improving
cartilage repair.

Not only gene transfer of protein products but also gene transfer of transcription
factors has drawn attention on their impact on chondrogenesis aitebear¢pairViral-
mediated transduction of Sox9, a master regulator of chondrogenesis in cartilage
development, have been shown to stimulate expression of cartilage matrix proteins,
collagen type Il and proteoglycans in both human normal and osteoarthritic articular
chondrocyts in vitrd84, 85] Another group has shown that Sox&nsduction in MSCs
could pronote chondrogenesis in vitro in the absence of exogenous chondrogenic factors
but requires mechanical stimulatif86]. In vivo experiment using Sox9 transduced
MSCs, cultured under nechondrogenic condition, has also been demonstrated to repair
cartilage defects in rabbit knees with significantly improved cartilage rgg@gir
However, in this prior study, they demonstrated that Sox9 transduced MSCs exhibited
poor increase in GAG synthesis compared to GFP transduced MSCs in vitro. In addtion,
Ikeda et al. dematrated that Sox9 transduction into hMSCs induced chondrogenic
differentiation both under nechondrogenic and chondrogenic conditif8®]. However,
successful chondrocyte differentiation was observed only with combination with Sox5
and Sox6 transaiion and hypertrophy and osteogenic differentiation was significantly
suppressed only when these three Sox genes were transduced into {B8]cells

These previous studies suggimt Sox9 gene can be one of potential regulators
for cartilage repair, however, the expression of Sox9 could activate a certain set of genes

involved in chondrogenesis and their significant effect on cartilage formation and repair
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could be only appeardry combination with other factors, such as mechanical stimuli

and biochemical factol86-88].

Nkx3.2as a potential regulator for chondrogenesis

Nkx3.2 is the vertebrate homologue of Drosophila Bagpipe and induced by Shh in
paraxial mesoderm during developmekgide from Sox9Nkx3.2 is another critical
regulatorthat promotes chondrogenic differentiation of mesenchymal stem cells during
cartilagedevelopmentRecent study has demonstratedt when Sox9 is infected along
with Nkx3.2 in muscle derived mesenchymal stem cells, it promoted chondrogenesis of
the cells by enhancing collagen Il and aggrecan expression compared to when either
Sox9 or Nkx32 alone was us€g@9]. In addition,Nkx3.2 has shown to repreganx2 in
C3H10T1/2 cells; Runx2 is a key tsamiption factor for oseteoblast differentiation and
promoting hypertrophic chondrocyte differentiation, suggesting its possible role to
prevent MSCs derived chondrocytes from undergoing hypertrophic differen{i@@ipn
Nkx3.2 has also shown to suppress cell apoptosis by inhibithgl8 i nduced by T
in chondrogenicell lineon 2D culturd90, 91] As previous study has shown that MSC
chondrogenesis is prevented by4mflammatory cytokines, 1 b and TNFU t hr o1
NF-a Boathway[45], Nkx3.2 is a promising transcription factor that could inhibit pro
inflammatory induced cell damage and apoptosis and lead to appropriate chondrogenic
differentiation of MSCs, which in turn contribute to reconstruction of stable cartilage in

Vivo.
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2. Significance and objective of the study

Osteoarthritis (OA) is a leading debilitating joint disease that affects people
throughout the world. Cartilage tissue engineering has emerged as a potential treatment
option for cartilage repair and regeneration. However, despite significant attempts to
engineer cartilage tissues, the use of engineered cartilage in clinical application is yet far
apart and more comprehensive approaches for improved cartilage function are needed.
Inflammation, found to be present in arthritic joint, is involved in inducelgdeath and
matrix destruction and considered as a major factor that causes instability of implanted
engineered cartilage in vivo. Thus, there is a critical need to provide a microenvironment
for cartilage tissue to be resistant to and be stable smmflatory conditions.

Scaffold, one of important components of cartilage tissue engineering, provides a
3D environment for cells and improves cellular functions and behaviors. Although the
role of scaffolding material and structure on bioengineered gtilasues has
extensively been studied, their role on the response of cells to inflammatory stimuli has
not thoroughly studied.

Biochemical factors are another important component in engineering cartilage
tissue. Growth f act orGsdicy hacelshoarsto pfo@Géte . BMPs
chondrogenesis of adult stem cells. However, it has been reported that cells that
underwent chondrogenic differentiation are likely to further go through hypertrophy
differentiation or differentiate into other lineages sastboneFurthermore,
chondrocytesn OA are likely to exhibit hypertrophic dmdrocyte like phenotypeand

be involved in OA progression, suggesting that a certain environment may be required for
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cells to maintain their appropriate phenotype and alsoderdo be resistant to inflamed
OA conditions.

Nkx3.2 is a transcription factor expressed very early in development during initial
cell fate specification of muscle and cartilage. Nkx3.2 is known to inhibit hypertrophy in
chondrocytes and differentiatiaf mesenchymadtem cells into muscle or bone, and
also shown to suppress apoptosis in chondrocytes in an inflammatory cqndition
suggesting its possible role in improving stability and inhibiting inflammatidaoced
damage in chondrocytes

The goal otthe study is to investigate novel strategies to engineer strong and
stable cartilage that is resistant to inflammation and prevenhffaosnmatory cytokine
induced damage in engineered cartilage. To achieve the goal, the present study aimed to
investigae 1) the role of scaffold materi@ilk, collagen, and poHactic acid (PLA)),
structure(different pore sized HFIP silk scaffolds), and fabrication method (AQ and
HFIP silk scaffolds)on cell resistance against inflammatory environment and 2) the role
of a biochemical factor to enhance stability of cartilage in inflammatory conditions.

In the following chapters, the role of biophysical environnoeeaed by different
scaffold materialstructure and fabrication on cell response in inflammatoopditions
as well as the role of a biochemical factor, Nkx3.2, a transcription factor involved in
cartilage developmendn chondrogenic diérentiation of cells antheir stability under
inflammatory stimuliwereinvestigaté. Studies on biophysical gmonment and
biochemical cug for catilage tissue to be resistant agaim$tammatory environmet
will not only help develomew strategies to engineer stronger and more stable cartilage

but also contribute to future clinical application.
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3. Materials and Methods

Scaffold preparation

For the study of investigatirtge role of scaffold materials on cell response to
inflammatory conditionssilk, collagen, and PLA scaffolds were evaluateare&
dimensional (3D) scaffolds derived from collagen (bovine derived type | and IlI
collagens), and polylactic acid (PLA) were purchased from BD Biosciences (San Jose,
CA, USA). Average pore sizes of collagen and PLA scaffolds wer€@0ém and
dimensims were 5mm I 3mm (diameter I height),
specificationsSilk scaffolds were prepared as previously descri@d92] Briefly,
cocoons oBombyx morivere boiled for 30 minutes in an aqueous solution of 0.02M
NaxCOs; and rinsed with distilled water to eliminate sericin. Purified silk fibroin was
solubilized in 9.3M LiBr solution and dialyzed against distilled water. The resulting silk
fibroin solution was lyophilized and dissolved in hexafluoroisopropanol (HFIP) to obtain
a 10% (w/v) silk solution. To create the desired pore size, 1 mL of the 104K
solution was added to 3.4 g of NaCl with a particle size of2lm in diskshaped
containers. e containers were tightly covered and left in the fume hood2oddys for
the silkHFIP solution to evenly mix with the salt particles. The solvent was then
evaporated for 3 days at room temperature. The scaffolds were treated with methanol for
1-2 days, and then the methanol was evaporated and the scaffolds were immersed in
distilled water for additional 2 days to extract the salt particles. Porous silk scaffolds were
then cut into disks with the same dimension as collagen and PLA scaffolds (5mmx3mm

(diameterx height)) and autoclaved for cell seeding.

15



For the study oinvestigatingthe role of scaffold structure on cell resistance to
inflammatory conditions, different pore sized HFIP silk scaffolds were prepared as
described above but by addidglifferentsizes of NaCparticles;106-212rm, 300G
425w1m, 500:600mm, and 716850mm. The pore sizes are referred to as-200mm, 300
400mm, 500:600mm, and 706800mm, respectively.

For the study oinvestigatingherole of scaffold fabrication methpdQ- and
HFIP derived silk scaffoldgenerated from a solution of 8w/v% silk were us&Q.silk
scaffolds were prepared by adding 4g of NaCl with particle size 6660@m into 2mL
of the silk solution irdisk-shaped containeet room temperaturdwenty-four hous
later the containers were immersed in distilled water to extract the salt from the porous
scaffolds over 2day$iFIP silk scaffolds were generated as described above and by
adding 3.4g of NaCl with particle size of 5600mm.

All generated porous silk scaffolegere then cut intemall disks fmmx3mm

(diameterx height) and autoclaved for cell seeding.

Isolation of bovine articular chondrocyté8ACS)

Bovine articular chondrocytes (BACs) were isolated as previously des{@iBed
94]. Articular cartilage from all surfaces of a bovine cadaver knee joint (Research 87, Inc.
Pleasant LaneBoylston, MA, USA, (508869-0100) was dissected and transferred to a
tube containing PBS and 10% penicillin/streptomycin. For dissociation of articular
chondrocytes from cartilage matrix, minced cartilage pieced 5taT total in volume)
were treated with 20ml of 1mg/ml hyaluidase solution (Sigma, St. Louis, MP, USA)

for 15min followed by treatments with 20ml of 0.25% trypsin solution (Sigma) for 30min,
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and 20ml of 2mg/ml collagenase solution (Sigma) for approximately 15h at 37°C. For
removal of any undigested cartilage toabta single cell suspension, isolated
chondrocytes were passed through a 40&em st
resuspended in cell freezing medium (90% Fetal bovine serum (FBS) (Thermo Scientific
HyClone, New Zealand), 10% DMSO (Sigma)), atared in liquid nitrogen until
experimentation. Cell viability was determined using the standard trypan blue staining
protocol, where positive staining indicated cell death when isolated cells were mixed with
trypan blue solution (Sigma). At isolatiorelcviability was 97.2+2.4%. After freezing

and thawing, cell viability was 73.7+4.3%. The viability of thawed cells after three days
of culturing was 99.1+4.5%. The purity of the chondrocytes was confirmed by
immunocytochemistry for cartilage marker Sow®jch showed 99% of the cells were

Sox93positive Only passage 0 cells (PO) were used for all experiments.

BACs seeding and 3D culturing

To prepare for cell seeding, scaffolds werewsdted with sterile DMEM (Gibco,
Carlsbad, CA, USA) overnigh&caffolds were then removed from media and
chondrocytes were seeded into scaffolds at a seeding density 8t&#d/8caffold. This
cell density would allow easy access of all chondrocytes to both the scaffolds and pro
inflammatory cytokines. Based oretldimension of the scaffolddeinitial seeding
densitywasto be 3.1x18cells/mni. Taken into the consideration of cell proliferation
over the culture period, the cell density in the scaffolds should be comparable to the
cellularity of the adult nativeartilage tissue (15 xf@ells/mn?) [95]. After seeding,

cell-loaded scaffolds were placed in a hurfigdi tissue culture incubator at 37°C with 5%
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CO;, for 2 hours to allow for cell attachment. Cklhded scaffolds were then cultured in
fresh DMEM containing 10% FBS and 1% Antibieiatimycotic (Gibco) for 8 days and
16 days on a shaker-@pm, 6hr/day) in a tissue culture incubator. Three experimenta
groups were included in each independent experiment: control, 10ng/mlLbf #nd
10ng/ml of TNR (Peprotech, Rocky Hill, NJ, USA). Medium was changed every 2

3days.

Lentivirus production

To generate lentivirus encoding GFP or Nkx223FT cells ira10cm dish at 70%
confluency were transfected widhtotal of 12j1g of second generation lentiviral vectors;
3ug of transfevectorplasmid (GFP or Nkx3.2), 3ug pCMV/VSVG, and 6ug of Delta
8.91 using Fugene®ledium containing lentiviruses were colleciad’2hrs and fresh
medium was added for the second collection in 48hrs. Harvested medium was stored in
80°C. Collected medium was utrentrifuged at 22000rpm for 3hrs to concentrate
virusesandetitration for each virus was determined on 293FT cé&le viruses were
aliquoted in a small volume and stored80°C.

For lentivirus enconding scramble or shRINkx3.2, third generation packaging
system was used. 293FT cells in a 10cm dish at 70% confluency were transfected with
3ug of transfer vector plasd (scramble or shRNAkx3.2), 6pg of pMDLg/pRRE, 2ug
of pRS\:Rev, and 3ug of pPCMAWWSVG. Lentiviruses were obtaineshd storeds

described above.
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Lentiviral transduction ohuman mesenchymal stem céliMSCs) and 3D culturing

To investigate the rolef Nkx3.2 on chondrogenesis of human mesgmal stem
cells (hnMSCs)hMSCs (P2purchased from LonZ&/alkersville, Inc (Walkersville, MD)
wereplated in 24 well plates artchnduced with lertvirus encoding either GFP or
Nkx3.2. To increase transducticate, celé treated with viruses were centrifuged
1000rpm for 30minandthe media were changed after 16hrs. Cells weamtained in
DMEM containing 10%~BS, 1% Antibiotic-antimycoti¢ 0.1mM nonressential amino
acids (Gibco), and 1ng/ml basic fibrollgsowth factor (Pepeotech, Rocky Hill. NJ)
The transduction rate waetermined by counting GHpositive cells under fluorescent
microscope. hMSCs infected with GEP7)or hMSCs infected with Nkx3.@P7) (refer
as to GFFhMSCs and Nkx3-AMSCs, respectely) were seeded onto peoaked HFIP
silk scaffolds with pore size 588 0 0 atm seedingensity of 0.5 x 1Dcells/scaffold.
After seeding, celloaded scaffoldsvere placed in amcubator at 37°C with 5% Cgor
2 hours to allow for cell attachmef@ell-loaded scaffolds were then cultured in
chondrogenic mediurmontainingDMEM, 1% Antibiotic-antimycotic ITS+ supplement
(BD Biosciences), 0.1mM ascorbic acigpBosphate (Sigma Aldrich, St. Louis, MO),
1.25mg/ml human serum albumin (Sigma); Ddexamethasone (Sigma), and 10ng/ml
transforming growth f act dor2ltagstomasBakef{bGF b 3)
6rpm, 6hr/day) in a tissue culture incubateor the role of Nkx3.2 on chondrogenesis of
hMSCs induced by BMP2, cdibaded scaffolds wermaintained in chondrogenic
medi um containing 100ng/ ml BMP2 instead of

To investigate the role of sShRNRkx3.2 on chondrogenesis of h(MSCs, hMSCs

(P2) were transduced with lemirus encoding scramble or shRNMkx3.2. hMSCs
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infected with scramblé7) or hMSCs infected with shRNNkx3.2 (P7) (refer to as
scramblehMSCs and shNkx3-:BMSCs, respectively) were seeded ontogwaked HFIP

silk scaffolds with pore size 5000 0 e m at a seedi’‘oejs/schfolds i ty of
Cell-loaded scaffolds we maintained in chondrogenic medium for 21 days on a shaker

(5-6rpm, 6hr/day) in a tissue culture incubator.

