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ABSTRACT

Regulation of Chondrogenesisn Human Mesenchymal Stem Ce#
by Cartilage Extracellular Matrix and Therapeutic Applications

Ang Li

Cartilage has limited intrinsic healing potential upon injury, due to the low cell density
and the lack of blod supply. Degenerative diseageghe cartilagesuch as osteoarthrit{®A), is
challenging to treat without clear mechanistic understandings of cartilagpeent With
over 90% of the cartilage tissue occupied by extracellular matrix (ECM), understémeling
cellular and molecular effects of cartilage ECM on chondrogenesis and chondrocyte bishavior
crucial for therapeutic developmeiitie focus of this works to study the regulatiorf o
chondrogenesis and hypertrophic maturationuwshanmesenchymal steroells (MSCs)y
cartilage ECMn the context opotential therapeutic applications.

To study the cartilage ECM, we created a decellularized ECM digest from native porcine
cartilage and examined its effects on MSCs. Since native carfildyemaintains condrocyte
homeostasis without progressing to hypertrophic degeneration, we hypothesized that the
decellularized ECM would promote MSC chondrogenesis antiiritypertrophy. Indeed, &
showed thaECM promotedMSC chondrogenesis and matrix productiarg mhibited
hypertrophyandendochondral ossification. Tlehondrogenic effect was shown to potentially
involve the PI3KAkt-Foxol and Hifl pathways. By recapitulating the activated Hifl pathway,
roxadustat, a small molecule stabilizer of Hif, vadéiée to r@roduce the chondrogenic and anti

hypertrophic effects of the cartilage ECMalsoreducel the expression of matrix



metalloproteases (MMPs) in MSCs, healthy chondrocytes, and OA chondrocytes, and @lleviate
matrix degradatioim bovine cartilage explants

We also attempted to identify ECM components thsplaychondrogenic properties.
Collagen Xl, a minor component of articular cartilage, was shown to promote cartilage matrix
formation in MSCs and healthy chondrocytes, emeéduce matrix degradahon bovine
cartilage explants.

Taken togethethis studyreveasthe dualroles of cartilage ECM in promoting
chondrogenesis and matrix production and inhibitadilagehypertrophy. Importantlysmall
molecule drugs that recapituldtes signaling pathways of ECM regulatj@md collagen Xla
component of the ECMmnay serve akeadsfor further therapeutidevelopment focartilage

injury anddegenerative disease.
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Chapter 1. Introduction

Cartilage is a connective tissue consisting of a rich extracellular matrix (ECM) and one
major cell type, chondrocytes. Due to the lack of blood supply and sparse cell distribution,

cartilage is difficult to heal upon injury and under degenerative pracesse

In 2014,0ver850,000 cartilage repair procecks were conducted in the @®ne
(Vericel Presentation, 201 MNonsurgical procedures include lavage, shaving, debridement,
abrasion chondroplasty, Pridie drilling, nofracture, and spongilization (Véranen et al.,
2012). Surgical approaches include osteotomy, which involves cutting bone for realignment or
mechanical load rdistribution, and distraction of joints (Van Manen et al., 20BRhotherclass
of therapy centers on implantation of alloger@iautologous cartilage tissue (Van Manen et al.,

2012. However, these strategies do not fully restore damaged cartilage.

An estimated 27 million of US population has clinical osteoarthritis (OA) irkiiee, hip,
hand, and shoulder (Lawrence et al., @00A is manifested with degradation and loss of
articular cartilage, coupled with legrade inflammation. Existing pharmacological treatments
mainly address the pain and inflammation involved in the joints, with no diseadiéying
therapy that stops skase progression. Once pharmacological options are exhausted, surgery

such as knee or hip replacement seagethe last resort.

Due to the serious unmet need in cartilage diseases, understanding the differentiation,
growth, and maintenance of cartilagecrucial for new drug development. With the

predominance of ECM in cartilage and the limited knowledge on the interactions between ECM



and cells, we sought to solve these clinical problems by studying how ECM regulates cartilage

cells.

ECM, the native sdtolding material secreted and maintained by resident cells, provides
an ideal microenvironment for cells, with tisssgecific physical and molecular cues mediating
cell proliferation, differentiation, gene expression, migratorientation, and assemkllyOo6 Ne i | |
et al., 2013 Functional and structural components within the ECM contribute to the
extracellular environment specific to each tissue and organ. The complexity of the ECM has
proven difficult to recapitulate in its entirety, with attempts ofterited to mimicking only
ECM structure ugsg synthetic biomaterials or mimicking composition by adding purified ECM
componentg O0 Ne i | | ). @&axaddeets.thjs lindt&idn3we used a decellularized digest of
whole cartilage ECM, which should presehe majority of the ECM materials, and studied its

effect on various cell types involved in cartilage diseases and repair.

Chapter 2 presents an overview of the existing knowledge on chondrogenic
differentiationin vitro andin vivo, the role ofcartilage ECM, and the signaling mechanisms
involved in chondrocyte regulation. Chapter 3 describes the studies on ECM regulation of MSC
chondrogenesis and hypertrophy. In chapter 4, we identified potential signaling pathways
involved in ECM regulation andovel chondrogenic componen@hapter 5 shows the
chondrogenic effects esbxadustat, a small molecule Hif stabilizer thatentiallyrecapitulates
the signaling mechanisms of the ECM. Chapter 6 summarizes the findings and discusses their

values for degloping new drugs for cartilage injury and osteoarthritis.

Overall, by studying cartilage ECM, we explored a new dimension in the regulation of
cartilage cells in their growth and differentiation. This novel approach may point to new

directions in findingeffective treatment®or cartilagediseases and regeneration.
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Chapter 2. Background

Cartilageconsists of a preponderance of ECM and chondrocytes. The ECM is composed
of complex macromolecules organized in 3D network forming dilgematerial and its
function is to resist mechanical loading. Compositions of the ECM include collagen I, collagen |,
and glycosaminoglycan(§&AGs), among other§Gao et al., 2014)Together, they create a
hydrophilic environment, which enables cartilage tissue to exhileiliag pressure, countered
by tensile strength generated from collagen net@do et al., 2014)These mechanical
properties of cartilage allow it to withstand presatrarticular jointsUpon traumatic injury or
degeneration, changes in the biochehgoapositions in the cartilage lead to decreased

mechanical stragth, which causes physical disabilities, inflammatiand pain.

The three main ditypes of cartilage each exhibit theiwn compositional and structural
properties. Théyaline cartilagefound atarticular joints and the nucleus pulposus in the
intervertebral discs, is rich in collagen 1l and GAGs, thus demonstratiegthi ghest Young
modulus(Benjamin and Ralphs, 2004)hefibrocartilage, found at the meniscus and the
annulus fibrosus the intervertebral discs, consists of collagen | fibers, in addition to collagen |l
and GAGs. The fibrocartilage is inferior to hyaline cartilage in terms of withstanding weight, but
it serves other important structural roles. Elesstic cartilagefound in the ears and part of

larynx, contains elastic fibers and is not the focus of this work.

To treat cartilage diseases, it is desired to return the diseased cartilage to their healthy
biochemical and mechanical state. In cartilage diseases, a [BC€vbor a diseased ECM may

prevent chondrocytes from creating the normal matrix. Modulating these cartilage cells by a



healthy ECM or alternative factors that mimic the ECM signal is a potential therapeutic strategy

for cartilage diseases.
2.10Overview of cartilage differentiation and development
2.1.1 Cartilage developmentin vivo

During long bone development, cartilage fewia condensations of mesenchymal cells,
which give rise to cartilage primordia consisting of immature chondro(yigsre 1)
(Kozhemyakina et al., 20)5Proliferating chondrocytes form orderly parallel columns in the
growth plate, and are characterized by the expression of type Il collagerotembtycans such
as aggrecan (Michigami, 2004Vhen chondrocytes mature, they hmedchypertrophic and
begin to produce a high level of alkaline phosphatase and type X collagen. Eventually, the
terminally differentiated chondrocytes undergo apoptosis, and the cartilaginous matrix is
mineralized and replaced by bone. A small portion aflage remais at both ends of the bone

and becomearticular cartilage.

Hyaling Articular Cartilage
m\—‘ N
> '

Cartilage Tamplate
& Perichondr:
MSC(m-knwm
=
A B C D E F

Figure 1. Embryonic devepment of articular cartilage (Thompson et al., 2014



2.1.2 Chondrogenic differentiation in vitro

In vitro, chondrogenesis is recapitulateddoypndensing borearrowderived MSCs and
culturing in the presence of c (Bbumdatamagteah i ¢ f ac
2014). These condensed pellets undergo chondioghifierentiation by expressingarkers
such as Sox9 and producing nrammaterials including proteoglycansdtype Il collagen. After
two to five weeks of chondrogenic induction, these pellets start to undergo hypertrophic
maturation spontaneously, marked by the expression of type X collagen. Alternatively,
hypertrophicdife r ent i ati on can be induced by the remo\
t hyr oxi n egly¢efoghpsphata to thédcultuidg et al., 2017)During three weeks of
hypertrophic induction, cell pellets degrade cartilage matrix components such as GAG and
collage 11, produce new matrix such as collagen X, and form calcium mineral depositions,

marker of endochondral ossification.

2.2 Biological functions of extracellular matrix

ECM is a threadimensional, nostellular structure tht is present in all tissues@Bnans
et al., 2014 Every organ has an ECM with a unique composition that is generated in early
embryonic stages. The function of the ECM goes beyond providing physical support for tissue
integrity and elasticity: it is a dynamic structure that is conlstaemodeled to control tissue
homeostatsis. In mammals, the ECM is composed of around 300 proteins, knowoaas the
matrisome and includes proteins such as collagen, proteoglycans, and glycopfdiges et
al., 2012) The ECM can also sequesteddacally release growth factors, such as epidermal
growth factor, fibroblast growth factor, and other signaling molecules such agNynts et al.,
2012) ECM components released through ECM cleavage also regulate ECM architecture and

influence cell behavior. Moreover, cells are constantly rebuilding and remodeling the ECM

5



through synthesis, degradation, reassembly, and chemical modifitdyioes et al.2012)
These processes are complex and need to be tightly regulated to maintain tissue homeostasis,
especially in response to injury. IndeddregulatedCM remodeling is associated with

pathological conditions and can exacerbate disease progression.