Lentiviral transduction ohuman articular chondrocytdaHACs)and 3D culturing

Normal human articular chondrocytes (nHACs) were purchiieedLonza
Walkersville, Inc (Walkersville, MD).
For the study of investigating the role of Nkx3.2 oiféerentiation of nHACS,
NHACSs (P2) were infected with either GFPNkx3.2 virus and cultured in chondrocyte
growth medium (Lonza). nHACs infectedtivGFP (P5) or nHACs infected with Nkx3.2
(P5) (refer to as GFRHACs and Nkx3.z2hHACs, respectively) were used for cell
seeding on HFIP silk scaffolds with pore size#®0 0 e m. Cel | |l oaded sca
maintained in chondrocyte differentiation mediumrfza) for 21daysn a shake(s-
6rpm, 6hr/day) in a tissue culture incubator.
For the stug of investgating the role bNkx3.2 on the response of
redifferentiated nHACSs to inflammatory conditions, nHACs (P4) were seeded onto HFIP
silk scaffolds withpore size 508 0 0 e m and r e d idwdelsinehondiogyte ed f o
differentiation medium. Cells were then retrieved from scaffolds by trypsinizing and
centrifuged at 1500rpm for 5min. Cell peietere infected with either GFP or Nkx3.2
virus, incubated forl.5~2hrs and plated onto tissue culture pla&fer 2days of culture,

GFRPNnHACs and Nkx3.2hHACs were passaged to 24 well plates at a seeding density of
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2.5 x 1dcells/well and maintained in the differentiation medifiem3daysin the absece

or presence dng/ml of IL-1b.

Lentiviral transduction ofC3H10T1/2 cells

C3H10T1/2 cells were infected with either GFP or Nkx82er to as GFP
10T1/2 and Nkx3.20T1/2, respectivelyand sorted for GFP positive cells by FACS
Sorted cells were maintained in DMEM containing 10% FBSI1&adAntibiotic-
antimycotic. For chondrogenic differentiation, GE®T1/2 and Nkx3.20T1/2 were
plated onto 24 welplates for 2D culture or in higllensity micromass cultures
(1x10c e | | s ofimediun)are tultured for 3 and 7days in chondrogenic medium

containing 300ng/ml of BMP2.

Bright field microscopy andcanning electron microscopy (SEM)

Bright field images of scaffolds were takesingLeica MZ 16F microscope and
Olympus DP7@ligital cameraTop and side views of scaffolds were captured. For SEM
analysis, ell-loaded scaffolds were fixed in 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer (pH=7.4) at@ overnight. Samples were then treated with 1% osmium
tetroxide for 1hrdehydrated in ethanol, and subsequently dried on an Edwards Auto 306
Vacuum Evaporator. The samples were then esestioned and sputter coated with
palladiumgold. Chondrocytes grown inside the scaffolds were observed using an ISI

DS130 scanning electmamicroscope at the Tufts Imaging Facility.
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Histologicalstaining of scaffolds

Cell-loaded scaffolds were fixed in 10% neudpaiffered formalin for
histological evaluation. Silk and collagen scaffolds were embedded in paraffin while PLA
scaffoldswere embedded in OCT for frozen sectioning as PLA melts in xylene during the
paraffinization process. The embedded samples were sectioned at 10pum thickness and
were subsequently processed and stained with hematoxylin and eosin (H&E) and
toluidine blue usig standard protocol&or studies on the roles of different pore sized
HFIP silk scaffolds and AQ and HFIP silk scaffolds, samples emsigedded in paraffin
andsecti oned a tForStaies oh the raekohNkxs3@h.human primary cells,
sampleswr e embedded in paraffin and sectioned
evaluation for H&E and toluidine blue on these sections were performed following
standard protocols. For Col Il staining, Diaminobenzidine (DAB) immunocytochemistry
was performed. Primgrantibody for type Il collagen (Abcam, Cambridge, MA) were
added on sections andgvelopment of staining was carried out using DAB Kit.

Image J software was used to quantify chondrocyte dimensions from images of
H&E staining as well as the intensitiestoluidine blue in toluidine blustained slides

using established protocdB6].

RNA isolation and realime RFPCR

Total RNA from cellloaded scaffolds was obtained using the RNeasy mini kit
( Qi agen, Hi l den, Germany), according to th
experiment, at least three independent samples per treatmenig@epint were used for

RT-PCR analysis. The RNA was reverse transcribed into cDNA using kW
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reverse transcriptase kit (Invitrogen), random primers (Invitrogen) and dNTPs (New
England BioLabs, MA, USA). All cDNA was stored-20 C for later analyse$-or each
RT-PCR reaction5~1(hg of cDNA was mixed with gene specific primers and SXBR
green SuperMix (Quanta Bioscience, Inc., Gaithersburg, MD, USA) and loaded on the
IQ5 Real time PCR Thermocycler and Detection system (BioRad, Hercules, CA, USA)
andanalyzedy iQ5 optical system softwargll transcript levels were normalized to

glyceraldehyde8-phosphate dehydrogenase (GAPDH) level.

Analysis of cytokine release from the scaffolds into the medium

0.1ng, 1ng, or 10ng of prioaflammatory cytokineslL-1b or TNFa (Peprotech)
were loaded onto prevetted scaffolds in a volume of M0 For each material,-8
scaffolds per treatment per time point were used. Loaded scaffolds were incubated for 6
hr at room temperature, immersed into 1ml of culture medanah then placed in a
humidified tissue culture incubator at 37°C with 5% LCThe scaffolds were removed
and transferred into fresh medium at each time point (t=10min, 1hr, 1d, 3d, and 5d). At
every time point, medium conditioned by the scaffolds wagci@t and stored #80 C
for later analysis. The initial loading amount and concentrations ehfleanmatory
cytokines at all time points present in the collected media samples were quantified using
ELISA (Quantikine; R&D Systems, Minneapolis, MN, USRercent release was
calculated as the ratio of the amount of cytokines in the medium to the initial amount of
cytokines loaded onto the scaffoléfercent cumulative release was calculated as the

ratio of cumulative amount of cytokines in the medium at each time point (i.e. sum
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cytokine amount at each time point and all prior time points) to the initial amount of

cytokines loaded onto the scaffolds.

Analysis of water uptake abilities of the scaffolds

The water uptake abilities of scaffolds were determined using a previously
established protoc§¥0]. For each material -8 scaffolds/treatment were used. Scaffolds
were immersed in distilled water for 24 hours at room temperature. The wet weight of the
scaffdds (Wyey) Was measured after removing excess water from the scaffolds. The
scaffolds were then dried in an oven at 65°C overnight and the weight of dried scaffolds
(Wary) wasthen measured. The water uptake (%) values were obtained using the
following formula:

Water uptake (%) = [(Wet- Wary) / Wied x 100

Statistical analysis

All data were presented as meéa8D (standard deviation) with a minimum of
n=3.0neway ANOVA with posthoc Tukey test (GraphPad Prism;

http://www.graphpad.cojror two-way ANOVA with Bonferroni post test was used for

determination of statistical differencgs< 0.05 was considered statistically significant.
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Chapter 1

The influence of scaffold material on chondrocytes

in inflammatory conditions
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Rationale
In selecting suitable scaffolding material for cartilage constructs, it is critical to consider
the biocompatibility and mechanical strength of the material, as well as its ability to
support maximum cartilag®atrix production. As bioengineered cartilage constructs will
be eventually transplanted into arthritic joints that have elevated levels-of pro
inflammatory cytokines that destroy cartilage, it is especially important to select scaffolds
that support thetability of bioengineered cartilage in an inflammatory environment.
Multiple studies have shown that scaffolds made from various biomaterials have
different surface features and physical characteristics that affect cell growth, cell
attachment and matrix productidfowever, little is known about how scaffold material
mayinfluence the homeostasis of the chondrocytes seeded within the scaffolds under
inflammatory stimuli.
In this chapterwe comparediifferent material based scaffolds; silk, collagen,
poly lactic acid (PLA) scaffold®n cellresponse in the presence ofonilammatory
cytokines.Biophysical properties of thecaffoldsin terms of their abilities to release pro
inflammatory cytokines and uptake wategre investigated to correlate witfochemical

response of cells in inflamatory milieu.

Experimental approach

To investigate the role of scaffold material on cells response under inflammatory

conditionswe examined th&llowing experiment.
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1. The role of scaffold material on cell response under inflammatory conditions:

Bovine articular chondrocytes (BACs) were seeded onto silk, collagen, and PLA
scaffolds and cultured in the absence or presence éfflmamatory cytokinesiL-1 b

and TBibEhEmical response of cells (gene and protein expression) were correlated

with biophysical properties of scaffolds (cytokine release kinetics and water uptake

ability)
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Results

Silk, collagen and PLA scaffolds support different chondrocyte morphologies under IL

1b and TNRJtreatments

To evaluate the effect of scaffolding material on the morphology of chondrocytes
under inflammatory stimuliwe performedcanning electron microscopy (SEM) analysis.
PLA scaffolds had the smoothest surfaces, while collagen scaffolds had the roughest
(Fig.1A). Although all scaffolds had the same pore sizes, pores PLtA&and silk
scaffoldsweremore homogeneously distributed than those in the collagen scaffolds,
which are lined with collagen fibrils (Fig.1A). Furthermore, the shapes of the pores
differed slightly for each scaffold. Pores of silk and PLA scaffolds were round, while
those of collagn scaffolds were sometimes more esfahped (Fig.1A). After culturing
for 16 days in these scaffolds, regardless of the material, chondrocytes were attached to

the surfaces of the scaffolds and evenly distributed (Fig.1B and 1C).
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Figure 1. Morphdogical characterization of scaffolds and chondrocytes by scanning electron
microscopy (SEM)(A) SEM micrographs of cefree silk, collagen (COL), and polylactaxid

(PLA) scaffolds. Top panels: |l ow magnification
magni fi cat i on, (B)dawaragnificatamimages 6f chondrocytes inside the
scaffolds after 16 day® Highimagaifichtionimagesof Scal e bar :
chondrocytes inside the scaffolds after 16 days of culture (see arrows). Scaléam. T h e
treatments are: Ctrl (no cytokines added)1lllb ( 10ng/ ml ), and TNFU (10ng
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Silk, collagen and PLA scaffolds support different cartilage gene expression in

chondrocytes under HLb and TNFJtreatments

Cartilage matrix deposition

To investigate the effect of scaffold materialarticularchondrocyte homeostasis
under inflammatory conditionsye evaluatedartilagematrix production using
histological analysiH&E staining on sections of cdibaded silk, collgen and PLA
scaffolds showghat chondrocytes grown in silk and collagen scaffolds tended to be more
compact, while those grown in PLA scaffolds appeared larger (Fig. 2A). To provide a
more quantitative analysis on cell size®, calculatedhe areas of chondrocytes shown in
these sectionLells in PLA scaffolds indeed had larger surface areas than those in silk
and collagen scaffolds (Fig. 2B). Histological analysis using toluidine blue indicates that
chondrocytes cultured in silk and collagen scaffolds had more intengbrtelblue
staining than those cultured in Piskaffolds, suggesting the presence of a higher level of
total glycosaminoglycans (GAGS) in the silk and collagen scaffolds (Figi92ZA)In the
presence of It1b and TNFU, staining surrounding the chondrocytes cultured in silk and
collagen scaffolds became less intense, while those in the PLA scaffolds remained at
lower levels (Fig. 2A). Quantification of staining intensities using the Image J software
indicated thaPLA scaffolds supported lower cartilage matrix production in control-or IL
1b and TNRJtreatment conditions than silk and collagen scaffolds (Fig. 2D), which is
consistent with the flatter cell morphology of the chondrocytes grown in PLA scaffolds
and suports the notion that flatter cell morphology is correlated with less cartilage

matrix productior[98].
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Figure 2. Histological analyses of chondrocytes grown in silk, collagen and PLA
scaffolds. A. H&E staining imagesB. Average area (ufjoccupied by individual
chondrocytes was quantified by using Imag€.Jloluidine blue staining imagep.

Average toluidine ble staining per cell, as quantified using Image J analysis. Scale bars:
25em. Data prem®kost mean N SD. *
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Cartilage matrixrelated genes

To determine whether the differences in cartilage matrix production in
chondrocytes grown in silk, collagen and PLA scaffolds were due to differed
transcriptional levels of genes controlling cartilage matrix production, degradation and
cell survival,we peformedqRT-PCR analysis on cultures of day 8 and dayFit,the
expression of cartilage matrix genes collagen Il, collagen 1X and aggrecan
evaluatedCollagen Il and collagen IX are the signature collagens uniquely expressed in
the cartilage tiages, while aggrecan is the major proteoglycan component in the
extracellular matrix (ECM), and consists of the aggrecan core protein and the GAGs that
bind to it. Thus aggrecan expression is expected to reflect the overall GAG ¢6atent
100]. On the other hand, Sox9 isranscription factor that serves amaster regulator of
chondrogenesis by directly binding to tt@lagen Il and aggrecan promotétf1, 102]
At day 8,there vereno significant differencein Sox9 expression in chondrocyg®wn
in the three types of scaffoldsidder normatonditions(Fig.3A). However, the expression
of collagen I, collagen IX and aggrecamasvalreadgignificantly higher in chondrocytes
seeded in silk scaffoldss compared to collagen and PLA in control sam@&s3A). In
the presence of Hlb, chondrocyes grown in silk scaffolds expressed significantly
higher levels of Sox9, collagen Il and collagen IX than those in PLA scaffolds at day 8
(Fig.3A). Upon TNFUtreatment, silk scaffolds still supportadhigher evel of collagen
IX expression than PLA scaffolds at dayf8g.3A). By 16 days of culture,lecartilage
matrix-related genes were further downregulated bypilammatory cytokines,
however, chondrocytes seeded in silk and collagen scaffolds contongkdw an overall

higher expression in cartilage matrix genes than thoB&A scaffolds (Fig. 3B). Aiine
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course longer than day Is not performedas cartilage matrix gene expression was

already reduced to a minimum level.
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Figure 3. mRNA analysis of genes associated with cartilage matrix production in chondrocytes
cultured in silk, collagen and PLA scaffolds. RCR analysis of Sox9, collagen (Col Il),
collagen IX (Col IX), and aggrecan in control (Ctrl);1Lb
(10ng/ml) samples. For each treatment, results from three independent samples aréA3hown.
Gene expression from Day 8 culturB®) Gene expression from Day 16 cultures. All gene
expression levels were normalized to GAPDH. Data present m8an #<0.05.
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Chondrocyte hypertrophy and dedifferentiation genes

The expression of chondrocyte hypertrophy markers collagen X and alkaline

phosphatase (ALRyere evaluate@Fig. 4). In addition, collagen | expression, which

should be upregulated if tlthondrocytes are edifferentiated was assayed (Fig. 4)h&
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levels of collagen X and collagenveresimilar in different scaffolds, in the absence or

presence of It1b and TNRJat both day 8 and day 16. However, ALP was generally

strongly induced by TRUbut not IL-1b (Fig. 4). These data suggest that scaffold

material did not affect the status of hypertrophy anditferentiation in these articular

chondrocytes.
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Figure 4. Gene expression analysis of chondrocyte hypertrophy and dedifferentigtikars in
chondrocytes cultured in silk, collagen and PLA scaffdlde expression of hypertrophy
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(A) Gene expression from Day 8 cultur@d) Gene expression from Day 16 cultures. All gene
expression levels were normalized to GARData present mean + Sp<0.05.
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Chondrocytedegradationrelated genes

It is well established that metalloproteinases that degrade collagens and aggrecan,
including MMP3, MMP13 and ADAMTS4, are induced by ndlammatory cytokines
[103]. Theresults indicated that scaffolds of different materials elicited different
responses with respect to the various matagrading enzymes and at various time
points to Il-1b and TNRJ At day 8, significanthhigher levels of MMP3, MMP13 and
ADAMTS4 were induced by I1b in chondrocytes grown in silk scaffolds than in those
grownin collagen and PLA scaffolds, while there was no difference ininFated
samples (Fig. 5A). Interestinghowever after 16 days of culture, while there were no
differences in between scaffolds under control conditions, MMP13 expression was
significantly lower in chondrocytes cultured in silk and collagen scaffolds than those in

PLA scaffolds under It1b or TNFUtreatment (Fig. 5B).
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Figure 5. Gene expression analysis of cartilage degradation enzymes in chondrocytes cultured in
silk, collagen and PLA scaffolds. The expression of cartilgrading enzymes MMP3,

MMP13, and ADAMTS4 in Ctrl (no cytokine treatment) or1Lb
treated samples were evaluated. For each treatment, results from three independent samples are
shown.(A) Gene expression from Day 8 cultur@l3) Gene expression from Day 16 cultures. All

gene expression levels were normalized to GAPDH. Data presamt + SD. p<0.05.

38

(10ng/ ml) /mdnd

TNF



Cell adhesiorrelated genes
Different scaffolding materials have different surface chemistry properties and
rigidity, which may affect cell adhesion and may in turn influence gene expr¢48ion
50]. Thus, the expression of integrins and cadherins, whemadiators of cell adhesion
were evaluate{l104-106]. B d anbl ltegrins are highly expressed in the
chondrocytes and bind to collagens in cartilage EC04]. On the other hand,-N
cadherin, which normally mediates condensation during chondrocyte differentiation,
exhibits diminished expression in differentiated chondroditi@s-112]. We found that
chondrocytes grown in PLA scaffolds expressigphificantly hidy e r | eMimdgm of U
than those in silk scaffolds atday 8 uporlllb t r eat ment (Fig. 6A) al
conditions (Fig. 6B). In addition, fdadherin was much more strongly induced in
chondrocytes by TNBthan IL-1b (Fig. 6A and 6B). Given thathondrocytes in PLA
scaffolds exhibited a more flattened morphology (Fig. 2), this result is consistent with

another study thatshode t hat i ncr e alsirdedrin & asgociated sviiham of U

elongated rather than round chondrocyte cell si@gje
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Cell deathrelated genes

Next,the expression of caspases and inducible nitric oxide synthase (iINOS),
which are mediators of apoptosis anduced by pranflammatory cytokinesvere
evaluated113]. Caspase 3 was more strongly induced bythland TNRJin
chondrocytes grown in collagen and PLA scaffolds than in silk scaffolds at day 16 (Fig.
7). In contrast, there were no significant differences in caspase 8 expression in
chondrocytes grown in scaffolds of different materials throughout thereyeriods (Fig.
7). On the other hand, INOS was expressed at higher levels in chondrocytes grown in silk
scaffolds than in collagen and PLA scaffolds (Fig. 7). Additionally, while OstFongly

induced caspase 8 expression;lh preferentially induceiNOS expression, thereby

suggesting that Hlb and TNFJhave different effects on these genes (Fig. 7).
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Silk, collagen and PLA scaffolds have different cytokine release properties and water

uptake capacities

To understand the possible underlying mechanisms that cause the differential
responses to primflammatory cytokinesywe evaluatedhe following biophysical

properties of the three different types of scaffolds.

The ability to release promflammatory cytkines

Therationale was that higher affinity of the scaffolds for-prilammatory
cytokines would lead to higher local concentrations of these factors within the cartilage
construct, and differences of the cytokine levels in the scaffold may in turh affec
cartilage gene expression. Therefore, to investigate how the scaffolds release or+etain IL
1b and TNRJ we appliedequal amounts of these cytokirtessilk, collagen and PLA
scaffolds, and theavaluatedhe amount of cytokines that leached out intortieglium.
As it wasuncertain of the capacity of the scaffolds to adsortitdlor TNFUJ, three
different amounts (0.1ng, 1ng and 10mgre appliedo the scaffolds, the scaffolagere
placedin the medium, and assayed by ELI®&the amount of cytokinesdehed into
the medium at different time points (Fig. 8 dfd. 9) Regardless of loading levels, the
amount of IL-1b released from silk scaffodvas significantly higher than that from
collagen and PLA scaffolds at the initial time point of 20minyeb as at the end of the
study (cumulative release) (Fig. 8A and 8B)contrastcollagen scaffolds maintained a
steady release over the first day of the study and had the lowest cumulative release of IL
1b at early time points (Fig.8A and 8Bjjhe relase ofTNFUfrom silk, collagen and

PLA scaffolds exhibgda similar trendo that ofIL-1b, with silk scaffolds releasg the
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highest amount ofNFUthan oher scaffolds (Fig. 8C and 8D). This finding suggests that
silk scaffolds may support a microeraiment where there are lower levels ofllh and
TNFU a result that may help to explain the higher levels of cartilage matrix gene

expression in these scaffolds as compared to PLA scaffolds.
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Figure 8. Evaluation of cytokine release kinetics of silk, collagen and PLA scaffolds. Three

different amounts of prnflammatory cytokineslt1 b or TNFU (0. 1, 1 and 10
onto empty scaffolds of silk, collagen (COL), polyladicid (PLA). ELISA was usd to verify

the initial loading amount and to evaluate the amount of cytokines leached into the medium at 5
different time points: 10min, 1hr, 1 day, 3 days and 5 d@ysPercentrelease ofilL b f r o m

scaffolds at each time poirfB) Analysisof Ibk1 b cumul ati ve relase from
Percent release of TNFU DrAoml sycadfsf olf dsT NFtU eaiamh
release from scaffolds. Data present mean + SD. Statistical analysis of the data was determined

by two-way ANOVA. *p<0.05.
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Water uptake ability of the scaffolds

Water uptake ability is known to reflect the hydrophilicity property of the
scaffolds[114-116]. Therationale waghat this property could affect the effective
cytokine concentrations in the scaffold microenvironment of the chondrocytes and in turn
chondrocyte gene expression. Using established protddhI417] it was foundthat silk
and collagen scaffolds have a significantly higher water uptake capacity than PLA
scaffolds, suggesting that silk and collagen scaffolds created a more hydrated

microenvironment for the chondrocgtéFig. 10).

*

[ * I
< 109 | |
é —— .

() 90+
2
8
g— 80-
)
- 70-
=
Silk COL PLA

Figure 10.Analysis of water uptake properties of silk, collagen and PLA scaffBlelsentage of
water uptake in the scaffolds was determined. Statistical analysis of the data was determined by
oneway ANOVA. Data present mean + S[p<D.05.
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Discussion

A major goal of cartilage tissue engineering is to repair damaged cartilage tissues
caused by mechanical stress and high levels einfl@mmatory cytokines in arthritic
joints. It is clear that the stability of bioengineered cartilage can be compradoyiged
inflammatory cytokindnduced cartilage matrix degradatidi8, 119] Several
biochemical factors or reagents, such as-IGFDGF, and Co inhibitor celecoxib,
were shown to possess inhibitory activities tell-induced matrix reduction in
chondrocytes in 2D culturg$20, 121] In 3D cultures, dexamethasone and MMP
inhibitor TIMP-1 demonstrated a protective effect againstllll[118, 122]. Interestingly,
genipin, a crostinking reagent, was found to inhibit41L0-induced GAG reduction
when administered in the culture medium, possibly by stabilizing the E28). On the
other had, dynamic loading did not alleviate the catabolic effect eflland IL-16 in
the cartilage construgt24]. Since dynamic loading has been widely regarded to enhance
cartilage matrix production, this study suggests that matrix production under normal
conditions and matrix maintenance under inflammatory conditions are two related but not
identical issuefl24]. Apart from biochemical factors, very little is known about the
contribution of other components in a 3D cartilage toward inflammagsponse.

Scaffolds constitute an important component of the microenvironment for
chondrocytes in bioengineered cartilage. Selecting the optimal scaffolds, together with
supplementing the optimal biochemical factors in the culture medium, will lead to the
enhancement of the stability of bioengineered cartilage. However, it is still unclear how
scaffold material influences the response of chondrocytes grown in the scaffolds to

exogenous inflammatory stimuli, which may not be revealed by only studying
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chondocyte growth under normal conditions.thisinvestigationthe differences in
gene expression in 3D cultured chondrocytes under the treatmentioflanomatory
cytokines, Il-1b and TNFJwere analyzed. indrocytes cultured in scaffolds of
different maerials (silk, collagen and PLA) showed varying responses in gene expression
to proinflammatory cytokines, including matrix production and degradation, cell
adhesion and cell death. Overall, silk and collagen scaffolds supported higher levels of
cartilagematrix gene expression than PLA underlth and TNRJtreatments, which
correlated with toluidine blue stainings that reflected the level of GAGs. Additionally,
chondrocyte gene expressias compared withell morphology and the biophysical
properties othe scaffolds, such as release profiles efland TNRJand water uptake
abilities. Together, these data strongly suggest that scaffolding is an important component
of the microenvironment for chondrocytes and plays a significant role in chondrocyte
homeostasis in an inflammatory environment.

Here, the effect of scaffoldings in the context of-prtammatory cytokine
treatmentvas investigatedand porous scaffolds of silk, collagen and PLA, which were
not directly compared in previous studiegre evluated Under control conditions, silk
and collagen scaffolds supported higher levels of cartilage matrix deposition and
expression of cartilage matrix genes collagen Il, collagen 1X and aggrecan than PLA
scaffolds. In the presence of-llb and TNRJ, while all cartilage gene expression was
significantly reduced, silk and collagen scaffolds still supported higher cartilage matrix
levels.

| mportantly however, in other instances

stimuli in different scaffoldingnaterials may not be predicted from studying only-non
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inflammatory conditions. For example, in the case of MMP13 expression at day 16, while
there was no difference among chondrocytes in different materials under control
conditions, there was significanthygher MMP13 expression in the chondrocytes grown
in PLA scaffolds than silk and collagen scaffolds in the presence 4 Hnd TNRJ

(Fig. 5). This result suggests that different scaffolding materials can elicit different
responses to primflammatory gtokines in the chondrocytes and that such effects can
only be revealed when the cells are challenged with inflammatory stimuli. A recent
investigation indicated that although there was no difference in cartilage matrix
production in different PE@odifiedscaffolds under static conditions, significant
differences were observed when scaffolds were cultured under dynamic stim{@ation
Thus, this investigation is consistent with the notion that scaffolding material influences
the response to egenous stimuli, including biochemical and biomechanical signals.