Thecartilage ECM, specificallyis composed of large proteoglycans that contain GAG,
hyaluronic acid (HA), fibers, and other molecular components asi¢ibronectin and laminin
(Figure 2) (Heinegard and Saxne, 201E)bers contain elastin amollagers tha include
fibrillary collagen(types I, Il, Ill, V and XI), fibrl-associated collagen with interrupted triple
helices (FACIT) (types IX, XlI, and XIV), short chagollagen(types VIII and X), basement
membraneollagen(type V), and others (types VI, Vland XIll). In the ECM, especially the
basement membrane, the multidomain proteins perlecan, agrin, sageoXVIIl are the main
proteins to which heparin sulfate attaches. At last, there are important molecular components
called integrins, which are transmembrane receptors that mediate the attachment between a cell
and its surrounding&urthermore, signaling €&ors are also present in the cartilage ECM. By
proteomic comparison between OA and nor mal <ca
human cartilge (Wu et al., 2007 From decellularizedpigar car ti | a-,end TGF b1,
BMP-2 werefound by chemidaextraction (Xue et al., 20)2From decellularized bovine inner
and outer menisci, different levels of F@FEGFR, insuinand TGF b1/ 3 were di s

(Rothrauff et al., 202)7
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Figure 2. The molecular organizatiohrormal articular cartilage (Heggard and Saxn@017).

Articular cartilage ECM plays a crucial role in regulating chondrocyte functions. The
ECM has a significant effect on the swelling behavior and osrantitonment of chondrocytes
(Gao et al., 2014 Cell signaling mediated by integ regulates several chondrocyte functions,
including differentiation, matrix remodeling, responses to mechanical stimulation, and cell
survival.For example, MSCs growing on the surface of cartilage ECM hydrogels have been
shown to express increased lsvef chondrogenic genes withcadditionalchondogenic
stimulation (Burnsed et al., 20L@®ecellularized cartilage particles, when mixed with MSCs,
also promote proliferation and chondrogenic gene expression ibsbaae of other stimulations
(Sutherland et al., 20)5Decellularized cartilage sheets with MSCs seeded on the surface

promote chondrogenic gene expressionitro and cartilage formation aft subcutaneous



implantation (Xue et al., 20}2In addition, ECM scaffolds produced by eutd chondrocytes
accelerate chondrogenic differentiatiorvitro, maintain better cartilage phenotype, and inhibit
hypertrophic mineralizatiom vivo compared to a PGA scaffold (Choi et al., 20Hurthermore,
cartilage fragments from OA knee mixed wiSCs show neocartilage structures and increased
collagen type Il expression in a subteneous environment in mice (Chen et al., 20Taken

together, these findings support a biological role of cartilage ECM in promoting chondrogenesis

and inhibiting hypertrophic maturation.

To analyze the mechanisms behind the effects of cartilage ECM, different memgpof
the ECM have been studidor their chondrogenic activitieMSCs seeded on the surface of
alginate microbeads have increased chondrogenesistivemcrobeads are pooated with
chondroitin sulfate (CS) or collagen Il, increased hypertrophic maturation with collagen II
coating, but decreasdypertrophy with CS coating (Wu et al., 200Consistently, a composite
PEGCS hydrogel increased chondemic markers and matrproduction but inhibited
spontarous hypertrophic maturation (Varghese et al., 2008 methacrylated HAydrogel,
collagen | and CS weial shown to increase GAG accumulatiorvitro andin vivo, and
decrease hypertrophmarkers (Zhu et al., 20).8n addition, cartilage oligometric matrix
protein (COMP) plays an important role in cartilagd-matrix interactions. COMinducel the
survival of the inhibitor of apoptosiaihily of proteins to lead tstrong inhibition of
chondrocyte apoptosis by blocking the activation of casp#&ag@ et al., 2014 These studies
suggest that various components of the ECM may have different or even opposing roles in

regulating chondrogenesis and hypertrophic maturation.



2.3 Signaling mechamsms involved in chondrogenesis and chondrocyte hypertrophy

The differential gene expression profile during chondrogenesis and hypertrophic
maturaton is summarized ifigure 3 (Kozhemyakina et al., 2015) afigure 4 (Zhong et al.,
2015. Briefly, mesenchymal condensation induces the expression of Sox 5/6/9, which then
activates the expression of chondrogenic markers including aggrecan and collagen Il. The
expression of Sox9 can be modul ated by-1TGF
andCNP, among others. During hypertrophy, Runx2 expression is activated to drive the
expression of markers including VEGF, MMP13, collagen X, and IHH. The expression of Runx2

is regulated by FGF2, BMP, Wnt signaling, IHH, K&Fand CNP, among others.

Ligands Receptors Transcription  Structural Other
factors proteins
L Il L L L
1 i \ T
— ™
] - | - m =
g - ¥ - o © a8a <+
efs: 83 pyEiygp: J59%% iisie io
cESi=5g P2PESS € =82 N 025 Ik
% Periarticular 1
1
Round
b 4§
A
Columnar
k4
- . l I
Prehypertrophic I
Early hypertrophic I
+ Late hypertrophic | I | I I
4
l Bone
Perichondrium - + + +

Figure 3. Chodrogenic and hypertrophic geagpression at different gfas of chondrocyte

maturation (Kozhemyakina et al., 2015



(a) Normal Chondrocyte g

Figure 4. Differential signaling pathways in normal chondrccagtel hypertrophic chondrocge

(Zhong et al., 2015

2.3.1 Hif pathway

Cartilage is a hypoxic tissue and chondrocytese shown teespond to hypoxia by

activating chondrogenesis, inhibiting hypertngpand inhibiting apoptosis (Lee et al., 2D13
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Under normoxia, the prolyl hydr oxxalnduside d o mai n
factor U) a niglitinateom apcdegadatidn (Maes et aly 201hder hypoxia,
however, the PHD senses the | ow oxygen | evel,
nucleus to initiate transcriptional activitigagure 5). Hypoxia promotes rat MSC
chondrogenesi s wanadphdsphbrilation sftAkt (Kanichi et al.; 2008
Activation of Hif1l1U by flavonoid promotes cho
production, and further promotes articular dage repair in a mouse model (Wang et al., 2016

Hi f1U is overexpressed in human ObWdogenrtil age

peroxideandIE1 b ( Yudoh). et al , 2005

Normoxia ! Hypoxia

Jc

OH OH /i
(HIF-10)~-—(HIF1d

PVHL
O'HMOH ,(gjf’ Ubiquitin

HIF-1aS

' Glycolytic
Proteasomal e b enzymes /

degradation i V),
of HIF-1a { Nucleus o

Anaerobic ///
7

metabolisny

Figure 5. The Hif pathway (Maes et al., 2D12

| n ¢ ont rpemdtes cattlage Rypertrophy and endochondral ossificativi? M
production, and apoptosis (Zhang etal., 2015 Hi f 2U potently binds to
Col10A1, MMP13, and VEGFA, and is essential for endochondral ossification of culture
chondrogtes irdependent of hypoxia (Saito etal., 2p10 Fur t her mor e, -Hi f 2U n
1 Bnduced expression oaitabolic factors in rabbit chormtytes, including MMPs, ADAMTS4,
NOS2, and PTGS2 (genes for NO and prostagtapieduction, respectively) (Yang al.,
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2000 . Consistently, heterozygous deletion of H
mouse OA models. These results suggest a potential chprateztive role of Hifl and
destructive role of Hif2. As a result, a fine balance betweenatifitHif2 may be essential for

cartilage homeostasis.

2.3.2 PI3K-Akt-Foxol pathway

The PI3KAkt-Foxal pathway is also involved in ddage developmentHigure 6)
(Wimmer et al., 2014)in this pathway, an extracellular ligand activates a cell surface receptor,
which activates phosphatidylinositolkihase (P13K). PI3K phosphorylates and activates Akt,
which further phosphorylates Fokm the cytoplasm. Foxbois a transcription factor that is
active in the nucleus but inactive in the cytoplasm. By phosphonyl&tindl, p-Akt targets p

Foxal for degradation.

In MSC pellet culturs, Lee et al. (2018showed that hypoxia enhances chondrogenesis
and prevents terminal differentiation through the PI3K/Akt/Hopathway. PI3KAKt is also a
downstream mediator for Sox8duced chondroge survival and hypertrophy (Ikegami et al.,
201)). Inversely, PI3KAKt also maintains Sox9 gene expression and activity as a transcription
factor for aggrecan in nucleus pulposus caflthe intervertebral discs (Cheng et al., 2009
PI3K/Akt is a downstream medtior of IFG2 in chondrogenegidamamura et al., 2008and

Akt 1is a downstr eam precdrtlagitoasrstero dells [CBdadpet al.,Y01ho u s e

In the case of hypertrophy, PI3K promotes hypertrophic chondrocyteetiifiation and
survival inmouse tibial organ cultures (Ulici et al., 2008), but Kita et al. (28G8wed an
inhibitory role of PI3K/Akt in hypertrophic differentiation in mouse forelimb organ cultures.

Similarly, in murine chondrocytes, Aktl promotes ecttindra ossification (Fukai et al., 20).0
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Figure 6.ThePI3K-Akt-Foxol pathway (Wimmer et al., 20)14

As for Foxo, Shen et al. (20L5howed that Akt/Foxo3 protects chondrocyte from
apoptosis via autophagy. In human and mouse OA cartilage, Fstongly phosphorylated
and localized in theytoplasm (Akasaki et al., 2014). Foxol and Rkoockout mice show
severe growth plate abnormalities, including excessive cartilage protruding into the mineralized
bone at the chondrasseus junction of therg bones, and increased length of hypertrophic
chondrocyte zoe (Eelen et al., 20)6The above findings on PI3K/Akt/Foksuggest important

roles for this pathway in regulating chondrogenesis and hypertrophy.

2.4 Pathophysiology of cartilageinjury and degeneaative disease

2.4.1 Pathophysiology of cartilage injury

Articular cartilage lesions represent one of the major unsolved problems in orthopedic
surgery due to the limited capacity of articular cartilages&krepair following trauma (Peretti
et al.,2011). The biological response of cartilage to injury varies depending on the extent of the
trauma. When a lesion is confined to the superficial layer, the repair process is not initiated, as
the inflammatory stimulus is too weak to stimulate the resiclemdrocytes surrounding the

lesion; consequently, the defect persists.
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However, when a fulthickness lesion occurs, reaching the vessels of the subchondral
bone, the inflammatory stimulus is more importgeretti et al., 2011Bleeding from the bone
marrow occurs, allowing the access of growth factors and reparative cells to the lesion site.
These cells are mainly fibroblasts in addition to a low percentage of mesenchymal stem cells. As
a result, thenewly formed reparative tissue is richer in colad and structurally weaker than
native hyaline cartilage. Notably, if the fidlickness lesion is left untreated, it may increase in
size over time and induce concomitant changes of the underlying subchondral bone plate and
bone overgrowth or bone logss such, it has the potential to contribute to the initiation and
development of osteoarthritis. Therefore, the treatment goal of osteochondral cartilage defects
should be to restore the physiological properties of the entire osteochondral unit, aiming to
achieve a more predictable repair tissue that closely resembles the native articular surface and

remains durable over time.