It wasalso observed that chondrocytes responded differently to the two different
cytokines Il-:1b and TNRJ In terms of ADAMTS4 expression, chondrocytes grown in
silk scaffolds showed a siijicantly stronger response at day 8 tellh than TNF,
while those grown in collagen and PLA scaffolds responded-fib laind TN equally.
Furthermore, IL1b is much more potent than TN inducing MMP3 (day 16),

MMP13 (day 8) and iINOS expression (d&), while TNRJinduces the expression of
hypertrophic marker alkaline phosphatase (day 8) and cell death indicator caspase 8 (day
8 and day 16) more readily, suggesting that these two cytokines can activate different
signaling pathways. Another group @isoted the differential responses chondrocytes to
IL-1b and TNFJwhen the cells were cultured as monolayers for up to three days,

suggesting that TNFwas a stronger inducer of cell death as it activated the expression of
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both caspase 3 and 8 more strgri@R5, 126] This is consistent with #observation of
caspase 8 expressionthe studyhowever, Il-1b and TNRJsimilarly induced caspase 3
expression, a discrepancy possibly due to the differences between 2D and 3D culture
systems. In addition to the differences in the activities of JaHe IL-1b, differential
gene expression with respect to culture timas also observedor example, although
there was no difference in aggrecan expression in chondrocytes cultured in different
scaffolds upon IE1b and TNRJtreatments at day 8, there wergnsficant differences in
the expression by day 16 (Fig. 2), thereby suggesting that different scaffolding materials
may exhibit different kinetic profiles in regulating cartilage gene expression.
Biomaterials have different physical and chemical charatits such as surface
roughness and material hydrophobicity that can affect cell attachment, cell shape and
chondrocyte gene expressi@®, 127] Thehistological and SEM analyses showed that
chondrocytes in PLA scaffolds had a more spreaitisheetlike structure.
Correspondingly, cells grown in PLA scaffoldad significantly higher expression a#l!
adhesion moleculdl integrin and the lowest amount of cartilage matrix deposition and
gene expression than those grown in silk and collagen scaffolds. This is consistent with a
report by Ronziere et al, in which inhibition df integrin resulted i more rounded cell
morphology and enhanced collagen Il expression in chondrocytes embedded in collagen
gels[98].
To understand the mechanisms by which scaffolds influence tiaaibe of
chondrocytes under inflammatory condition® investigateaytokine release kinetics of
scaffolds with a rationale th#te rate of scaffolds to release cytokines would impact the

local environment of the chondrocytes. Prior studies, many aiatitagygeted protein
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release, have analyzed the release profiles of BMP2, VEGF andd®@Eeins from silk,
collagen and PLA scaffold428-134]. However, the release of pnaflammatory

cytokines has not been extensively studied. Here, silk, collagen and PLA scaffotds
found tohave different kinetics ireleasing Il-1b and TNRJ thus proposing that

different scaffolding materials may support different levels ofipflammatory
cytokines in the chondrocytesd6 microenviro
loaded, silk scaffolds released-1b and TNFUat a much faster rate than collagen and
PLA scaffolds. This suggests that silk material may not adsorb as much cytokines as
collagen and PLAased scaffolds dayhich mayprovidechondrocytes with a more

optimal microenvironment. Indeed, the fasteio&yte release rate by silk is correlated

with a higher level of cartilage matrix production in chondrocytes grown in silk scaffolds.
Interestingly, while collagen scaffolds consistently released cytokines more slowly than
PLA scaffolds, collagen scaffoldsipported higher levels of matrix gene expression,
suggesting that other factors are also involved. It is possible that collagen provides an
additional biochemical regulation on chondrocyte behavior through its binding to
integrins[135, 136]

Hydrophilicity of the scaffolding material might be an additional property that
influences cartilage gene expression and matrix deposition. Previous studies have shown
that the morphology and bulk hydrophilic/hydrophobic qualities of the scaffolds
influence the rate of water uptake of the scaffolds and may affect the subsequent cell
reaction to inflammatory stimu[il14-116]. Our data showedat slk and collagen
scaffolds havéigher water uptake abilities than PLA scaffolds, which is correlated with

higher levels of cartilage matrix gene expression in chondrocytes cultured in silk and
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collagen scaffolds. Furthermore, chondrocytes in PLAfgltsf had a more flattened
morphology and elevatddl integrin expression, which may also be correlatitd w
material hydrophobicity. Theesult with these porous scaffolds is consistent with other
analyses using PEGased hydrogels as cartilage construstsere swelling ratio

positively correlated with collagen Il and aggrecan expreg5ionl37, 138 Therefore,
scaffold swelling ratio and water uptake property can be an additional physical property
of the scaffolds that regulatartilage gene expression under normal and inflammatory
conditions.

In summary, thistudy constitutes one of the first steps toward understanding the
contribution of scaffold material to inflammatory response. It clearly shows that
scaffolding, as an ingytant component of the chondrocyte microenvironment, plays a
critical role in matrix production and destruction as well as cell death, especially under
inflammatory conditions. These analyses prompted us to conclude that silk and collagen
scaffolds are th most optimal scaffolds for supporting stable cartilage matrix production
than PLA scaffolds, based on the following criteria: 1) higher level of cartilage matrix
gene expression and matrix deposition; 2) lower levels of cartilage degradation enzymes;
3) cell morphology that resembles native cartilage cells; 4) lower retention of
inflammatory cytokines; and 5) higher water uptake ability. It will be interesting to
determine how the other properties of scaffolding materials, such as porosity, rigidity,
degmdation rate, adhesion domains, local stiffness and surface chemistry, can regulate
the response of chondrocytes to inflammatory stifdd8-141]. In particular,
determiningwhether seeding density could alter the influence of scaffolding material on

chondrocyte gene expressican be studigds a higher seeding density wouldieeded
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to generate cartilage constructs for clinical applications. It is also likely that other cell
sources or cell types, such as mesenchymal stem cells, may exhibit differential responses
to inflammatory cytokines when grown in scaffolds of differeatenals. Further

biochemical and biophysical studies of the cartilage constructs will help us to understand
the interaction of stem cells or chondrocytes with its niche or microenvironment. It is
conceivable that selecting the proper scaffolding matendloptimizing its biophysical

properties will aid in the engineering of more stable cartilage tissues.

54



Chapter 2

Scaffold structure and fabrication method affect pro-inflammatory

milieu in 3D-cultured chondrocytes
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Rationale
As demonstrated in Chapter 1, different material derived scaffolds can lead to differential
response of cells to piaflammatory cytokines, ¥1 b and TNFU. Aside fr
scaffoldng materia$, structure properties of scaffolds have aklsenshown to affect
cartilage gene expressidn.addition, scaffolds derived from different fabrication
method (i.e. AQderived and HFIP derived silk scaffolds) have shown to have different
biophysical properties of scaffoldsich asurface roughness, slling ratio, and
degradation profilevhich all can influence cell behavior and functiblowever, it is
unclear whether the structuaead fabrication methodf the scaffold would also influence
the seeded chondrocytes in terms of their homeostasis mflammatory
microenvironment.

To understantheeffect ofstructure andiabrication method othe gene
expression obioengineered cartilage in inflammatory conditiowe compared different
pore sized scaffolds, ranged from 100um to 800amd silk scaffolds derived from two
different fabrication method#\Q and HFIP derived silk scaffoldsn cell response in the

presence of pranflammatory cytokines

Experimental approach

To investigatehe role of structurand fabrication method otaffolds on celtesponse

under inflammatory conditiongye examinedhe following experiments.
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1. The role of fabrication methods of scaffolds on cell response under inflammatory
conditions: Bovine articular chondrocytes (BACs) were seeded onto AQ &l bilk
scaffoldsand cultured in the absence or presence ofrglammatory cytokineslL-1 b

and TBbEhEmical response of cells (gene and protein expression) were correlated
with biophysical properties of scaffolds (cytokine release kineticsvaer uptake

ability)

2. The role of pore size of scaffolds on cells response under inflammatory conditions:
BACs were seeded onto 4 different pore sized silk scaffahdscultured in the absence
or presence of prmflammatory cytokineslL-1 b a n d Bidcimithl response of
cells (gene and protein expression) were correlated with biophysical properties of

scaffolds (cytokine release kinetics and water uptake ability)
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Results

HFIP silk scaffolds support a higher level of cartilage matriggactionand a lower

level of matrix degradatiom 3D cultured chondrocytes.

To determine whether silk scaffoldenerated bylifferent fabrication methods
affect the ability to support chondrocyte gene expression under inflammatory conditions,
we analyzed primary bovine articular chondrocyesvn in porous silk scaffolds
generated by thaQ or HFIP methods.

Scanning electron microscpSEM) analysishowed thatwhile these scaffolds
have the same pore size (5800um), thepores ofcell-free AQ silk scaffolds had
rougher surfacgthanthose ofHFIP silkscaffolds (Fig. 11R Interestingly, chondrocytes
in AQ silk scaffoldsseemed to be flatter than those in the HFIP scafféids 11G11E).

We performed toluidia blue staining to evaluatatilage matrix deposition
Toluidine blue is a basic dye that exhibits a color shift toward the \polgtle rang€i.e.
metachromasia) when the level of glycosaminoglycan (GAG) is very Bighificantly,
a much stronger and metachromatic toluidine Btaening was observed in chondrocytes
grown in the HFIP silk scaffolds than in AQ silk scaffolds under the control condition,
suggesting of a higher level of matrix depositiotdFIP scaffoldgFig.11F). While I1-
16 and TNFU treatments reduced the intensi
the staining is still stronger around chondrocytes growdRIP scaffolds than in AQ

scaffolds(Fig. 11F).
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Figure.11. Morphologicalcharacterization of scaffolds and chondrocytes by scanning electron
microscopy (SEM) and histological evaluati¢A) Bright field images of celfree AQ and HFIP

silk scaffolds. Scale bar:2mrfB) SEM micrographs of cefree AQ and HFIP silk scaffolds.

Top panel s: |l ow magni fication, scale bar: 200c¢
4 0 ¢ (@) Low magnification images of chondrocytes inside the scaffolds after 16 days of

cul tur e. Sc@®)Hgh magnificatiob in@gesnof chondrocyiaside the scaffolds

after16 days of culture S c al e (B)&&E staibirfyénrages of chondrocytes grown in AQ

and HFIP silk scaffoldgF) Toluidine blue staining images of chondrocytes grown in AQ and

HFIP silk scaffolds. The treatments are: Ctd @ytokines added), L b ( 10ng/ ml ), and
(10ng/ml).
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To provide a more quantitative measure for such differences, and to determine
whether the difference in matrix production is caused by a difference in gene expression,
we performed real tim&T-PCR to assessartilage matrixand degradaticrelated genes.
We examined the expression of collagen Il (Col Il), collagen 1X (Col IX) and Aggrecan
ascartilage matrix genes. We also examined the expression-afffammatory
cytokines I-1 b a +6,dvhid¢hlare known to promote thepegssion of cartilage
degradation genes such as MMP3, MMP13 and ADAMI82-144].

In the absece of preinflammatory cytokinest day 8chondrocytesn AQ and
HFIP silk scaffolds expressed similar levelaftilage matrix gess collagen Il (Col II),
collagen IX (Col IX) and Aggrecan, with minimal expression of cartilage degradation
genes. Intapresenceof 1 b and TNFU, trblaedfepeswds of mat r |
significantly reduced, although the expression of Col Il and Aggrecan were slightly
higher in chondrocytes grown in HFEk scaffolds under 11 b atmeng (Fig.12).
Chondrocytes growmi HFIP silk scaffoldslsoshoweda significantlyhigher level of
endogenous H1 b, MMP13 and ADAMT-SIKscaffdldasuggestmg se i n
that chondrocytes grown in HFIP silk scaffoldhy be more metabolically active under
IL-1 6 tr 4148, mebnutt no di fferences wetrr@edobser ver
samplegFig.12).HI F1 U and HI| Frdluteddacters thayap impoitaat roles
in regulatingcartilage gene expressiand thereby, is beneficial to cartilage, while
HI F2U promotes the expression of matrix de
detrimental to cartilagil46-148]. In the presence of priaflammatory cytokinesd | F 2 U
wasinducedp owever, HIF1U and HIF2U expression w

between the scaffolds day 8
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At day 16, the difference in cartilage matrix gene expression between
chondrocytes cultured in A@nd HFIP silkscaffoldsbecame more pronounced, as
chondocytes grown in HFIP silkcaffoldsshowed two times the levels of cartiéag
matrix genes than those in A€k scaffold (Fig.13). Furthermore, the endogenous levels
ofIL-1b,-6 ] LMMP 3, MMP 1 3, and HIF2U also exhibi
in contol condition In the presenceofil b or TNFU, explkfes6slilon | e
MMP 3, and HIF2U were si gni f iSioceweadidyot | ower i
observe any differences in the expression
there is no difference in oxygen levels in AQ and HFIP scaffolds. Although we observed
lower levelsof k1 b  a+d i InL HFI P scaffolds under TNFU
detect significant | evels of TNFU expressi
TNFU does not induce its own ex@weralsosii on in
gene expression analysis is consistent with the observed higher level of matrix deposition
in HFIP silk scaffolds, suggesting that HFIP scaffold is more optimal in maingainin

cartilage integrity.
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Scaffold poresize influaces the pranflammatory micrenvironment in 3D cultured

chondrocytes

We next investigatedhether scaffold pore size influences cartilage matrix
production and gene expression under control and inflammatory condBesed on the
data shown earliewe chose to usdFIP silk scaffolds as they supported bettartilage
matrix production in chondrocytes. In addition to the-600um pore sizevhich we
used earlier in comparison with AQ and HFIP silk scaffols also includedhree other
pore sizes: 10@00, 300400, and 70800um(Fig.14A and B). SEM confirmethe pore
sizes of these scaffolds, but did not reveal any significant differences in cell morphology
among cells grown in the scaffol(fsig.14C and ). H&E analysis from day 16 cultures

showed that chondrocytes in different scaffolds exédbsimilar c# shapes (Fig.14E
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B
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Figure.14. Morphological characterization of scaffolds and chondrocytes by scanning electron
microscopy (SEM) and histological evaluati¢f) Bright field images of celfree HFIP silk

scaffolds with different pore sizes. Scale bar:2ritB).SEM micrographs of cefree HFIP silk
scaffolds with different pore sizes. Top panel
panel, high magnificatio, s ¢ al e (ChLaw magnifiéattomimages of chondrocytes

inside the scaffol ds af t enD)Highmdgaifjcationdniagesaf!l t ur e .
chondrocytes inside the scaffolds aftérdays of culture S c al e (B)&&E staiifge m.