2.4.3 Pathophysiology of osteoarthritis

Osteoarthritis is a chronic, inflammatory, and degenerative joint disease. Characterized
by pain stiffness, muscle weakness, and bone swelling, it involves the entire joint including
articular cartilage, subchdral bone, and the synovium (Ashkavand et al., R0l common
features of OA are loss of cartilage, joint space narrowing, hypertroph&dhanges,
osteophyte formation, and subchondral bone sclerBgjare 7) (Yuan et al., 2014)n end
stage OA, there is near complete loss of articular cartilage and the joint has to bel kgplace

surgery.

The exact cause of OA is unknown, but risétdas include advanced age, female gender,
genetics, carbohydratéch diet, joint injury and traumy and obesity, among others (Ashkavand

et al., 2013 In early OA, surface fibrillations develop at the articular surface and chondrocytes
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show increased nt@bolic activities and release of factors such as nitrite oxide, reactive oxygen
species (ROS), alarmins, piflammatory cytokines, and chemokines. The subchondral bone
shows increased cortical bone porosity and cortical plate remodeling. As the greggesses,

there is loss of proteoglycans and disruption of the collagen network in the cartilage, increased
cortical plate thickness, and decreased subchondral bone mass and altered architecture. In the
next stage, the cartilage matrix fragments intsuiss, accompanied by formation of bone cysts
and osteophytes. In latgage OA, chondrocytes undergo hypertrophic changes and apoptosis.
The calcified cartilage expands into the articular cartilage and becomes vascularized and
innervated. There is new beformation at the osteochondral junction as wetlisgiption of

the osteocyte caticular network.

Healthy OA

Neoangiogenesis

Articular cartilage
and Neurogenesis

Cartilage lesion
and degradation

Ligament——

Synovial fibrosis
and inflammation

Osteophyte formation

Bone-cartilage interface

Subchondral
bone remodeling

Figure 7 Differences between noahand osteoarthritis joints (Yuan et al., 214

On the molecular level, articular chondrocytes express lower levetstilage markers

such as Sox9, aggrecan, and collagen Il, and higher levels of hypertrophic makeliagn
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Runx2 and collagen X (Ashkavand et al., 20T3gradation of the cartilage matrix is driven
mainly by MMP1/3/13 and ADAMT 4/5, which, in tay are regulated by inflammatory factors
suchasiILl/6andNBB. These processes are further unde

Hi f 1/ 2¢cawWeni b, TIGFGFD BMP2/7, arhoGgrothers.
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Chapter 3. Determine the effects otartilage extracellular matrix on chondrogenesis and

hypertrophy in human MSCs

3.1 Abstract

Decellularzed cartilage ECM preservéae biochemical composition of native cartilage.
ECM supplementation in culture medium praedMSC proliferation, chondrogenic
differentiation, and cartilage atrix production. This effect watosedependent and loAgsting,
andwasmost effective during early omdrogenesis. ECM also increasedturty of
chondrogenesis and direct®tECs towards a hyalinkke phenotype. In addibn, ECM delayed

hypertrophy and endochondral ossification in M&ived chondrocytes.

3.2Background

The cartilage extracellular matrix (ECMjaintains the chondrocyte phenotype and
cartilage homeostasis in healthy tissues. In degeveidiseases such asteoarthritis (OA)the
loss and altered compositions of the ECM may contribute to the downward spiral of disease
progression. Various componentstioé ECM havdeen shown to modulate MSC
chondrogenesis and hypertrophy both in vitro and in vivo, inoju@AGs, collagen II, and
hyaluronic acid, among others. However, how these various ECM components interact with each
other to regulate cartilage homeostasis and the effect of the ECM as a whole on chondrogenesis
is unknown. Since it is essentially impogsito recreate the ECM synthetically by mixing
various components together, here wadsdecellularized and digested formulatiorwdiole
native cartilage ECM to study its effect$is sectiorfocuses on the effects of ECM on the
degree of chondrogendsifferentiation, the production of cartilage matrix, drybertrophic

maturation.
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Firstly, we characterized the biochemical contents and biological effects of decellularized
cartilage ECM. The ECM digest can be used in different formats such as cultliee me
supplement, hydrogel, and solid sheeD 6 Ne i | | . E€dmpasition of thenatilyeSECM
changes during processing, and maximum preservation of the biochemical compositions of the
native tissue is desired. To this end, key ECM components at difttegyes of processing was

analyzed. Also, the effects of the ECM on MSC proliferation and metabolism were quantified.

Secondly, the effects of ECM on MSC chondrogenesis were analyzed by using it as cell
culture supplementsASC pellets were cultured in ehdrogenic media in the presence or
absence of ECM supplentsrfor5 weeks andibchemical compositions and cartilage gene
expression wereomparedA dose response of ECM supplementation (from 0.05mg/ml to
0.2mg/ml) on matrix production was establishakl the effects of timingl(ringearly, mid, or
late chondrogenesis) of ECM supplementation on matrix production was sflickse. studies

aimedto test the hypothesis that cartilage ECM promotes MSC chondrogenesis.

Since native ECM maintains chondrocgjiie a stable phenotype without progressing to
hypertrophy, as seen in osteoarthritis, we asked whether ECM can inhibit chondrocyte
hypertrophy. To address this question, ECM suppleliebing/ml)was provided during the
chondrogenic and/or hygenphic cuture of MSCs, anthiochemical compositions,
chondrogenic/hypertrophic gene expression, and mineral depositienthe 5week culture
periodwere analyzed-urthermore, a dose response of ECM supplementation (from 0.05mg/ml
to 0.2mg/ml) on mineral depdginsin MSC pelletsvas established, and the durability of the

ECM effects on mineral deposition was studied.
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3.3Methodology

3.3.1 Preparation of decellularized cartilage ECM

Native porcine tracheal cartilage was obtained from Green Village Packing (Green
Village, NJ). The tissue was lyophilized and mechanically broken into small pieces with mortar
and pestleUsing an orbital shaker(120rpm),lyophilized tissue wawashed theetimesusing
6.7ml of water and 2X PBfer gram of tissuetreated with 0.02% trypsin at 37 for 2 hours
andagainwashed with 6.7ml of water and 2X PPBE&r gram tissu€eTl he tissuavas
decellularized with 40g/L of deoxycholic acid in water overnighty washed ith 6.7ml water
and 2X PBS. It waithen treated with 50U/ml DNase | overnight, and washed with water and 2X
PBS. The decellularized tissue s\sterilized with 0.1% peracetic acid and washed thoroughly

with sterile waterAll chemicals were fronsigma (St. Louis, MO).

Thesterile decellularized tissue wdgested with pepsin. For 1g of lyophilized ECM,
0.1g pepgin in 100ml sterile 0.01M HClvereused. The digestion occurreat 37C shaking with
frequent monitoring. The final digest should biiak milky liquid with a small portion of
undigested pieces. Excessive digestion that exbulta wateryliquid wasavoided.This would
result in a digestd ECM concentration of 10mg/ml, whidould be further made into hydrogel

liquid supplemento media, and plate coating.

3.3.2 Biochemical assays

Cell monolayes or pellets(containingat mostl0 million cells) weredigested in 1ml of
papainat 653C overnight to yield a homogeneous solution. Briefly, the composition of the papain

digestion buffer is as follows: 0.1M sodium acetate, 0.01M cysteine HCI, and 0.05M EDTA,
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pH=6.0. Each milliliter of ppain digestion buffervea mi x e d | olapgaih (82n8)before

use.

DNA quantification wa conducted with PicoGreassay (Fisher Ha mpt on|] NH) .
of sample digeqin=4) were added to the wells of black plates. Then, a 1:200 dilution of the
PicoGreen reagent waadded to each well and read on a #soent microplate reader

(Excitation: 485nm, Emission: 520nm).

For GAG ¢ u a nltofisdmple digest (o=4), andMer@diroitin6-sulfate standards
were addedté he wel | s of |otDMB aye wap ddaetl te the wells Gmbnediately
beforeabsorbance reading at 540nm and 595nm. The difference between two readings correlate
with GAG quantity.DMB dye was prepared by 980ml of mixing solution A (2g/ml sodium
formate, 2ml/ml formic acid, pH=3.5) and 5ml solution B (16mg of 1,9 dimethylene DM8)

(Sigma) in ethanol) and adjusted to 1L by water.

For hydroxyproline (OHP) quantificatin , | 5f@h8 sample digest wamixed wih
5 0 012M HCI and heated to a dryahat 110C overnight. The char wgaesuspended in 1ml of
assy b uf flefreach shndple svwadded to the wells of a clear plated an3 &f ¢
chloramine T reagent waadded, mixed, and let sit for 20 minutes at re@mperature. Then,
5 Ol ef dimethylaminobenzaldehyde reagentsvealded anchixed in each well. The plate wa
incubatedat 60°C for 15 minutes and read at absorbance of 54@mmthis assay, the stock
buffer contained 50g/L of citric acid monohydrate, 12ml/L glacial acetic acid, 120g/L sodium
acetate trihydrate, and 34g/L sodium hydroxide at pH=6.0. The assay bufferepasegrby
1:10 dilution of stock buffer. Chloramine T reagent contained 70.5mg of chromamine T, 1.035ml

water, 1.3ml Ipropanol, and 2.665ml stock buffer. Dimethylaminobenzaldehyde reagent
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contained 0.75g of-dimethylaminobenzaldehyde (Sigma) dissolved@nm 1-propanol and