images of chondrocytes grown in HFIP silk scaffolds with different pore $2e$oluidine blue

staining images of chondrocytes grown in HFIP silk scaffolds with different pore sizes. The

treatments are: Ctrl (no cytokines added)1lllb ( mlong/and TNFU (10ng/ ml) .
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Gene expression analysis from 8 day of culture indicated that whilewhsre
major difference in the expression of cartilage matrix genes Col Il, Col IX, ggcedan
there wasignificant difference in the @xession of cartilage degradaticglated genem
cells grown inthesedifferentpore sizedcaffolds(Fig.15. At 16 days of culture, Col I
and Col IX expression were significantly higher in cells in larger pore sized scaffolds in
control condition whié no major differences in the expression were observed in cells
under cytokine treatment (Fig.16). However, no major differences in intensity in toluidine
blue staining were found among the scaffolds both in the absence or presenee of pro
inflammatory cyt&ines (Fig.14).
At both time points,n the absence giro-inflammatory gtokine treatments,
larger poresized scaffolds supported low levelsendogenoupro-inflammatory
cytokinesiL-1 fand IL-6 expression. Correspondinglye observed thdbwer levelsof
MMP3, MMP13, ADAMTS 4nlamger poressizeld scaffsldsddr F 2 U
control conditionsand the trend was maintained undedllb and TNF(Hg.15r eat me
and 16). In overall, cartilage degrading enzyme expression were expressed at higher level
in chondrocytes grown in smaller pore sized scaffolds in the presence of pro
inflammatory cytokines, suggesting that larger pore size support less cartilage degrading
enzyme expression than smaller pore sized scaffinitdsestingly, we did observe a
higher |l evel of HIF1U in the smallest pore

scaffolds at day 16, which may indicate that as chondrocytes grew, the microenvironment

in smaller pore sized scaffolds might have become more hypoxic.

67



IL-8/ GAPDH Col Il / GAPDH

']*]"zlx-

HIF1o / GAPDH

Ctrl

Ctrl

Ctrl

[ 1100-200um

20
[ 300-400pm
I 500-600um 5 0
I 700-800pm O
g 10
=
05
©
(&
0.0
IL-1B  TNFa Ctrl IL-1B  TNFa
2.0
I 1s
e
T [
= * |
[ [
Q os
=
=
0.0
IL-1B TNFa Ctrl IL-<1B  TNFa
20
I 15
[=]
m N
g 1.0 .
3
N 05
L
I
0.0
IL-1  TNFa Ctrl IL-1B  TNFa

5
o . 15
< b *
9 10 & 10 * *
¢ & %
o 08 = 0 |*—| m
3 = m )
<< 00 00
Ctrl  IL-1p  TNFa Cul  IL1B  TNFa
*
2 — 15
= *
o
E 1 * g [l
< L]
® * [ e S = *
; 0.04 |—|* B osl — —
= — E *
0.02 M
= g
= 0.00 <€ 00
Ctrl  IL-1  TNFa Ctrl  IL-18  TNFa
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different pore sizes at day 8. All gene expression levels were normalized to GAPDH. Data
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Different silk scaffolds have different profiles of finflammatory cytokine release.

To investigate why scablds fabricated using different fabrication methods and
with different structures would result in differential endogenous h | evel s or ca
matrix and cartilage degrading enzyme gene expressionupgblL and TNFEU tr e a
we examinedhe abilityof the scaffolds to adsorb and releaseipflammatoy
cytokines We reasoned that the difference in scaffold structures might cause a difference
in the diffusion of the cytokines from inside to outside of the scaffolds, which would lead
to a differencen the inflammatory microenvironment for the chondrocyie®]. We
thusapplied equal amounts of these cytokineA@ HFIP, and HFIP with different pore
sizesand then evaluated the amount of cytokitieat leached out into the medium. As we
were uncertain of the capacity of the scaffolds to adsodblar TNRJ, we applied two
different amounts (1ng and 10ng) to the scaffolds, and assayed the medium at different
time points using ELISA (Fid7). We found thatiL-1 b a n dwefk Keledsed from
HFIP silk scaffolds at a faster rate than AQ silk scaff¢klg. 17A and B). Athe early
time pointof 10mins, 70% of L b and 60% of TNHFlPsiker e rel ea
scaffolds while only 40% of Ik1 b o r  éFeNdledsedwy AQ silk scaffolds,
suggesting that HFIP scaffoldstained lessH1 b an d TAQKIl saffblds did
(Fig. 17A and B. With respect to scaffolds of different pore sizes, we found that larger
poresized scaffolds released motel b ANBU t han -sizedskalffoids didp or e
which may be due to the less physical barrier present in larger pore sized scaffolds
(Fig.17C and D)This resultis consistent with the fact thiitFIP silk scaffolds with

larger pore sizes supported a lower level of endogencisind IL-6 even in the
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absence of exogenously administepeotinflammatory cytokinesvhich correlates with
lower levels of matrix degradatieassociated genes in largeresized scaffolds.
Another scaffold property that may affect the microenvironment of the
chondrocytes is thability to uptake watemwhichis correlated wittihe hydrophilicity of
thebiomaterialsThe degree of hydration of the microenvironmesuild determindocal
concentration of nutrient or pioflammatory cytokines, which in turrffact chondrocyte
gene expressioWe found thaHFIP silk scaffold$hada higherability to retain water
than AQ silk scaffoldssuggesting that HFIP silk scaffolds ynareate a more hydrated
microenvironment for the chondrocytes (Fig.17E). Expectedly, ISHtRcaffoldsof
different pore sizelid nothave differentialvater uptake abilies, as they are derived

from same scaffold material using the same preparatioinoté=ig.17F).
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Figure 17.Evaluation of cytokine release kinetics of silk scaffolds. Two different amounts of
pro-inflammatory cytokinesIl1 b or TNFU (1 and 10ng) were | oad
AQ, HFIP, and HFIP with different pore sizes. ELISA was used to verify the iluieiding

amount and to evaluate the amount of cytokines leached into the medium at 5 different time

points: 10min, 1hr, 1 day, and 3 da¢s) Analysisof Ibk1 b cumul ati ve rel ease f
HFIP silk scaffolds(B)Anal ysi s of TNFU ncAQmand HREIR dilkseaffolde | e a s e
(C) Analysisof Ik b cumul ative release from HFID® sil k s
Analysis of TNFU cumulative release (Eanom HFI P
F) Analysis of water uptake proges of AQ, HFIP, and HFIP silk scaffolds with different pore

sizes. Statistical analysis of the data for cytokine release was determineduwgytwiNOVA.

Statistical analysis of the water uptake for AQ and HFIP and for HFIP scaffolds with different
poresizes was determined by studetedt and onavay ANOVA, respectively. Data present

mean + SD. p<0.05.
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Discussion

Scaffoldingconstitutesan integral component t¢iie microenvironment
architecturdor the chondroages in the 3D bioengineered cartéagonstructs. A
hallmark of arthritis is the elevated inflammation levels in the joltsvever, the
functionof scaffoldingon cartilage gene expressimninflammatory environmertill
remains largely elusivén the present studye demonstrated that scaffold fabrication
methodandscaffold pore sizenfluence the expression ehdogenoupro-inflammatory
cytokines and chondrocyte gene expressimder both controland-1 6 and TNFU
treatment.

Biomaterias with different chemical ad physical properties habeenshown to
affect cell attachment, cell shape and gene expredsamting to differential gene
expression levelpt9]. Previous studies have demonstrated diféérent cell types
exhibitedvaried differentiation potential iAQ or HFIP silk scaffoldsAQ silk scaffolds
supported more optimal osigenic differentiatiorirom human mesenchymal stem cells
(hMSCs), while HFIP silk scaffoldsupportedetter soft dental pulp formatidrom
human é@ntal pulp progenitor cell§1, 92] Another study revealed that elastic cartilage
cells from rabbit ears expressed a higher overattix deposition in sucrose/HFIP
scaffolds than in AQ silk scaffold450]. However, none of these studies examined the
performance of AQ and HFIP scaffolds in terms of inflaatwny microenvironment.
Here, we found that AQ and HFIP scaffolds supported different levels-of pro
inflammatory cytokine expression expressed by the chondrocytes even under control

conditions. Furthermore, HFIP scaffolds supported much lower endogermsus pr
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inflammatory cytokine IEL b a+d elxlpr essi on under TNFU tre

corresponds to the | ower | evels of MMP3
The alteration of chondrocyte gene expression by different types of scaffolds is
likely due to theuniqguechemical angbhysical characteristics of scaffsldesulted from
different fabrication methodsiFIP silk scaffolds showed to have smoother surfaces than
AQ silk scaffolds. The pores of HFIP scaffolds are slightly angular in shape, while those
of AQ silk scaffolds areound, which is consistent thi prior studie$70, 150] In
addition, the data suggests that HFIP silk scaffolds have a higher hydration capacity and
exhibit faster cytokine releagate. It is also established that AQ silk scaffolds are more
rigid with faster degradation rates, while HFIP silk scaffolds are more elastic and
deformablewith lower degradation rat¢s0, 71, 150] Therefore, different
hydrophobicity, cytokine release kinetic, surface roughness and rigidity resulted from
different fabrication methods of the same silk scaffold material can dtilmote to the
biochemical outcome of the chondrocytes.

Bi omaterials with various pore sizes

an

r

a

sizes (~500em) have been examined for cart

potential of chondrocytes in prieus studie$60, 68, 151]Moreover, this structural
property of the biomaterial surrounding cells can alter cell behavior and cell fate. It has
been shown that altering the dimensions of titanium nanotubes allowed not only
enhanced adhesion of but also osteogenic differentiation hMSCs in the absence of
osteogenic inducing mediufh52]. Another study has demonstrated that different pore
sizes affected cell attachment and cell viability of mouse osteogenic cells in collagen

GAG scaffold463]. These previous studies strongly suggest that the pore size of
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biomaterials surrounding cells play important roles in cell behavior and cell
differentiation.

In the present studwe evaluated¢dhondrocyte gene expressiupon pore size
variations of HFIP scaffoldsvhich variedhestructure propeidsof scaffolds while
maintaining the material properties of the silk scaffolds. Pore size variation largely
affected mRNA expression of cartilage degrading enzymteeabsencer presencef
pro-inflammatory cytokines over tim&Ve found thatarger pore sized scaffolds
supportedh higher level of cartilage matrix gene expressionaluver level otcartilage
degrading enzyme expression than smaller pore sized scafaltisermore, we also
found thatpore size of scaffolds influences endogenous expression of cartilage degrading
enzymes.

We had investigated the property of scaffolds in retaining and releasing pro
inflammatory cytokines. We had reasoned that when egqualnt of preinflammatory
cytokines were applied to the scaffold, the faster cytokines leached into the medium, the
less cytokines would be available for the chondrocytes within the scaffolds to encounter.
While the protein release profile from the schffohas been studied for other proteins
such as BMR2, VEGF, and IGH, it has rarely been attempted for pnlammatory
cytokines[129-133]. In our prior analysis on different scaffolding materials, faster
leaching of the pranflammatory cytokine was found to be correlated with higher level of
cartilage matrix productiofi153].

Here, we foundFIP scaffoldgvs. AQ scaffoldspnd larger pore sized HFIP
scaffolds(vs. smaller pore sized scaffoldgjeasedL-1 b a n dat afasterdte and

supported higher levels of cartilage matrix. It is not clear why F#kPscaffolds leach
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the cytokines faster than A€k scaffolds. It could be related to the smoother surface

characteristics of the HFIP scaffolds or their surface chemistitir. respect to pore size,

it can be surmised that larger pore size would allowimitammatory cytokines to pass

more freely, which would result in faster leaching of the cytokines into the medium.
Interestingly, even in the absence of exogenotk B nd TNFU, there w

difference in chondrocyte gene expression. This may be related to the level of

endogenous H1 b expressi on, which was | owest in H

with larger pore sizes (vs. smaller pore sizes). At lh i s aubeliteown o i nd

expression, as well as other pnflammatory cytokines (such as-g) and cartilage

degradation r el at e {l42g91d™ E4|faskeMElense afillddb H | r Fo2ntJ

the scaffold to the medium, be it endogenous or exogenelshl, may be benefi

cartilage maix maintenance. Thus, this property may be an important component of the

scaffold as the chondrocyte nicl@ertainly, other properties of scaffoldintaterial

includingrigidity or degradation rateay also contribute to the chondrocyte niche in

regulatng the response of chondrocytes to inflammatory stimuli.

The relationship between inflammation and regeneration is intriguing. For some
tissues and processes, such as during zebrafish neuron regeneration or fracture healing of
the bone, the response tolamhmatory stimuli is essentifl55, 156] However,
prolonged inflammation could be damaging to the tisglfes, 158] Unlike many
vascularized tissues, the avascular cartilage has poor regeneration ability. Cartilage injury
is accompanied by high levels of inflammation, which although subsides over time, may
have a profound effect on chondrocyte homeosfaS8]. Many of cartilage injuries

(such as ACL or meniscus tear) lead to catttwitis (OA) years lateSignificantly
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higher levels of pronflammatory cytokinest1 6 and TNFU were found
joints [160]. However, higher levels of other pnoflammatory mediators such Hs-6

and leptin were reported to be predominant in end stage OA synoviglliiiifl Such

localized inflammation will compromise the stability of the cartilage. Our study

demonstrates that scaffold stture can be an important component to consider when
engineering cartilage for use under inflammatory conditions, and thus provides insight

into the endeavor of enhancing cartilage regeneration.
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Chapter 3

The role of Nkx3.2 on chondrogenesis of h(MSCs
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Rationale

Nkx3.2, a molecule involved in cartilage development, provides as a potential gene for
promoting chondrogenic differentiation and preventing hypertrophy in mouse
mesenchymal stem cdithes as previously reported. However, its role in human primary
cells has not been thoroughly studieldiman bone marrow derived mesenchymal stem
cells (hnMSCs) exhibits abundant proliferation ability and can be obtained from various
tissues. Gondrogenidifferentiation ofhMSCsin vitro is often accompanied by
hypertrophic differentiation, resulting in undesired cell phenotype for cartilage repair.
In this chaptenyve investigated the role of Nkx3.2 on chondrogenesis of hMSCs through
gain of function andbss of function approaches. We examined whether Nkx3.2 play a
role on promoting chondrogenesis of hMSCs and preventing hMSCs from undergoing

hypertrophy, as seen in the mouse mesenchymal stem cell line.

Experimental approaches

To investigate the rolef Nkx3.2 on chondrogenesis of hMS@g& examined the

following experiments.

1. The role of Nkx3.2 on chondrogenesis of hMSCs under naxmondrogenic or
chondrogenic conditi onhMSTONefe hfectked with eitket h a s o n
lent-GFP orlentiNkx3.2 and exposed to chondrogenic me:

(10ng/ml) and dexamethasone for 21days
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2. The role of Nkx3.2 on chondrogenesis of hMSCs under chondrogenic condition
(BMP2+dexamethasone) hMSCs were infected with either lei@®FP or lentiNkx3.2
andexposed to chondrogenic medium containing BMP2 (100ng/ml) and dexamethasone

for 21days

3. The role of Nkx3.2 on chondrogenesis of C3H10T1/2 cellSACS sorted either GFP
or Nkx3.2 expressing C3H10T1/2 cells were cultured in chondrogenic medium

containingBMP2 (300ng/ml)

4. The role of sShRNANkx3.2 on chondrogenesis of hMSCs under chondrogenic
condi tion ( TGF b 3hM&esxvareiefectecawstioeither)lexsicramble or
lent-shRNANk x 3. 2 and exposed to chondrogenic me

and dexamethasone for 21days
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Results

Nkx3.2 is induced during chondrogenic differentiation in hMSCs

When hMSCs were cultured for 21days under chondrogenic condition, containing

chondrogenic factors, TGF bs@gnifieanty exdressedimet h a s

hMSCs compared to the expression in cells underchondrogenic conditions,
suggesting that Nkx3.2 is induced during chondrogenic differentiation and may be
involved in the process of chondrogenesis in hMSCs (8)g.1

To invesigate the role of Nkx3.2 during chondrogenic differentiation in hMSCs,
we infectedhMSCs with eithefentiviral constructs encoding for either GFP or GFP
Nkx3.2. Transduction rate of GFP and Nkx3.2 in hMSCs was 75.9+8.08Aa8+5.6%,
respectively (Fig.1P To confirm chondrogenic differentiation of GFMSCs, used as
control in the studywe performedRT-PCR for chodrogenic genes, Sox9, Nkx3.2,
collagen Il (Col Il) and AggrecanAs expectedSox9, Nkx3.2Col Il, and Aggrecan
expressionn GFRhMSCs were inducedver the timecourseof 21 daysunder

chondrogenic condition (Fig.20

1.0 1

0.5+

Nkx3.2 / GAPDH

0.0~

Ctrl Chondrogenic
medium

Figure 18.Gene expression Nkx3.2 in hMSCs after 21 days of culture under Ctrl: growth
medium and chondrogenic mediu@hondrogenic mediumoot ai ns TGFb3 and

Geneexpression level was normalized to GAPDH level.
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GFP-, Nkx3.2 transduction efficiency on hMSCs

100+

80+ |

Transduction (%)

GFP Nkx3.2

Figure 19.Transduction efficiency of lentivird&FP and Nkx3.ZFP on hMSCs(Top) Bright
field and fluorescence images of GRRdNkx3.2-GFPinfected hMSCs. (Bottom)ransduction
ratedetermined by counting GHpositive cells in GFPand Nkx3.2infected hMSCs.
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Figure 20.Gene expression analysis of chondrogenic markers irlBFFCs under
chondrogenic condition n d u ¢ e d .Blygen€ &préssSion levels were normalized to
GAPDH. Data present mean+Sip<0.05.

Nkx3.2 inhibits cartilage matrix protein synthesis in hMSCs under chondrogenic

condition

To look at the effect of Nkx3.@n chondrogenesis of hMSGsge compared
expression of Sox9, Nkx3.£o0l I, and Aggrecabetween GFMSCs and Nkx3.2
hMSCs under chondrogenic conditiffig.21). While GFRhMSCs showed increased
expression of Sox9 over the time course, NkxX8VESCsexpressed significant decrease
at day 21 compad to GFPhMSCs.As expected, Nkx3.2 expression was significantly
highly expressed in Nkx3:BMSCs than GFHPAMSCs. GFFhMSCs expressed

significantly higher leved of Col Il and Aggrecaaxpression under chondrogenic
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condition than Nkx3.2hMSCs. Consistelyt, as shown in analysis of GAG content,

determined by DMMB dye, GFRMSCs produced significantly hgr GAG than

Nkx3.2' hMSCs (Fig.22.
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Figure 21.Gene expression analysis of chondrogenic markers infBFFCs and Nkx3.2
hMSCs under chondrogergonditioni nd uc e d
normalized to GAPDH. Data present mean+§i%0.05when the expression in GHMSCs
significantly higher than that in Nkx3/2VISCs * p<0.05when the expression in GFMSCs
significantly lowerthan that in Nkx3.2hMSCs
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Under norchondrogenic condition, both GF&nd Nkx3.2hMSCs exhibited
extremely low level of GAG conterbmpared to those in chondrogenic medium (Fig.22).
This data suggest that Nkx3.2 alone does not prooraténibit chondrogeit
differentiationof hMSCs under neghondrogenic condition, and may need another
factor toregulatechondrogenesig£onsistent with gene expression and GAG analyses,
while GFRhMSCs exhibited significant amount of proteoglycan and Caldtemined
by histologicalstaining for Tduidine Blue and Col Il, Nkx3-hMSCs expressed very
low amounts of proteoglycan and Col Il (Fig.23).

The inhibition of chondrogenesis in the presence of chondrogenic factors suggests
that Nkx3.2 may prevent hMSCs fraimndergoing chondrogenegisssibly by disrupting

T GF Db i sighalsctepdoduce cartilage matrix protein for chondrogenesis.
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Figure 22.Ratio of Glycosaminoglycan (GAG)/DNA in GHMSCs and Nkx3.-AMSCs
under norchondrogenic or chondrogenic catneh at day 21 Chondrogenic medium contains
TGFb3 and deDatapresénhnzeans3He<0.05.
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H&E

Toluidine
Blue

Figure 23.Histological evaluation of GFRMSCs and Nkx3-hMSCs grown in silk scaffolds
under chondrogenic conditionn d u ¢ e d .KTpp) H&E Btdinthg images, (middle)
Toluidine Blue staining images, and (Bottom) Col Il staining ima8eale bar: 100pum.
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To confirm this observationye repeatedhe experiment witlan earlier time
point, day 8 Consistent to the results from the first esment, Nkx3.2 inhibited
chondrogenic differentiation in hMS@s all time points asonfirmed by mRNA

expression of Col Il and Aggrecan and GAG content (FIg@¢
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Figure 24.Gene expression analysis of chondrogenic markers irlfBFFCsfrom repeated
experimenunder chondrogenic conditionn d u ¢ e d .[he repe@é&dederiment for the
role of Nkx3.2 on hMSCs in the presence of
day8.All gene expression levels were normalized to GAPDHta present mean+Sfp<0.05.
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Figure 25.Gene expression analysis of chondrogenic markers infBFCs and Nkx3.2

hMSCs from repeated experimennder chondrogenic conditionn d u c ed .bhe TGFb 3
repeated experiment for the role of Nkx3.2oMSCs i n t he presence of
including earlier time point, day8ll gene expression levels were normalized to GAPDH. Data
present mean+SDPp<0.05when the expression in GHMSCs significantly higher than that in

Nkx3.2-hMSCs.” p<0.05when the expression in GFMSCs significantly lower than that in
Nkx3.2-hMSCs
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Figure 26.Ratio of GAG/DNA in GFPhMSCs and Nkx3-AMSCsfrom repeated experiment
under tiondrogenic condition at day 2Data present mean+Sfh<0.05.

Nkx3.2inhibits chondrogenesis in hMSCs frandifferent donor

To examine whether inhibition of chondrogenesis by Nkx3.2 can be observed in
hMSCs from a different donowe infectedhMSCs from another donor with either GFP
or Nkx3.2 and evaluated for chondrogedifferentiation. As shown in Figu&’, GFR
hMSCs showed significantly increased Col Il expression compared to NkKESZs at
day21. Although Aggrecan did not reveal a statistically significant difference in the
expression, thenean value was relativelygher in GFPhMSCs than Nkx3-hMSCs
suggesting the potential role of Nkx3.2 in inhibiticlgpndrogenesis in hMSCs when

overexpressed
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Figure 27.Gene expression analysis of chondrogenic markers infBFFCs and Nkx3.2
hMSCsfrom a different donounder chondrogenic conditionn d uc e d .BlygenE GF b 3
expression levels were normalized to GAPDH. Data present meahpSID05when the
expression in GRRAMSCs significantly higher than that in Nkxzh#1SCs.” p<0.05when the
expression in GFRAMSCs significantly lower than that in Nkx3t21SCs

Nkx3.2 can promote chondrogenesis in C3H10T1/2 cells

Ourdata suggest that human Nkx3.2 inhibits chondrogenesis in hMSCs. This
result seems to contradict previous result&awato et alwhere tranent expressionf
mouseNkx3.2 promoted chondrogenesis in mouse C3H10T1/2 cell progenitor population.
[162]. To determine whether the result is caused by a difference between human and
mouse cells in response to Nkx3.2, or i to a difference in Nkx3.2 type (human vs.
mouse)we infectedC3H10T1/2 cells with either GFP or Nkx3ghti-virus, which used
in the experiments in the present study, to examine whether Nkx3.2 could promote
chondrogenesis in C3H10T1/2 cells. The infected cells s@ted for &GP positive cells

by FACS to acquir@ure population of GFP or Nkx3.2 expressing cells.
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Figure 28 Gene expression analysis of Col Il and Aggrecan in-BFPL/2 and Nkx3.20T1/2
cultured on 2D under chondrogenic condition induced by BMP2 (300ng/ml). All gene expression
levels were normalized to GAPDH. Data present mean*f&0.05when the expression in
GFRhMSCs significantly higher than that in Nkxzh®1SCs.” p<0.05when the expression in
GFP-hMSCs significantly lower than that in Nkx3H&1SCs
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Figure 29. Gene expression analysis of Col Il, Col IX, and Aggrecan in-GFFL/2 and
Nkx3.2-10T1/2 cultured in 3D micromass under chondrogenic condition induced by BMP2
(300ng/ml). All gene expression levels were normalized to GAPDH. Data present mean+SD.
*p<0.05when the expression in GFMSCs significantly higher than that in Nkxah#1SCs.”
p<0.05when the expression in GHMSCs significantly lower than that in Nkx3i@MSCs

90



Sorted C3H10T1/2 cells were culturedt@sue culture plate (2D) and in
micromasg3D). Cells were maintained in chondrogenic medium containing a
chondrogenic factor, BMP2 (300ng/ml) for 3 and 7dagseporedby Kawato et aJ.and
analyzed for chondrogenic markers, Col I, Col IX #&gfrecan. As shown in Figure 28
ard 29 consistentith the report from Kawato et al., Nkx3.2 infected C3H10T1/2 cells
exhibited significantly higher expression of Col Il, Col IX, and Aggrecan. This suggests
thathuman Nkx3.2 indeed promote chondrogenesis in the mouse cells, even though it has
an oppositeole on human MSCs. Thuhe role of Nkx3.2 varies depending on cell type,

and Nkx3.2 may act in a different way on human and mouse.