1.3ml perchloric acid.
3.3.3 Preparation of ECM/collagen hydrogel

Decelldarized cartiage ECM from porcine trachea walstained from East River
Biosolutions(New York, NY). Bovine collagen | solutiowas obtained from Life Technologies
(A1064401, Carlsbad, CA To make &mg/mihy dr ogel , 60¢l of cold 0.1
cold 10X PBS, 273c¢l |aftold&E@M digesti(X 10m@Bljereand 600 ¢
sequentially added. pH wadjusted to 6-3.5.30C| of hydrogel wa added to a 4@ell plate
and incubated at 8C for 45 minutes for gelatiodMSCs were seeded onto the surface of the

hydrogel.
3.3.4 Preparation of ECM/collagen coating

2 0 Dof ECM or collagertypel at a concentration &mg/ml was added to 48ell
plates and let dry overnight. After complete drying, the wells were washed twice with PBS to

remove any particulates.
3.3.5 MTT assay for measuring cellular metabolic activity

MSCs were seedadto 48well platethat were either umated or coated withydrogel
described in 3.3.at 20,000 cellgh?, and cultured itigh glucose DMEM with 10% FBfr 48
hours. After the 4$our incubation, the culture media were replaced with media containing 10%
Alamar Blue Promega, G808AMadisonWI). After 14hour incubation, media was transferred

into a new 96well plate and absorbance was measured at 570nm and normalized to 600nm.
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3.3.6 Culture regimensfor studying chondrogenesis and hypertrophy

MSCs (P5), normal adult chondrocy(®s) (Cell Appicationg, and osteoarthritic adult
chondrocytes () (Cell Applications San Diego, CAwere expanded in DMENFishe) with
10% FBS and PeS8trep For chondrogenic differentiation, @000 cells were centrifuged to
form a pellet at 300g for 5 minutes i6-@ell deepwell plates (Fishgr and cultured in
chondrogenic media for-2 weeks Chondrogeic mediumcontaired476ml of highglucose
DMEM, 0. 1lg M de xgmhegrding $ralsodiym pgrivatélife Technologiel
5ml ITS+ Corning Corning, NY), 5ml HEFES (Life Technologigs, fr esh giMsage of

ascorbic acid, and fresh dosage afidgnl TGFb 3 ( P e, RockytHd, dN).

For hypertrophic differentiatiortells werancubatedn chondrogenic medium for2
weeksbeforecultivationin hypertiophic medium for 3 weeks. The hypertrophic medium
contaired476émlof highgl ucose DMEM, 0. 1¢ §mld-pralinentent has one,
sodium pyruvate, 5ml ITS+, 5ml HEPES, 5mM sodium {ggyaerophosphate (Sigma), fresh

do s a g e g/mifascérificeacid, anflesh dosage d0ng/ml L-thyroxine T4.

3.3.7 gPCR analysis of gene expression

RNA was isolated with Trizol extractiorLife Technologie¥ cleaned with a DBise | kit
(Invitrogen Carlsbad, CA and made intol@NA (Applied BiosystemsFoster City, CA
Quantitative PCR was conducted with a SYBR Green gRCRpplied Biosystempin a

StepOne Plus Redlime PCR System (Applied Biosystem&)list of primersis in the appendix.
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3.3.8 Histology and immunohistochemistry

Cell pellets were fixeth 10% formain and embedded in paraffin. For Alcian Blue
staining, the slides were stained in Alcian Blue solution (0.1g Alcian Blue in 9ml water and 1m|
1M HCI) for 5 minutes, before washed thoroughly with acid alcohol (0.12M HCI in 70% EtOH).
For Alizarin Red staimig, the slidewere stained in Alizarin Red solution (2g Alizarin Red in

100ml water, pH=4.4.3) for 30 seconds to 5 minutes, before wash in water.

Immunostaining with collagen | (Abcam 6308, 1:2Q@&mbridge, UK collagen Il
(Abcam 34712, 1:200), armbllagen X (Abcam 49945, 1:2000) were conducted with Vectastain
Elite ABC HRP Kit (Vector LabBurlingame, CA and DAB Saining Kit (Vector Lal. For
collagen | and 1l staining, slides were incubated in 0.05% trypsin°&t f8r 15 minutes and 0.3%
H20- in methanol for 30 minutes. For collagen X staining, slides were incubated in
hyalurondase (2mg/ml in PBS, Sigmat 37C for 60 minutes, and Pros& E (1mg/ml in PBS,
Sigmg at 37PC for 60 minuteslmages were acquired with Olympus F&BO0 microscope

(Olympus, Center Valley, PA

3.3.9 Calcium guantification assay

Cell pellets were shaken in 1ml 5% trichloroacetic acid at room temperature overnight.
Calcium was dissolved and quantified with a Stanbio To#tium LiquiColor Kit(Stanbio,

Boerne, TX).

3.3.10 Micro-CT analysis

For micreCT, cell pellets were fixed in 10% formalin overnight and kept in PBS. Three
dimensional highresolution images were obtained using a miciiosystem (VivaCT 40;
Scanco Medical AG, Bassersford, Switzerland). The grayscale images waredarusing a
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global threshold. Standard morphological parameters such as mineral volume and mineral
density were evaluated for each sample using the standard morphological analysis software on

the VivaCT 40 system.

3.3.11 Statistical analysis

Statistics were performed with GraphPad Prism 6.0. Data were expressed as the average
+/- standard deviation of n=@ samples per group and time point. The differences between
groups were examined by analysis of variance with an alpha level op&@B5*, p<0.01 **,
p<0.001 *** p<0.0001*** For compari son bet weteshwasused. gr oups
For comparison between multiple groups at a single time poirlvageANOVAwWi t h Tuk ey 6 s
post hodestwas used. For comparison between multiple gsatpmultiple time points, two
way ANOVA with Bonferronipost hodestwas usedln general, key experiments were
conducted with ECM isolated from two pigs and MSCs from two human donors, and replicated

in at least two independent experiments.

3.4 Results

3.4.1 Biochemical characterization of decellularized cartilage ECM

Native porcine tracheal cartilage was prepared in sequential steps and different
preparations were useddifferentformat of cell assays-(gure 8). Briefly, native cartilage was
decellularizedand digested to form a thick milky liquid with suspended particulates, which were
small piees of partiallydigested ECMAfter removing the particulates by filtratiadhrough a
1 0 thstraineytheliquid fraction of the ECM was used as culture medgupplemenbr to
make hydrogelThis liquid fraction was also used in selective enzymatic digestion to identify

bio-active molecules
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Figure 8 Stages in the preparation of cartilage ECM.

During decellularization, over 90% of the DNA content wermovedirom the ECM
(Figure 9A). GAG was patrtially preserved and collagen was fully preseigdre 9A). As the
wholeECMd i gest was p a snssigainertatportmmuadthieNA, GAQalde
collagen was lost due the removal of largeuspendegbarticulates Eigure 9B). The liquid

ECM fraction containethoth soluble molecules and aggregates of macromolecules
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Figure 9 Biochemical characterization of cartilage ECM during preparation. (A)

Decellularization. (BRemoval of suspended particulates fritraliquid fraction of ECM

obtained byECM digesion. (n=4, two independent experimehts
3.4.2 Effects of ECM on MSCs without differentiation stimuli

The ECM regulates growth and metabolism of stem cells in a {&gafc manner.
O6Neill et al. showed that stem cells exhibit
cultured in tleir parentECM (2013. On the contrary, when cultured in ECM not derived from
their nativetissue stem cells exhib#dincreased prdfierationandlower metabolic activityWe

asked whether the cartilage ECGMssimilar effectson MSCs adult stem cells not derived from
cartilage.

The effects of ECM were analyzed in three culture formats: mediaesnppt aa
concentration 00.1mg/ml, hydrogel a concentration dmg/ml, and coatingThe media

supplement was prepared by 100 fold dilution from 10mg/ml ECM digest, which was derived

from 10mg dry weight of ECM into 1ml of digestion solutidéSCs were cultured in basal
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media wth 10% FBS but no other exogenous growth factors and differentiation stimuli. Indeed,
ECM promoted MSC proliferation and inhibited metabolism in all three formats, consistent with

prior findingsf om OO Ne i |)(Figwel0.a | (2013
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Figure 10 Cartilage ECM promoted proliferation and inhibitetabolism in MSCs without
exogenous differentiation stimuli. ECM was assayed as (A) media supplement, (B) hydrogel, and
(C) surface coating. ECM hydrogel was prepared as 50% mixture with collagen | due to the

inability of 100% ECM to geln=4, two independent experimepts

3.4.3 Chondrogenic effects of ECM on MSC differentiation

We first studied whether cartilage ECM hedfects on chondrogenic differentiation. MSC
pellets were cultured in the presence or absence of liquid ECM supplementation for up to five
weeks, and analyzed for chondrogenic gene expression, biochemmitzaitspand histology
(Figure 11A). From week 2o 5, ECM supplementatiaresulted in greatgrellet weight, higher
DNA, GAG, and collagen conterfigure 11B). This promaive effect on chondrogenesis was
accompanied by increased expression of chondrogenic and cartilage matrix genes such as Sox
5/6/9, aggrecan, collag Il, and CSGALNACT1Kigure 11C). Consistently, histology showed
increased Alcian Blue staining for GAG and collagen Il stainindgfoM-treated pelletsKigure

11D).
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Alcian Blue Collagen Il

\ \

D Week 5 H&E Alcian Blue Collagen Il Collagen |

ECM Supplement

Control

Figure 11 Cartilage ECM promoteMSC proliferation and chondrogenesis as media supplement.
(A) Experimental scheme. (Bffects on pellet wet weight, DNA, GAG, and OHP contents.

(n=5) (C) Effects of catilage geneexpression (n=6). (PHistologcal sectionf pellets arrows
showtheformation of lacunae (n=45 c al e b a Experimdni3 @eaemeplicated with two

sources of ECM and two sources of MSCs.

To further confirm the chondrogenic effects of ECM, a gratdilwse of ECM was added
to the MSC chondrogenic culturachanalyzed at week Figure 12A). With increasing doses
of ECM, pellet diameter, weight, DNA, GAG, and OH&ntents were elevate#igure 12B),

which were confirmed withistological analysisHigure 12C).
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Figure 12 Dose response of ECM supplementation on MSC chondrogenesek 3 (A)
Experimental scheme. (B) Pellet diameter, weight, and biochemical contents (n=5). (C)
Histology staining (n=4)Sc a | e b a Resuits viee @anfimmed in two independent

experiments.

Chondrogenesis can be divided into early, mid, and late stageskatahether the
ECM effects werd¢ime-dependent. ECM was supplemented to the MSC culture at edrly (1
week), mid (2¢week), andate (3¢ week) stages of chondgenic differentiationFigure 13A).
Supplementation at any of the three stages resulted in an increase in GAG, but not collagen, with
the strongest effect observedring the first weekKigure 13B). However, supplementation
during any single week still resulted in less matrix formation and pellet growth than continuous
supplementation throughout the three weeks. Notably, although supplementation during mid and
late stages of chondrogenesis alorseiited in minor enhancement in pellet growth, these
changes greatly augmented the effects of ECM supplementation during early chondrogenesis.
These results suggest that cartilage ECM had the greatest chondrogenic effects at early stage of

MSC differentiaton and continued to exert influence over the entire differentiation process.