Nkx3.2 inhibits chondrogenesis of hMSCs in the presence of BMP2

TGFDb induced chondr ogeneusads manystudiddSCs ha
as well as other chondrogenic growth factors such as BMPs and IGFs. It has been shown
that chondrogenesis of MSCswasmoren hanced by T2EBHIBAt han by
However, in another study, chondrogenesi s
with addition of BMPs in obtaining large amounts of cartilage rich in proteoglyt&b%
suggesting TGFb and BMPs may interplay to
It i s possible that Nkx3.2 doedo not coo
promote chondrogenesis in hMSCs but needs signaling pathway activated by other
factors to activate chondrogenic differentiation in hMSCs.
Indeed, molecular analysis has shown that Nkx3.2 cooperate with BMPs to
promote chondrogenesiBuring cartilage dvelopment, Nkx3.2 plays an important role

to promote chondrogenic differentiation of mesenchymal stem cells. It has been shown
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that chondrogenesis by Nkx3.2 requires BMP signals to be present to undergo
chondrogenic differentiation. Forced expression kk32 promoted chondrogenesis and
induced Sox9 expression in chick embryo explants in the presence of BMP signals,
suggesting the importance of BMP signals present for Nkx3.2 to induce chondrogenesis
[166, 167] Moreover, given that previous studies demonstratingalleeof Nkx3.2 on
collagen Il expression during chondrogenic differentiation and preventing hypertrophic
differentiation in C3H10T1/2 cells were@gormed in the presence of BiMPthe role of
Nkx3.2 in chondrogenesis in hMSCs may be appeared with @yffals, not with
TG 3 signal s. B MPdiffarendSmad®roteinSmadl/b and $nead2/3,
respectivelywhich act as transcription factors in the nucleus to activate chondrogenic
geneq168, 169] Nkx3.2 has been shown poimarily bind to Smad1l, buesser amount
of SmadZ170]. Thus,it is possible that Nkx3.2 cooperate with BMP2 signaling pathway
rather than TGFb signaling pathway to indu

Tolook at the effect of Nkx3.2 on chondrogenesis of hMBGke presence of
BMP2, we culturedGFP infected or Nkx3.ihfected hMSCsn chandrogenic medium
containing BMR. As shown in kgure30, GFRhMSCs underwent chondrogenesis with
increased expression of Nkx3.2, Col Il and Aggrecan under chondrogenic condition
inducedby BMP2. However, Nkx3-hMSCs inhibited theiexpression as seen imet
experi ment wi X Tocohflahtbhelobservratiogie répdatedhe
experiment with BMP2 andonsistent to data from the first experiment, Nkx3.2 inhibited
chondrogenic differentiation in h(MSEBig. 34-35).

In analysis of GAG content, after 21 days of culture, although GAG content was

similar between GHRMSCs and Nkx3-hMSCs, due to lower amount of DNA content
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in Nkx3.2hMSCs, total GAG content obtained by ratio of GAG to DNA appeared to b

higher in Nkx3.2hMSCs (Fig.32 Given thatGAG contents in both GFRand Nkx3.2

hMSCs induced by BMR2

( 4 0 ~ SaOcetlt)there was no significant differenc& atuidine Blue staining (Fig.33

GAG contents betwan the groups may not be largely differemhis was also confirmed

(5~6¢9g)

by repeated experimes(Fig.36
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chondrogenic condition induced by BMP2. All gene expression levelsneemalized to
GAPDH. Data present mean+Sip<0.05.
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Figure 31 Gene expression analysis of chondrogenic markers irf®FFCs and Nkx3.2
hMSCs under chondrogenic condition induced by BMKPgene expression levels were

normalized to GAPDH. Data present mean+Six0.05when the expression in GHMSCs
significantly higher than that in Nkx3/2VISCs.” p<0.05when the expression in GFMSCs

significantly lower than that in Nkx3-BMSCs
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Figure 32 Ratio of GAG/DNA in GFPhMSCs and Nkx3-hMSCs under chondrogenic
condition induced by BMPData present mean+Stp<0.05.

Figure 33 Toluidine blue staining on sections from scaffolds with either-BMSCs or Nkx3.2
hMSCs under chondrogi condition induced by BMR.
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Figure 34. Gene expression analysis of chondrogenic markers irtBFFCsfrom repeated
experimenunder chondrognic condition induced by BMP2x\l gene expressidavels were
normalized to GAPDH. Data present mean+5x0.05.
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Figure 35. Gene expression analysis of chondrogenic markers irf®FFCs and Nkx3.2
hMSCsfrom repeated experimennder chondrognic condition induced by BMP2l gene
expression levels were normalized to GAPDH. Data present meanpSD05when the
expression in GRAMSCs significantly higher than that in Nkxzh#1SCs.” p<0.05when the
expression in GRRAMSCs significantly lower than that in Nkx3t1SCs
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Figure 36. Ratio of GAG/DNA in GFFhMSCs and Nkx3-AMSCsfrom repeated experiment
under chondrgenic condition induced by BMPDPata present mean+Stp<0.05.

As shown in the result®kx3.2 exhibited a similar effect on chondrogenesis in
hMSCsin the presence of BMPa s ¢ o mp a r éNkix3.2-htMSCk éxhibiteghoor
expression of Col Il and Aggrecan over the time course in the presence of chondrogenic
medi um cont ai ni2nTheseldé& ugyebat NkxBAMAEtLS as a repressor

during chondrogenic differentiation in h(MS@¥en overexpressed
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Nkx3.2is ne@ssaryduring chondrogenesis of hMSCs

To further investigate the role of Nkx3.2 during the chondrogenebmsther it is
necessary during the process of chondrogenic differentiation in hM&Csive
knockdowned\kx3.2 expression in hMSGssing lentivirus encaling for sSlRNA
againstNkx3.2.Nkx3.2 expression was upregulated in scrigahidSCs over timand
was significantly expressed at low level in shRNRkx3.2 treated hMSCs though the
expression in both cells was expressed at similar level at daftBdugh Col Il and
Aggrecan showed increased expression in scrald®Cs over time, ShRNAkx3.2
treated hMSCs expressed relatively lower expression of Col Il and significantly low
expression of ggrecan (Fig.3) These data suggest that Nkx3.2 is necessamgl
chondrogenic differentiation, but mag required only atertain levels tdacilitate

chondrogenic differentiation in hMSCs.
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Figure 37. Gene expression analysis of chondrogenic markers in scH8€E€s and shRNA
Nkx-hMSCs under chondrogengonditioni n d u c e d .Blygent &présSion levels were
normalized to GAPDH. Data present mean+Six0.05when the expression in GHMSCs
significantly higher than that in Nkx3/2VISCs.” p<0.05when the expression in GFMSCs
significantly lower tlan that in Nkx3.hMSCs
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Nkx3.2 exhibits increaseckll adhesion markers in hMSCs

GFP-hMSCs and Nkx3-hMSCsexhibited differences in cell size and cell
morphology. This difference was observed whepeated experiment for the role of
Nkx3.2onh MSCs 6s ¢ hondr owgas cagiediosis shgwn in Gigube 38,
Nkx3.2-hMSCs appear to be more spread out and biggeell size compared to GFP
hMSCs.Moreover, Nkx3.2nMSCs had vacuole like structure in cytoplasmerestingly,
when evaluatedfr cel | adhesi on mar ker s-cadnermt egr i n |
Nkx3.2-hMSCs showed significantly increased expressidhese markersompared to

GFRhMSCs(Fig.39)

Figure 38.Cell size comparison between GRRMISCs and Nk&.2-hMSCs at passageimber 6.
The images are taken before cells were trypsinized for seeding onto scaffidd=lls were

used for the repeated experiment; the role of Nkx3.2 on chondrogenesis of hMSCs under
chondrogenic condition induced by TGFb3.
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Figure 39.Gene epression analysis of cell adhesion markers in GBMSCs and Nkx3.2
hMSCsfrom repeated experimeander chondrogenic conditionn d u c e d .BlygeneE GF b 3
expression levels were normalized to GAPDH. Data present meahpSD05when the

expression in GRRAMSCs significantly higher than that in Nkxzh#1SCs.” p<0.05when the
expression in GHAMSCs significantly lower than that in Nkx3iMSCs

To confirm this observationye examinedhese cell adhesion markerssamples
from the initialexperimen{Fig.40. When compared to GFFMSCs, as observed in the
repeated experiment, Nkx3t®MSCsshowedsignificantlyhigher cell adhesion marker

expressions
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Figure 40.Gene expression analysis of cell adhesion markers inBFFCsand Nkx3.2

hMSCsfrom the initial experimentinder chondrogenic conditionn d uc e d .BlygenEGF b 3
expression levels were normalized to GAPDH. Data present meanpSID0O5when the

expression in GFRMSCs significantly higher than that in Nkx&h#SCs.” p<0.05when the
expression in GFHAMSCs significantly lower than that in Nkx3iMSCs

This difference in cell adhesion markers were revealed in hMSCsafdifferent
donor (Fig. 41)Thesedata suggest th&tkx3.2 may be involved in determinirgll size
and cell morphology antthatthis activity ofNkx3.2 may have prevented cells from

undergoingproperchondrogenic differentiatiom hMSCs
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Figure 41.Gene expression analysis of cell adhesion markers inBFFCs and Nkx3.2
hMSCsfrom a diferent donounder chondrogenic conditionn d uc e d .BlygenEGF b 3
expression levels were normalized to GAPDH. Data present meanpSIDO5when the
expression in GFRMSCs significantly higher than that in Nkx&h#MSCs.” p<0.05when the
expression in GFHAMSCs significantly lower than that in Nkx3iMSCs

Discussion

Nkx3.2 is a molecule involved in cartilage formation during development and its
important role has been demonstrated in many studegsentrepors demonstratthe
role of Nkx3.2 on promoting chondrogenic differentiation and inhibiting hypertrophy
markers inthemouse mesenchyal cell lines, C3H10T1/2 cell¥hese reports thus
broughtpotential possibility of utilizing Nkx3.20 improve cartilage differentiation. Sox9,
a critical transcription factor involved in cartilage formation and a master regulator of

cartilage matrix proteins, hagens hown t o promote hMSCsds
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differentiation in the absence of chondrogeaictérs,indicating possible use of
biochemicafactors in improving chondrogenic differentiation of human primary cells.
Thus n the present study, the role of Nkx3.2 was investigated on human primary cells,
hMSCs.

Interestingly,contraryto the observain inthemouse mesenchymal cell line
[162], hMSCs expressingctopicNkx3.2 exhibited poor expression of Col Il and
Aggrean and inhibited chondrogenesis in hMSCs while GFP infected hMSCs underwent
chondrogenesis with increased expression of Col Il and Aggrecan. Furthermore,-Nkx3.2
hMSCs showed significantly lower expression in Col Il and Aggrecan tharhGISTs
in the presece of BMP2, which is another growth factor known to stimulate
chondrogenic differentiation in hMSCs. This was carried out under assumption that
Nkx3.2 may interact with BMP2, but not wit
chondrogenic differentiation in h$Cs based on previous studies. However, in both
cases, Nkx3.2 inhibited chondrogenesis in hMSCs. These data suggest that
overexpression of Nkx3.2 is not desirable for chondrogenesis of h(MSCs

TGFb has been shown to indu$m® chondroge
transcription complex through Smad2131, 172] Smad2/3 signaling pathway has been
shown to interact with MAPK signaling gavay including p38 and ERK for
chondrogenesis in mesenchymal stem ¢&ifS]. Furthermore, BMP2 has been shown to
act through th&mad1/5/8 signaling pathway to induce chondrogenesis and also to
promote chondrogenesis of MSCs with the pr
investigation on the effect of Nkx3.2 on the inhibitmichondrogenesis in hMSCs,

downstream signaling pat hacanypesstudiedt i vat ed by
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It is possible that the level of Nkx3.2 expression may need to be maintained at a
certain level for h(MSCs to undergo proper chondrogenic differentiaspecelly as it is
induced in hMSCs during chondrogenic differentiation. Thus, shfabi#nst Nkx3.2
was used to examine the role of endogenous Nkx3.2 on chondrogenesis of hMSCs.

Compared to control group, scramil1SCs, shRNA infected hMSCs showed
overal lower expression of Col Il and Aggrecan during chondrogenic differentiation,
suggesting that Nkx3.2 is necessary for chondrogenesis of hMSCs.

Interestingly, Nkx3.ZhMSCs exhibited more spread out and larger in cell size
than GFPhMSCs. Gene expressiann al ysi s i n cel |l adhesion
U5, b l-cadharin showed that Nkx3HMSCs expressed these markers at higher
level than GFFhMSCs which was consistently observed in all repeated experiments

However, the difference icell morghology between GFAMSCs and Nkx3.2
hMSCs wasnore noticeable in some experiments, and not so obviously found in others,
suggesting a possible difference in transduction efficiency and donor variability.

Intergrins act as the cell adhesion moleculesrtietiatecell-matrix and celicell
interactiors. The interactions of cells have been shown to mediate various cellular
processesicluding cell morphology, motility, proliferation, and differentiatidmtegrins
have shown to play important roles in chorg#oic differentiation of h(MSCdt has been
shown that differentiation of human mesenchymal stem cells (hMSCs) into chondrocytes
requires cell signaling pathways activated by their binding to fibronectirc [174)
hMSCs upregulates fibronectin production upon bindingbt@hectin which supports
cell condensation, cell signaling at the early stages of chondrogenic differentiation.

However, the level of fibronectin has been shown to be downregulated at the later stages
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of chondrogenic differentiation of h(MSCk74, 175] Previous studies have also
demonstrated that the presence of fibronectin or its major binde&)dR€&D (arginine
lysine-aspartic acid) is required to initiate chondrogenic differentiation of h(MSCs, but the
differentiation of these cells is inhibited when these molecules are persistently present
[176, 177] As Nkx3.2h MSCs expressed consistently high
over 21days of cultures than GRMSCs, this may result in inhibition of chondrogenesis
in hMSCs. Notonyjd5 b lalbsie i ntegrin Ulb1l and U2b1 pl
during chondrogenic differentiation as they serve as receptors for collagens. However, as
shown in the example of U5b1 above, persis
chondrogenic diffezntiation in hMSCs. These cell adhesion molecules are also involved
in determining cell morphology. Thus it is possible that overexpression of Nkx3.2 in
hMSCs may have disrupted the focal adhesion and actin cytoskeleton properties in cells
which are undedownstream of integrins, resulting in impaired chondrogenic
differentiation in hMSCskor further studiesdownstream of integrins such as Rho/Rac
family signaling pathways can be investigated on the effect of Nkx3.2 on cell
morphology.