A . + ECM wk 1-3

+ECM wk 1

+ ECM wk 2

MSC Pellets —_—
+ ECM wk 3

- ECM Supplementation

Chondrogenic Differentiation
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Figure 13 Differential effects of ECM during different stages of MSC chondrogenesis. (A)
Experimental scheme. (B) Effects on pellet diameter, wet weagldt biochemical cdents (n=5

one independent experimgnt

Since early chondrogenesissuaost sensitive to ECM regulation, we asked whether the
effect of early ECM supplementation produced leging outcomes in cartilage matrix
production. We compared ECM treatmentttee initial 5 days of culture with continuous ECM
treatment ando-treatment controlRigure 14A). Surprisingly, early treatment for as short as 5
days resulted in greater DNA, GAG, and collagen contents than control, and the effects were
intermediate beveen that of continuous ECM suppientation and controF{gure 14B). This
long-lasting effect of ECM in early chondrogenesis suggests that cartilage ECM may guide

MSCs on a certain differentiation path that

stimulation.
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Figurel4. Longlasting chondrogenic effects of ECM supplementation during early
chondrogenesis. (A) Experimental scheme.EBgcts on biochemical conten{s=5, one

independent experimgnt
3.4.4 ECM promoted a mature, hyaline-like cartilage phenotype

In vivo, cartilage develops from stem seflifferentiatingnto immature chondrocytes,
mature chondrocytes, phg/pertrophic chondrocytes, and finally to late/terminal hypertrophic
chondrocytes. This increasing degrediffierentiation is accompanied by chasge gene
expression profile and cartilage matrix components as Akhownabove, ECM
supplementation during early chondrogenesis hadlasting effects on MSC differentiation. If
the early ECM treatment incread the degree of differentiation for MSCs relative to control, this
may, at least in part, explain why the E@Mated MSCs continued to produce greater cartilage
matrix without ECM stimulation later on. Since the ECM was derived from the mature tracheal

cartilage from adult pigs, we asked whether this mature ECM material could increase the

maturity of MSC chondrogenic differentiation.
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Indeed, the ECMreated cartilage showed higher expressaifrcartilage maturity
markers such as collagen X, Mef2c, arid221, indicating a higher maturity of chondrogenic
differentiation Figure 15). Collagen X is typically used as a marker for spontaneous
hypertrophyof MSC culturesn vitro. However, the increased collagen X expression in this

experiment does not indiehigher tendency of hypertrophag will be shown in section 3.4.6
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Figure 15 ECM supplementation increasexpression o€artilage maturitynmarkerg(n=6).

Experiments were replicated in two MSC sources and with two ECM sources.

There are three majsubtypes of cartilage: hyaline, fibrous, and elastic. Articular
hyaline cartilage, when damaged, regenerates into a fibrous repair tissue, which is more prone to
degeneration and osteoarthritis, and has inferior biomechanical properties than natige cartila
partially due to the higher collagen | content, and lower colldigend GAG contents. Current
efforts in cartilage tissue engineering has nenb&uccessful in generating bona figaline

cartilage from MSCs, and in reducing fibrocartilage comptseuch as collagen I. Since our
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ECM was derived from hyaline tracheal cartilage, we asked whether this hyaline ECM could

steer the MSC differentiation towards a hyalitke subtype.

We selected a panel of marker genes that are characteristic of hyatifegeversus

fibrous cartilagebased on literature repoftdienaltowski et al.2009, 201p. ECM

supplementation resulted in higher expression levels of hyaline markers but little ahaonge i

hyaline markersKigure 16). These results suggest thagatment by a hyaline cartilage ECM

promoteal a hyalinelike subtype in MSCs.
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Figurel6. ECM supplementation promoteachyalinelike expression profile in MSCs. (A)

Hyaline marker genes. (B) Ndryaline marker genen=6, one independerixperiment
3.4.5 Chondroprotective effects of ECM undercatabolic stimuli

In degenertive diseasgsuch as OAcartilage catabolism is induced by pro
inflammatory cytokines suchas-Lb and reactive oxygenSimEeg@ecies
ECM promotedVISC chondrogenesis and cartilage matrix production, we asked whether ECM

can be chondroprotgee under catabolic stimuli.

Chondrogenic culturesf MSCswere treated with hydrogen peroxide andlllb t o
induce catabolism, and ECM was supplemerntteautghout the culturing period. At week 2,
ECM alleviated the catabolic effects on DNA, GAG, and celfagroduction in MSCdgure
17A, B). This chondroprotective effect was consistent at week 3 in MSCs and in human
osteoathritis chondrocytesKigure 17C, D). These results suggest that a healthy cartilage ECM

may serve a protective role in cartilage degenerative diseases.
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3.4.6 ECM inhibited hypertrophy and endochondral ossification in MSCderived

chondrocytes

In healthy articular cartilage, the chondrocyte phenotype is magadtavithout
hypertrophic changes. In osteoarthritis and cartilage injury, however, chondrocytes undergo
hypertrophic degradation and abnormal calcification. The role of cartilage ECM in maintaining
stable cartilage and preventing progression to hypenrbph not been studied. We hypothesize
that healthy hyaline cartilage ECM may contribute to cartilage maintenance and inhibition of

chondrocyte hypertrophy.

In vitro, hypertrophic maturatioof MSCs progresses through early chondrogenic
phase (24 weels) and a later hypertrophic phase (3 weekisgrefore ECM was supplemented
to the chondrogenic phase or hypertrophic phase or both. Samples were analyzed for biochemical
compositions, calcium deposition, mineral formation, and gPCR gene expressialy, at ea

hypertrophy (week 2+1) and late hypertrophgék 2+3) Figure 18A).

A ! , Chondrogenic Hypertrophic
5_(. ' Medium Medium
o« 1 /
~@ 7  2Weeks 3 Weeks
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40



oo

@)

Calcium {ug)

201 1500 -
= 18]
% ) 10004
g 10 =
s 4
k] 0 500+
o 05
0.0 T T 0 T T
L7 3 1 2
4 v & “;i:"
40+ s.
304 = 41 l 1
E _—
3 2 g 3 rxn
0] T o
< 2 | T
V] o 2 ;L -
104 -
14
0 T T 0 '1: o
. -] x
* s & v
< & &
200- 0.20- =
€ E
150+ T E 015 T S
(=2
£ E
100+ T 2 0.0 T =
> 2
= @
50 5 005 =
c =
= 5
£
T =

3 Chondro+ Hyper+

3 Chondro+ Hyper-

41

[ Chondro- Hyper+

10004

8004

6004

400+

2004

3 Chondro- Hyper-




D H&E Alcian Blue Alizarin Red Collagen | Collagen Il Collagen X

Chondro+ Hyper+

Chondro- Hyper+

Chondro- Hyper-

Figure 18 ECM supplementation inhibitddy per t r ophy and endochondr al
indi cates presence ofo EOWM iscuaptpe se nmeon t EaBG M osnu papnl de
Experimental scheme. (Bellet diameter and biochemical compositions (n=4). (C) Calcium
guantification and mineral forationassayed by micr€T (n=6). (D) Histology (n=4)Scale bar

= 1 0 ®epeniments were replicated with two ECM sources and two MSC sources.

ECM supplementation exhibited timitigpendent effects. Strikingly, ECM
supplementation during the chondrogegpii@se eliminated mineral deposition in the pellet,
regardless of the presence of ECM supplementation during the hypertrophic phase, whereas
ECM supplementation during the hypertrophic stage leasignificant effectsKigure 18C).

The inhibitory efect of ECM supplementatioduring the chondrogenic phase was further

supported by the lower expression of hypertrophicassification markersHigure 19).
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Figure 19 ECM supplementation during the chondrogenic phase inhibited expression of
hypertrophic anassification markers (n=6Experiments were replicated with two ECM sources

and two MSC sources.
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3.4.7 ECM delayed, but did not prevent endochondral ossification in MSCs

Since ECM supplementation during the chondrogenic phase inhibited endochondral
ossification for 3 weeks, we asked whether this inhibitory effect was temporary or permanent. To
address this question, MSC pellets were cultured in hypertrophic medium fobwpeeks, and
the inhibitory effect on endochondral ossificatiwas no longer preseriigure 20).

Interestingly, the level of calcium deposition was similar whether the pellets were treated with
ECM or not, indicating that ECM supplementation only terapgty delayed endochondral

ossification rather than preventing it permanently.
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Figure 20 ECM supplementation during chondrogenic phase delayed, but did not prevent
mineralization of MSC pellets. MSCs were cultured chondrogenically for 4 weeks bedore 3

weeks of hypertrophic differentiatiom=6, one independent experiment)
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3.4.8 Identifying strategies to improve cartilage maintenance at terminal hypertrophy

In cartilage injury repair and degenerative diseases, the goal is to create stable cartilage
without progression to hypertrophy and endochondral ossification. Since ECM supplementation
during the chondrogenic phase inhibitadtilage matrix accumulaticat terminal hypertrophy,
we sought to find strategies to improve the maintenance of cantilatyex. We hypothesize that
greater amount of cartilage matrix production before the initiation of hypertrophic culture would
result in better cartilage preservati@md studied iftis may be achieved by higher dosing and

long culture duration of ECM spfementation during the chondrogenic phase.

In the first strategy, MSCs were cultured with a gradient dose of ECM supplementation
during he chondrogenic phasEigure 21). This resulted in a higher level of matrix production
at the end of chondrogenitase and a higher level of GAG at terminal hypertrophy at the

highest ECM dose. Notably, a lower ECM dose at 0.05mg/ml, failed to inhibit calcium

deposition, indicating a dose response for the ECM effect on endochondral ossification.
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Figure 21 Dose reponse of ECM supplementation on cartilage preservation at terminal

hypertrophy (n=6one independent experimgnt

In the second strategy, MSCs were cultured chondrogenically for longer duration (2
weeks) before hypertrophic differentiation. Longer chrogénic culture resulted in higher
cartilage matrix production before hypertrophic differentiation andratinal hypertrophy
(Figure 22). These two strategies serve as first steps towards promoting chondrogenesis while

limiting hypertrophyduringcartilage repair and regeneration.
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Figure 2. Longer chondrogenic culture increased preservation of cartilage matrix at terminal

hypertrophy (n=6one independent experimgnt

3.5 Discussion

Normal cartilage consists of ECM and chondrocytes that stay in homeostasis. Healthy
chondrocytes should be differentiated enough to provide a stable supply of matrix materials, but

not overly differentiated to hypertrophyifferentiation of chondrocytes ia fine balance
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between undedifferentiation and ovedifferentiation, with undedifferentiation causing wak
biomechanical propertieand oveddifferentiation causing cartilage degradation and hypertrophy
as seen in osteoarthritis. In this work, wewlthat healthy hyalia cartilage ECM promotes
chondrogenesisf MSCsandthe maturity of the resultingchondrocyts, but inhibits

hypertrophic differentiation and endochondral ossification. Therefore, a healMynta®@ help
resident cell$o maintain thdine balance of differentiation. It remainginterest to study

whether a diseased céagje ECM, such as fro@A, has lost the function of maintaining the
proper degree of differeiation for chondrocytes or evelnives chondrocytes to over

differentiaton and hypertrophy.

In cartilage injury, the remaining ECM and chondrocytes, for the most part, do not
migrate to the defect on their own, and the defect remains unhealedoloeimng
microfracture, the MSCs released from subchondral bone rebuildraofafylerocartilage, which
is usually thinner and weaker than the native tissue. The lack of ECM at the defdxt enay
contribuing factorto the inability of healing. Since a healthy ECM promotes chondrogenesis,
cartilage matrix production, and a hyalpleenotype, it begs the question of whether adding
healthy ECM to the cartilage defect after microfracture can direct the MSCs to form neocartilage
that more closely resemisithe native hyaline cartilage, biochemically, strudtyrand
mechanically. This approach may improve the outcome of existing microfracture surgeries for

full-thickness cartilage injury.

In degenertive diseasgsuch a$DA, chondrocytes exhibit hypertrophic changes and lose
their ability to form healthy mak; the diseased ECM may further feed back to the resident
chondrocytes to drive their ovdifferentiation and hypertrophy. In this study, we showed that

healthy ECM is chondroprotective under catabolic conditions induced by hydrogen peroxide and
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IL-1 bThis result inspires a therapeutic approach of intercepting the potential downward spiral
of diseased ECM and diseased chondrocytes by providing healthy ECM to the diseased sites to

restoreproper functioning of chondrocytes.

Intriguingly, the hyaline ECMlirects MSCs to a hyaline phenotype, with increased
expression of collagen Il and GAGs and unchanged expression of collagen I. In the development
of cellular therapies for cartilage repair, it remains a-stagding challenge to avoid
fibrocartilage anareate true hyaline cartilage. Whether the compositions and mechanics of our
ECM-treated cartilage match true hyaline cartilage is yet to be tested, but it serves as a major

leap forward in controlling the fate of cartilage differentiation.
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Chapter 4. Identifying signaling pathways and bieactive components in ECM that regulate

MSC chondrogenesis

4.1 Abstract

The PI3KAkt-Foxol and Hifl pathways were identified as possible mediators of ECM
regulation of MSC chondrogenesis, Collagen XI was identified as a chondrogenic congionent
the ECM. Collagen XI promotechrtilage matrix formation in MSC and chondyte pdlets, and

inhibited matrix degradation in human chondrocytes and bovine cartilage explants.

4.2 Background

The cartilage ECM is a heterogeneous material, in which different components may exert
their own effects on MSCs or chondrocytes, with complex syreeagieounteractions with one
anotherChondrogenic differentiation is regulated by a network of signaling pathwelysling
Hif1/2 and PI3KAkt-Foxo(Lee et al., 2013hatregulatecell proliferation, degree of

differentiation, and ntaix production.

To study themechanisms dECM regulation of MSC chondrogenesis, we employed two
approachedn the first approach, RNA seq analysis was conducted to compare the differential
expression and signaling pathways between B&dted and control MSCs. Thesehvedys
were then confirmed with inhibitor assays for these pathways. In the second approach, we
attempted to identify individual bioactive components from the ECM digest. Selective enzymes
were used to degrade specific components from the ECM and thawipadtthe resulting
enzymetreated ECM was analyzed by quantifying the amount of matrix production in MSC

chondrogenesis.
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4.3Methodology

4.3.1 RNA seq analysis

RNAs were sequenced and analyzed by Admera Health (South Plainfield, NJ). The
differentially expressi genes were benchmarked against the KEGG database to obtain signaling
pathways with differential activitye CM was supplementet 0.2mg/ml in the MSC cultures for

RNA isolation.

4.3.2 Enzymatic digestion of decellularized cartilage ECM

ECM was digested with pepsin (1mg/ml) overnight, collagenase | (1U/ml) for 2 hours,
chondoitinase ABC (0.2mg/ml) overnight, and hyaluronidase (0.2mg/ml) overnight. The
enzymedigested ECM was added to the MSC chondrogenic culture for 2 weeks, and analyzed
for biochemical contents. As positive and negative contred¢pective enzymes were added

directly to MSC cultures with and without ECM supplementation (0.2mg/ml).

4.3.3 Cartilage pellet degradation assay

Chondrocytes pellets were formed by centrifuging 200¢&08 at 300g for 5 minutes.
The pellets were cultured in chondrogenic media for 6 days and switched to 1ml DMEM with
50eg/ ml ascorbic ae€libd (floarg/ 3nl d a ywsa.s Isrutperl leeamekiit re
enhance degradatigReprotech, Rocky HillNJ). Conditioned medium was collected and

assayed for DNA and GAG concentrations.

4.3.4 Culture of bovine cartilage explants

Fresh calf wrists were obtained from Green Vill&geking (Green Village, N&and

articular cartilage from proximal ulna was harvedigch 4mmdiameter biopsy punch and cut
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into 1mm disks. The cartilage disks were stabilized in DMEM with 10% fetal bovine sexdim
50eg/ ml ad$oorhbitcleaisd six hours, and switched

ascorbic acid for 3 days.

4.3.5 Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0. Data were expressed as the
average +/standard deviation. The differences in gene expression and biochemical contents
between the groups were evaluated usingwag ANOVA with Bonferoni post hodest with a

significant level at 0.05.

4.4 Results

4.4.1 Differentially regulated signaling pathways by ECM

RNA seq analysis revealed 1198 differentially expressed genes, from which 17
differentially activated and 10 differentially inhibitpathways by ECM suppieentation were
inferred (Table 1 Hifl and PI3kAkt pathways were differentially activated whereas Foxo
pathway was differentially inhibited. Interestingly, these three pathways were implicated in Lee
et al., who showed that hypox@éahanced chondrogenesis and prevented terminal differentiation
through PI3KAkt/Foxo depadent antiapoptotic effectslee etal., 2013. In their study, MSC
pellets cultured in hypoxia showed irased pAkt and pFoxo levels Since cells respond to
hypoxia by activating Hif1/2 pathways, it is conceivable that, under hypoxia, MSCs may
upregulate an integrated H#I3K-Akt-Foxo pathway to promote chondrogenesis and inhibit
terminal differentiation. Therefore, we chose to study Hif1/2, PAXK and, Fxo pathways in

later experiments.
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Activated pathways P value

HIF-1 signaling pathway 9.03E-09

Biosynthesis of amino acids 5.3E-07 .

Fructose and mannose metabolism 6.37E-07 e et F ol
Carbon metabolism 7 09E-07 FoxO signaling pathway 0.00769
Glycolysis / Gluconeogenesis 2.05E-05 saca) el Farcinoma L O]
Pentose phosphate pathway 2.16E-05 Pathways in cancer S
Complement and coagulation cascades 0.000105 Br.east c.an::e.r CODEE
Central carbon metabolism in cancer 0.000553 lE 5|_gna||ng pathway Ll
Galactose metabolism 0.002134 el gmdancel DAL 20t
Metabolic pathways 0.00794 Proteoglycans in ca_m:er 0.049147
e e 0.029544 Progesttnjrone—medlated oocyte

Starch and sucrose metabolism 0.029544 ISR - - Ly
PI3K-Akt signaling pathway 0.03518 ECM-receptor interaction Ll
Mineral absorption 0.036094 RIERENIELR L L
Proteoglycans in cancer 0.036094

Phenylalanine metabolism 0.038775

Rap1 signaling pathway 0.044726

Table 1 List of differentially activated (left) and Inbited (right) pathways by ECM
supplementation. Three pathways marked in red were subject to furtheritaqyvalues
corresponded to the staitstl significance of each activated and inhibited pathw@yst for

RNA seq analysis)

4.4.2 Inhibitors of PI3K-Akt-Foxol pathwayeliminated the chondrogenic effects of ECM

To canfirm the role of the PI3KAkt-Foxol pathwayMK2206 (inhibitor of PI3K
activity), LY294002 (inhibitor of PI3K activity), wortmannin (inhibitor of PI3K activity and
Foxo nuclear export), and leptomycin B (inhibitor of Foxo nuclear export) were added to the
MSC cultures with and without ECM supplementation. If the inhibitor was abletcesor
eliminate the difference in matrix production and gene expression caused by ECM
supplementation, the inhibited pathway should be a mediator of the ECM effect. Indeed, all four
inhibitors eliminated the increased GAG production, Sox9 expression,exgaession, and
Col2A1 expression caused by ECM supplementation, which confirms thatAkB&nhd Foxol

pathways were mediats of the ECM effectRigure 23).
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Figure 23 Inhibitors of the PI3KAkt and Foxo pathways eliminated the differential effects

caused by ECM supplementation. (A) MK2206. (B) LY294002. (C) wortmannin. (D)

Leptomycin B (LMB) (n=4 two independent experimehts
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4.4.3 Inhibitors of Hif1 eliminated the chondrogenic effects of ECM

Similar inhibitor assays were conducted for the Hif pathwa§¢4 78, a speci fi c

inhibitor, was able to eliminate the chondrogenic effects caused by ECM, as indicated in GAG

guantification and expression 06X, Col2A1, and AcafFigure 24). In comparison, TES

7009, a specific Hif2 inhibitor, had no effect on MSC chondrogenesis in the presence or absence

of ECM supplementation.
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Figure 24 Hif1, but not Hif2, inhibition eliminated the effects of EC¥i=4, one independent
expeiment
4.4.4 Selective enzymatic digestions of ECM