Ourdata suggest that the role of Nkx3&ies between human and moose
primary cells and cell lineS hus, it ismportant to evaluate potential molecules for
cartilage repair and regeneration ultimately in human primary, ceitgust in cells from

othe animalsto understand their effects for therapeutic purposes.

104



Chapter 4

The role of Nkx3.2 onredifferentiation of nHACs and

its effect under inflammatory condition

105



Rationale
Human articular chondrocyte has been utilizecctotilage tissue engineeriag it
provides native phenotype and less immunogenieityvever,dueto smallcell number
obtained from a donor, cell expansion in vitro is necessagduire sufficient amount of
cells, resulting in delifferentiationand loss of theichondrogenic capacities to recreate
stable hyaline like tissue

Many transcription factors have differential roles at different development stages.
Among them, Sox9 and Nkx3.2 have been shown to intetplpgomotechondrogenesis
as slown in chick embryo explants amduscle derived stem celldowever, their role in
human primary cells is likely differemAlthoughtransduction o50x9 has been shown to
be involved in inducingf MSCs 6s chondrogenesi s, we demon:¢
Nkx3.2 inhibited chondrogenesis of hMSCs. Furthermoteas been shown that
transduction of Sox9 enhanced chondrogenic gene expression and cartilage matrix
formation in dedifferentiatednormal aad OA articular chondrocytes the presence of
chondrogeni c f ac {84, d78],Hovieverie géffec of Nkx3.2@k de
differentiated articular chondrocytesnst well known. To investigate the role dikx3.2,
whether it carenablethe cells to exhibit chondrogenhenotype ashown by Sox9we
transduced human articular chondrocytes with Nkx3.2 and examined its effect during
chondrogenic redifferentiation processaddition, the role of Nkx3.2 on redifferentiated
articular chondrocytes was also examit@tbok & whether its role varies depending on
the cell state.

We have looked at Nkx3.2 expression in bovine articular chondrocytes in the

absence orpresenceofllb and found that its expressior
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downregulated in the cells treated with1Lbsuggesting that Nkx3.2 may interfere with
IL-1 b si gnal i n goinvestigdtentze yole NkxBdios inflammatory response,
we also examineavhethertransduction of Nkx3.ihfluences the response towardpro

inflammatory stimuliin the redifferentiatettuman articular chondrocytes

Experimental approaches

To investigate the role of Nkx3.2 drumannormalarticular chondrocytesi\HACSs)
during redifferentiation and its role dneredifferentiated nHACs under inflammatory

condition,we performed théllowing experiments.

1. The role of Nk x 3. 2 oiHACs ikfect€dbwitlseitherdetiti f f er e

GFP or lentiNkx3.2 were cultured for 28days in chondrogenic redifferentiation medium.

2. The role of Nkx3.2 on redifferentiated nHACs and its ra¢ in response to pre

inflammatory cytokine: redifferentiated nHACs were infected with either |e6&&P or

lenti-Nkx3.2 and exposed to pioflammatory cytokine, IE1 b .
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Results

nHACSs can be redifferentiated in 3D porous silk scaffolds

nHACspurchased from Lonza are in dedifferentiated state thus redifferentiation
process is essential to acquire normal differentiated articular chondrodgtesding to
the convention protocol, nHACs can be differentiated in alginate beads for 3 weeks.
Howeve, we performed this experiment using silk scaffolds to be consistent with our
prior studies. Thusptdeterminevhether nHACs can be redifferentiated in 3D silk
scaffolds, nHACs were seeded onto HFIP silk scaffolds avjtbre size 0500-600um
and cultued for 14 and 21 days in chondrogemedium. As shown in Figure 42
nHACs were able to redifferentiate in silk scaffolds with increased expression of Sox9

and Col Il.
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Figure 42.Geneexpression of Sox9 and Col Il in nHACs grown in silk scaffold4ACs were
seeded onto scaffolds and cultured under redifferentiation chondrogenic medium for Zdldays.
gene expression levels were normalized to GAPDH.

108



Nkx3.2 inhibits cartilage matrigene expressioand promotes hypertrophic gene

expressionn nHACsduringchondrogenicedifferentiaion

To investigate the role of Nkx3.2 during chondrogenic differentiation in nHACS,
we infected nHACsvith either lentiviral constructs encoding for eith&FP or GFP
Nkx3.2.The ransduction rateof GFP and Nkx3.2 in nHACs was 67+12.3% and
74.7+11.4%, respectively (F4B). Nkx3.2 was significantly induced during
redifferentiation in control group, GHAMHACSs (Fig.44). As expected, Nkx3rfHACs
expressed awstitutively higher Nkx3.2 expression than GRRACs during 28days

(Fig.44).

GFP

Nzl
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o

Figure 43.Transduction efficiency of lentiviru&FP and Nkx3.Z5FP on nHACs. Bright field
and fluorescence images of GFnd Nkx3.2GFP on nHACs
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Figure 44.Gene expreson of Nkx3.2 in GFFMHACs and Nkx3.21HACs during

redifferentiation. Gene expression levels were normalized to GAPDH. Data present mean+SD.

*p<0.05when the expression in GFMACS significantly higher than that in Nkx3iHACs.”
p<0.05when the expression in GFHHACS significantly lower than that in Nkx3r#HACs
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Figure 45.Gene expression analysis of chondrogenic markers irrGHACs and Nkx3.2
nHACSs during redifferentiatiorAll gene expression levels were normalized to GAPDH. Data
present mean+SDPp<0.05when the expression in GHFHACS significantly higher than that in
Nkx3.2-nHACs.” p<0.05when the expression in GRMACS significantly lower than that in
Nkx3.2-nHACs



Redifferentation of nHACs was observed o\@8daysof culture As similar to
inhibitory role of Nkx3.2 on chondgenesis of hMSCs, Nkx3ighibited cartilage matrix
gene expression Col Il and Aggrecan awee, indicatng that Nkx3.2 may act as an
inhibitory molecule duringedifferentiation of nHACs (Fig.46

In addition, hypertrophy markers Runx2 and Col X were examined in nHACs
overtheredifferentiation Compared to GFAHACs,Nkx3.2-nHACs exhibited

significantly upregulated Runx2 and Col X expressitmch gradually increased over

time (Fig.49.
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Figure 46.Gene expression analysis of hypertrophy markers inri@#Cs and Nkx3.2hHACs
during redifferentiation. All gene expression levels were normaliz&¥PDH. Data present
meantSD?*p<0.05when the expression in GHFHACS significantly higher than that in Nkx3.2
nHACSs.” p<0.05when the expression in GRHACS significantly lower than that in Nkx3.2
nHACs
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This inhibitory effect of Nkx3.2 on nHACs is similar to the inhibition of
chondrogenesis in hMSCs. This experiment was repeated with nHACs tiidi@rent
donor Consistent to the results from the first experimdiix3.2 inhibited the expression
of chondogenic markefCol Il and significantly increasetie expression ohypertrophic

markerRunx2 (Fig.47).

* 35 _m
wh) THmGFP : (N;Epaz
XJ3.
o] A Nkx3.2 ] #
T 0 2 A # #
o 4004 o
< < 4 T A
¢ 300 o .
yd —
; // N
= 200 / X
O
e =] —_
O 400 * 12 /+ ‘_*_ |
e -
0 * — A ~ T T T T T T
Day 0 Day 12 Day 21 Day 28 Day 0 Day 12 Day 21 Day 28

Figure 47.Gene expression analysis of Col Il and Runx2 in @HRCs and Nkx3.z2hHACs
from a different donoduring redifferentiationAll gene expression levels were normalized to
GAPDH. Data present mean+STp<0.05when the expression in GFHACS significantly
higher than that in Nkx3-BHACs.” p<0.05when the expression in GFHACS significantly
lower than that in Nkx3-2aHACs

Nkx3.2 exhibitssmall and round cell shaperedifferentiated nHACS.

hMSCsand nHACs used in the study are undifferentiated and dedifferentiated
state, respectively. Overexpression of Nkx3.2 had inhibitory effects on these cells,

preventing chondrogenic differentiation. These data leads to further investigation;
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whether Nkx3.2 hs same effects ondifferentiated chondrocyte$o investigate
whet her Nkx3.206s effects ,aveipfecddelliffeentatedt dep

nHACSs with either lentiGFP or lentiNkx3.2.

Col Il / GAPDH

Day 0 ' Day 28

Figure 48.Gene expression of Col Il in nHAGster 28days of culture under chondrogenic
redifferentiation medium. Gene expression level was normalized to GAPDH. Data present
mean+SD*p<0.05.

After nHACs were successfully-differentiated in silk scaffolds for 28days,
confirmed by significantlyncreased Col Il expressidrig. 48) theredifferentiated
nHACswere retrieved from scaffolds. Collected cells wafected with either lenti
GFP or lentiNkx3.2in a pelletand plated on 2D tissue culture plat@scquire evenly
distributecell popuhtion. After 2days of incubation, each dglbe waspassaged da
24well platesand subiject to either neor proinflammatory cytokine, IE1 b ( 5 Ag / ml ) .
generating lentvirus amounnecessary and acquiring sufficieml number for 3D

culture werenat feasible, we performed the experiment in 2D culture
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After 3days of culture, Nkx3.2 infected nHACs expressed significantly higher
expression of Nkx3.2 than GFP infected nHACs (Fig.49).

Interestingly, GFFhHACs and Nkx3.21HACs exhibited distinct cell morphology.
While GFRnHACSs were spread out and more likely dedifferentiated chondrocyte
phenotype, Nkx3-2HACs exhibited smaller and rounder cell morphology like articular
chondrocytes (f§.50). This morphological difference walso observed iGFRNHACSs
and Nkx3.2nHACs uponiL-1 fireatmentNo major difference in cell morphology

between controland#l b t reated group was observed.

8- *
[ |Ctrl
I L1
L ¢
) 6 *
o
<
O 4
N
™ 2-
>
X
=
0 T
GFP Nkx3.2

Figure 49.Gene expression of Nkx3.2 GFPnHACs and Nkx3.21HACs in the absence or
presenceof 1 b after 3days of culture. Gene expressi
present mean+SDBp<0.05.
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Figure 50.Bright field and fluorescence images of GRRACs and Nkx3.2W1HACs after3days
of culture.

Nkx3.2 expresses higher cartilage matrix proteins and less degrading enzyme in the

presence of prinflammatory cytokine

Redifferentiated nHACs that were transduced with either-l8R# or-Nkx3.2
and cultured in the absence or preseofIk1 b wer e evaluated for ca
markers, Col Il and Aggrecan and cartilage matrix degrading enzyme, MMP13. In the
presenceof k1 b, Aggrecan expression was signific
while Col Il did not show reduction ithe expression, possibly due to the features of de

differentiation of nHACs (Fig.51).
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Although Nkx3.2nHACs did not exhibit major differences in Col Il and
Aggrecan expression compared to GHPACs, Nkx3.2nHACs expressed significantly

higher Aggrecan expssion than GFRHACS in the presenceofiL b ( Fi g. 51) .
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Figure 51.Gene expression analysis of Col Il and Aggrecan in-GIHFRCs and Nkx3.2hHACs
in the absence or presence oflitb af t er 3 dAlhigerse expressianuelets weree .
normalized to GAPDH. Data present mean+S5%0.05.

Interestingly, while GFRHACSs expressed significantly higher MMP13 upon IL
1b tr eat meHACs,did hokexhbiardincrease ilMMP13 expressiorunder IL-
1 b tmenesaggestindNkx3.2 may protect celsomIL-1 b i nduced matri x
(Fig.52). Furthermore, the expressmMMP13was significantly lower compared to

that in GFPhMSCs treatedwithi1 b ( Fi g. 52) .
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Figure 52.Gene expression of MMP13 BFPNHACs and Nkx3.21HACs in the absence or
presenceoft1 b aft er 3days of culture. Gene expressi
present mean+SBPp<0.05.

To confirm this observationye repeatedhis experiment with nHACs from
different doror. As shown in Figure 53, cells that were redifferentiated for 24days
showed increased Col Il and Aggrecan expression compared to dedifferentiated cells at
day 0. Consistent to cell morphology seen in the first experiment, NkkBAZ s
revealed small ancbund cell shapezhencompared to GFRHACS (Fig.54). As
observed in the results from the first experiment, Col Il in nHA@sot show a
reductionundel.-1 b treat ment (Fig.55) .-nHAGst er esti ngl
exhibited significantly higher Col Bxpression than GFRHACsupon 1 b t r eat ment
Inthe presenceof L b, Aggrecan expression was signi f
NHACs than GFFHACs and MMP13 expression was also upregulated ini@G#Cs
while Nkx3.2nHACs had no significant increase iretexpression (Fig.55 and 56).
These data strongly suggest that Nkx3.2 may lagatential role in rescuing cells from
pro-inflammatorycytokinelL-1 b i nduced damage.
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Figure 53.Gene expression analysis of Col Il and Aggrecan in nHif@s a different dnor
after 24days of culture under chongeaic redifferentiation mediurmill gene expression levels
were normalized to GAPDH. Data present mean+$R0.05.
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Figure 54.Bright field and fluorescence images of GRRACs and Nkx3.2W\HACsfrom a
different donomafter 3days of culture
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Figure 55.Gene expression analysis of Col Il and Aggrecan in-GiHRCs and Nkx3.z2hHACs
from a different donoin the absence or presenceoflilb af t er 3 dAbhgere of cul t ur
expression levels were normalized to GAPDH. Data present meahpSD05.

Figure 56.Gene expression of MMP13 in GFIFACs and Nkx3.2\HACsfrom a different
donorin the absence or presence oflilb a f t e rultuBadSane sxpreskideeel was
normalized to GAPDH. Data present mean+S%0.05.
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