The cartilage ECM consists of collagen, GAG, hyaluronic acid, and other proteins. To
identify whether these components contribute to the chondrogenic effects of ECM, pepsin,

collagenase, chondroitinase, and hyaluronidase wereaidedrade specific compents from
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the ECM, and the chondrogenic activity of the resulting enzgaggaded ECM was quantified

by their effects of cartilage matrix produartiin MSC cultures

Pepsin treatment eliminated the effect of ECM on GAG production, but only partially
eliminated the effect of ECMrocollagen productiorF{gure 25A). This suggests th#te
protein components of ECM contributed to the majority, but not all, of its chondrogenic effects.
Collagenase treatment partially eliminated the effect of ECM on GAG podubut fully
eliminated the effectrocollagen productiorHjgure 25B), suggeshg that collagenous
components of the ECM also contributed to this chondrogenic effects. Chondroitinase treatment
did not affect GAG or collagen production, suggesting amgmficant role for GAG in
promoting chondrogenesigigure 25C). Lastly, hyaluronidase treatment partially reduced the
effects of ECM on GAGrd collagen productior=gure 25D), indicating a chondrogenic role

of hyaluronic acid in the ECM.
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Figure 25 Enzymetreated ECM preserved different levels of chondrogenic activities in MSC
culture. (A) Pepsin. (B) Collagenase. (C) Chondroitinase ABC. (D) Hyaluronidase. (n=4)

Experiments were replicated with two ECM sources and MSC sources.
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4.4.5 Screeningof collagen subtypes for chondrogenic activity

Since collagenous components of the ECM contributed to its chondrogenic effects, a
screen of various collagen subtypes were conducted on MSCs. Native soluble collagens from
human or pig, in all commerciallyailable subtypes (1, II, I, IV, V, VI, IX, XI) were added to
MSC chondrogenic cultures and analyzed for their effects on DNA, GAG, and collagen
production at week 2. Strikingly, collagen Xl exhibitedoseldependent positive effect @AG
and collagemproduction Figure 26) . A tg/mlkdl@yen Xl, the effeavas comparable to
ECM supplementation at 0.2mg/ml. In addition, collagen | seemed to have a positive effect on
collagen production, but this was likely due to visible precipitation of streata@lafjen | fibrils
attached to the MSC pellets instead of from endogenous production by M&@sstingly,
collagen liseemed to have a slight inhibitory effect on GAG production, although these results
need to be reproduced. (Porcine collagen I: Chonti2@3; Porcine collagen Il: Chondrex
20032; Human collagen Ill: Abcam 7535; Human collagen IV: Abcam 7536; Human collagen V:
Abcam 7537; Human collagen VI: Abcam 7538; Porcine collagen IX: Chondrex 1073; Porcine

collagen XI: Chondrex 1083).
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Figure 26 Effects of collagen subtypes on MSC chondrogenesis, @ independent

experimenk

Since collagen Xl was found to promote MSC chondrogenesis, its biological effects was
further studied. Native porcine collagen Xhve di gest ed bgofmlagesatn ( 2ng
37°C for 30 minutes) to cleave off thetdrminal telopeptide and preserve ttiple-helical
regions only (Vogel et al., 199 MNative porcine collagen XI was also permanently-heat
denatured at & for 30 minutes to dissociate the triple hatixhree individ a | U chains (

et al., 1997; Vaughamhomas et al., 20Q1Figure 27A showsthat only native collagen XI had
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chondrogenic activities. Removal of thetNe r mi n a |

destroyed the activity.
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Figure 27 Chondrogenic activities of collagen XI in MSCs. (A) Comparing nageesin

degraded, rd heatdenatured collagen XI (nsz4wo independent experimehts

4.4.6 Collagen Xl promoted matrix production in human chondrocytes

Since collagen XI promoted ¢dage matrix formation in MSCs, we asked whether this

effect was reproducible in chondrocytes. From we&k @llagen Xl supplemented to the media

resulted in greater DNA, GAG, and OkBntents in the pellets, which sstaccompanied by

elevated expression of Col2A1, Sox9, and Acan (Fig8yeNote that Col2A1 expression was

greatly enhanced by collagen Xl, whereas the effects on Sox9 and Acan were modest.
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Figure28. Collagen Xl promoted cartilage matrix formation in human chondrocytes. Healthy
human chondrocytes were cultured chondrogenically-dm&eks with collagen Xl
supplementation in the media. Biochemistry and gene expression (at week 2) of the pellets were

analyzedExperiments were replicated with two sources of MGGS).
4.4.7 Collagen Xl inhibited matrix degradation

We further asked whether collagen Xl has any effects on degradation of cartilage matrix.
In human chondrocyte pellets, collagen Xl supplemantatesulted in decreased DNA and
GAG contents released to the conditioned media, indicating less cell death and matrix
degradationKigure 29A). Similarly, GAG degradation was inhibited by collagen Xl in bovine

cartilage explants in a doslependenmanner Figure 29B).
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Figure29. Collagen Xl inhibiteddegradation of cartilage matrix in human chondrocyte pellets
(A) and bovine articular explants (Hjxperiments were replicated gmeaterthan three sources

of bovine explant$n=6).
4.5 Discussion

This section aims tmentify the mechanisnthat mediate ECM regulation of
chondrogenesis. Selective enzyme degradation of ECM components reveals a potential role of
hyaluronic acid (HA) in promoting chondrogenesis. Indeed, afteramtreula injections of HA
in OA patients, exogenous HA, in addition to its vidabricative function, is incorporated into
articular cartilage where it may have a direct biological effect on choyieothrough CD44
receptors (Akmal et al., 20D3n vitro, low concentrations of HA (0.1mg/ml and 1mg/ml)

significantly increase DNA, sulphated glycosaminoglycan, and hydroxypjimaesis (Akmal
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et al., 200%. In rat articular chondrocytes, HA inhibits-IL induced chondrocyte apoptosis in a
dosedependent manngeby inhibiting inducible oxide synthase (responsible for NO production),
reducing the impairment of the mitochondrial membrane potential, and restatiaghondrial
ATP production (Zhou et al., 20R8he anabolic effect of HA can lherther augmentely

hypoxia (Ichimaru et al., 2016Qur discovery of a contribution of HA to the chondrogenic
effects of cartilage ECM is consistent with these prior stu@iese HA is used for pain relief in

OA, it may also be useful as a scaffold for cartilage tissiggneering.

The identification of collagen Xl as a critical chondrogenic component in the ECM
preparation serves as a first step towards uncovering the specific matrix molecules in regulating
resident cells of the cartilage. In articular cartilage, celte}l is present withinhe collagen H
XI-1X bundles Blaschke et al., 2000The Nterminal telopeptide of collagen Xl is present on
the surface of the bundle, while the triplelical tail is intermingled witlthe collagen Il and 1X
fibrils (Blaschke eal., 2000Q. Physiologically, collagen Il binds to discoidin domain receptor 2
(DDR2) on chondrocytes to regulate matrix production, degradation, hypertrophic differentiation,
and inflamméory cytokine productionKlatt et al., 2009 The unique structuref the collagen
I1-XI-1X bundle may suggest a role of collagen Xl in blocking the interactions between collagen
Il and DDR2 by covering the surface of the collagen bundles. Indeed, in mouse, collagen XI
haplainsufficiency results in early onset of ostdbaitis, which can be rescuedtivDDR2
haplainsufficiency Galazar et al., 2014; Xu et al., 200 our study, collagen XI promoted
cartilage matrix production and strongly upregulated the expression of collagen Il relative to the
expression of Sox9 dnAcan. Our results support the hypothesis that collagen Xl, by blocking
the interaction between coll agen Il and DDR2,

in the matrix, thus stimulating them to synthesize more collagen Il and other matroutesle
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We found that not only collagen XI promoted matrix anabolism, but it also inhibited
matrix catabolism. In the human chondrocyte pellets, collagen Xl reduced the release of DNA
and GAG, indicating less cell death and matrix degradation. In micageallXI deficiency
causes increased expression of DDR2 and MMP13 in temporomandibular joint cartilage,
promoting cartilage degradatiohgm et al., 200§ In human articular cartilage, some
polymorphisms in collagen XI are associated with greater psifyefor osteoarthrig
(RodriguezFontenla et al., 2014; Jakkula et al., 20@®r human lumbar disc cartilage, a
collagen Xl polymorphism that results in decreased mRNA stability has bexrmadsd with
disc herniationNlio et al., 2007. Taken togetér, these results support the protective role of

collagen Xl in maintaining healthy cartilage.

Thepotentialinvolvement of PI3KAkt-Foxal andHifl in promoting chondrogenesis is
consistentvith findings by Lee et al. (20)3In their paper, hypoxia enhagschondrogenesis
and prevents terminal differentiation through Pi8Ki-Foxo dependent pathways in MSCs. In
our study, cartilage ECM also promotes MSC chondrogenesis viaA{B8&oxo pathway. In
chapter 3, we demonstrated that ECM inhibits hypertroptyeadochondral ossification in
MSCs, which is consistemiith L e e ia@dsngsf Therefore, we propoteat cartilage ECM,
similar to hypoxia, promotes MSC chondrogenesis and inhibits hypertrophic differentiation via a

common PI3KAkt-Foxoand Hiflpathway.

Although multiple signaling pathways and ECM components with potential chondrogenic
activities were identified in this study, they do not encompass the totality of the multiplex effects
of cartilage ECM. Further studies are required to unravel novel signadithways and ECM

components that regulate chondrogenesis.
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Chapter 5. Pharmacological activation of the Hif pathway promotes chondrogenesis and

inhibits cartilage degradation

5.1 Abstract

Roxadustat, a small moleeulweightstabilizer of Hif, promoted cell proliferation,
chondrogenesis, cartilage matrix production, and a hyaline phenotype, and inhibited hypertrophy
and matrix degradation. These effects were reproducible in MSCs, healthy and OA chondrocytes
in the presence drabsenceof 1 b st i mul at i on. I n a bovine art.
roxadustat inhibited GAG degradatiddverall pharmacological activation of the Hif pathway

promotes chondrogenesis and inhibits cartilage degradation.

5.2 Background

Cartilage injury does not heal without interventions. For superficial injuries of the
articular surface, the surface is typically debrided to remove any fibrillated tissues that may
cause mechanical resistance and inflammgtanetti et al., 2011 However, theemaining
cartilage does not regenerate to fill the defect, and tends to degenerate into osteoarthritis. For
full-thickness lesions that reach the calcified cartilage or subchondral bone, a common procedure
is microfracture, during which the subchondrahéds drilled to release blood and bone marrow
MSCs into the joint space, which causes a typical healing response. However, the regenerated
cartilage is fibrous subtype that is thinner, mechanically weaker, and poorer in collagen 1l and
GAG. These fibrocaitage, too, is prone to hypertrophy and degeneration into OA. Therefore,
the goal of treating cartilage injury is to restore the hyaline cartilage with similar biochemical
and mechanical properties as native articular cartilage without the propengtyettedation and

hypertrophy.
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Osteoarthritis is a progressive degenerative disease of the joint that causes pain,
dysfunction, and disabilities. It is characterized by gradual loss of articular cartilage, sclerosis of
subchondral bone, formation of ostegfa) and chronic low grade inflammati¢hshkavand et
al., 2013) Early and miestage OA is managed by pain and -amfiammatory medications and
intra-articular injection of a viscosupplement hyaluronic acid. istége OA can only be treated
with joint replacement surgery. However, there is no diseasgifying therapy for OA, which

can slow down or reverse the loss of cartilage.

In OA, aging, cumulative mechanical injuries, and other unknown causes initiate the
downward spiral of the diseaf&shkavancet al., 2013)Cartilage ECM is gradually lost from
the articular surface, which weakens the cartilage and causes inflammation due to fibrillation.
Proinflammatory cytokines suchas-Lh and) TMEse activation of <ch
synoviocytes, whicliurther exacerbates chronic inflammation. Chondrocytessgnoviocytes
also upregulatdegradative enzymes such as MMP13 and ADAMTS5, which further break
down ECM materials including GAG and collagens. The fragmented ECM lingers in the joint
space and exacerbates inflammation and matrix degradation. Chondrocyte death is also observed.
At the same time, the biomechanics of the joint is altered and subchondral bone weakens due to
the formation of bone cysts and sclerosis, characterized by increased bone turnover, high
collagen content, but undetineralization. In this way, the cartilage l@ssl bone disease

interact to drive OA progression.

For both cartilage injury and OA, a desired treatment should demonstrate the following

properties:

i.  Promoting cell survival and proliferation

ii.  Promotingmatrix synthesis
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iii.  Inhibiting matrix degradation
iv.  Promoting a hyalinphenotype

v. Inhibiting hypertrophy

To this goal, we asked whether roxadustat, a Hif stabilizer that inhibits prolyl
hydroxyl ase domain 2 (PHD2) and raises |l evels
ECM. We determined itsffects on chondrogenesis and matrix degradation in MSCs, healthy

human chondrocytes, OA chondrocytes, and bovine cartilage explants.
5.3Methodology
5.3.1 gPCR analysis of cartilage explants

To harvest mRNA from cartilage explants, the cartilage dises the same calf was
collected and immersed in 1ml Trizol regent. The cartilage discs were frozen and thawed once,

and the Trizol wasised for further mRNA isolation, and gPCR analysis.
5.3.2 Western blotting

Cell pellets or monolayers were lysed in 2x Laehe and run on a polyacrylamide gel
(Biorad, 4561094Hercules, CA The proteins were transferred to a nitrocellulose membrane
and pr o baetoh antibiody fil:2@0, Santa Cruz, 4770&llas, TY, Hi f 1 U (1: 1000, ¢
Signaling, 14179Danvers, MA,ard Hi f 20U (1: 1000, Cel | Signalin

with a Li-Cor Odyssey Fc instrument.
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5.3.3 Statistical analysis

Statistics were performed with GraphPad Prism 6.0 software. Data were expressed as the
average +/standard deviation of n=@samples per group. The differences between groups were
examined by ANOVAoneway ANOVA wipbshhodesick tergw@s ANOVA with

Bonferronipost hodest)with the significance level at 0.05.

5.4 Results

5.4.1 Roxadustat stabilized Hf1 and promoted MSC chondrogenesis

Roxadust at s Figubei30A), anéprbmdted €ell duolifératiorgchondrogenic
gene expression such as Sox9, Acan, and Col2A1Ga@OHP accumulatiofFigure 308,
C). Hydroxylated collagen was not different frammntrol at week 2, probably due to the non
specific inhibitory effect of roxadustat on collagen prolyl hydroxylase. Indeeoxatiustat
concent r gmitbenMSG pellets ere very loose and not compact, probably due to the
lack of hydroxylated déagen in the matrix. Furthermore, these effects of roxadustat were not
due to Hif2U, si nc eitot, RS 7@09, did rotiatbeat MBG a Hi f 2 i

chondrogenesid~gure 30D).

A Control Roxadustat
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5.4.2 Roxadustat promote hyaline-like phenotype and the maturity of chondrogenic

differentiation

Similar to ECM supplementatiompxadustat selectively promoted the expression of
hyaline marker genes and the expression ofim@iine marker genes werealranged by
roxadustatigure 31A). Markers of cartilage maturity was also higher wikadustat

treatment Figure 31B). This effect wa independent of Hif2 activity.

>

Hyaline Marker Genes Non-hyaline Marker Genes

107+ 10"+

EREE EEEE

10°4 KEEE  xx
= 10°-

104 x

AEEE

107

102

102

) M, Vv 3 Y
FEFSEFTTE
F & & Ff F P S P

Expression Relative to f-actin
Expression Relative to p-actin
3

B Without TC-S 7009 With TC-S 7009 (100ng/ml)
c Control c

‘g 102 =3 Roxadustat (2ug/ml) 5 10° -

& LR 4 .

2 1074 = o 107 == s ks
_g e : 102-

E 1014 AL ‘ﬂ:} P

& ALL @ EEEE -

- € 10° e

S 1044 s

- g 104

E 1064 E‘

i i

+ g o N ) > &
LY & G 6;1' gl o
< Q"‘(. 4R ) 3 Q.QZ‘

Figure 31 Effects of roxadustat on MS@erived cartilage. (A) Effects on hyaline vs Aoyaline

genes. (B) Effects of cartilage maturity markers. (rer@e independent experimgnt

71



5.4.3 Roxadustat inhibited MMP expression in MSCs

Roxadustat inhibited expression of MMP13 in MSC chondrogenic culture, indagend

of Hif2 activity (Figure 32A). Under catabolic stimulation of il b ,

roxadust at

expression of MMP1 and MMP3, with no effects on TIMBRRDAMTS4, or ADAMTS5 (Figure

32B).
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Figure 32 Effects of roxadustat on cartilage matrix degradation genes. (A) Withaufd.  ( B)

Under IL-1 fstimulation. (n=6one independent experimgnt
5.4.4 Effects of roxadustat on human healthy chondrocytes

Since roxadustat promoted chondrogenesis and a hyaline phenotype in MSCs, we asked
whether the same effects could be observed with healthy chondrocytes. Indeed, chondrogenic
genes including Sox9, Acan, and Col2A1 were upregulated, and higher DNA and GAG
accumulation were observedrigure 33A, B). Hydroxylated collagen was decreased with
roxadustat treatment, likely due to its inhibitory effect on collagen prolyl hydroxylase. The
chondrepromotive effects on gene expression were also detected in the prekkenvcelose |l
1b, whi lkedan @A envircnmentE{gure 33C). Similarly, roxadustat selectively

enhanced the expression of hyaline marker genes and inhibited the expression of MMP 1/3/13,

evenwitlout IL-1 b st i ririgurea38D, B).n  (
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(n=4-6, one independent experimgnt

Roxadustatlsoinhibited hypertrophy in healthy chondrocyte, demonstrated by the
inhibition of collagen X, MMP13,r@d Runx2 expression&igure 34A). Importantly, it also
promoted the preservatiaf cartilage matrix. The GAG and hydroxylated collagen levels were
higher when roxadustat was supplemented during the hypertrophic culture with corresponding
increase in expregsi of Sox9 and Col2A{Figure 34B,C). These resultsuggest that

roxadustatnhibited hypertrophy and preserveattilage matrix during hypertrophic induction.
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Figure 34 Effects of roxadustat on healthy human chondrooytesg hypertrophy(A)
Expression of hypertrophic genes. (B) Biochemical quantification of chondnoeNggs with
hypertrophic induction. (C) Expression of chondrogenic genes under hypertrophic induction.

(n=6, one independent experimgnt
5.4.5 Reproducible effects of roxadustat in human OA chondrocytes

Consistent with effects on MS@sd heathy chondrocytesxadustat promoted the
proliferation of OA chondrocytes and GAG accumulation, with hydroxylated collagen
production inhibited, in dosedependent manneFigure 35A). Chondrogenic genes were
upregulated by roxadustaFigure 35B). In histology staining ofollagen Il and collagen I,
positive staining (indicated by red arrowgsvisible in the cartilage lacunae in the roxadustat
group but not in the control groupigure 35C). These intracellular collagen deposits were
likely un-hydroxylated collagen lifihat were unable to be secreted to form the ECM.
Consistently,underH1 b st i mul at i on, r o xageamasixpaotuctert i | |

(Figure 35D,BE).
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Biochemistry and (Echondrogenic gene expression undefllb t r gre4-6roaen t

independent experimgnSc al e bar = 100¢g m.

Similar to the effects oM SCs, roxadustat selectively uprégpedhyaline marker genes
and left norhyaline marker genesinchanged (Figure 2§. Again, MMP13 expression was

downregulated by roxadustat (Figure Bp
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Figure 36 Effects of roxadustat on cartilage matrix and degtian. (A) Hyaline vs notmyaline

marker genes. (B) Degradation genes. (rorte independent experimgnt

Since cartilage ECM inhibitelypertrophic differentiation in MS@nd healthy

chondrocyts, we asked whether roxadustat inhibited hypertrophy in OA chondrocytes. After
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two weeks of chondrogenesis and two weeks of hypertrophic induction, OA chyiedpellets

did not mineralizeHowever, cell survival and GAG preservation were greater whenveete
treated with roxadustat duringe hypertrophic stag&igure 37A). Consistently, roxadustat
enhanced the expression of Sox9, Acan, and Col2A1 when addedhggertrophic sige

(Figure 37B). Additionally, treatment by roxadustat during the chrogénic phase also resulted

in higher expression of Col2A1 and a positive trend for Sox9 and Acan, indicating that
roxadustat treatment during the chondrogenic phase could stimulate cartilage matrix production
under hypertrophy even without roxadat Eigure 37B). As for hypertrophic markers, collagen

X and MMP13 were both downregulated by roxadustat at the end of chondrogenic culture, and
this inhibitory effect carried over to the hypertrophic stagesnewithout roxadustaf{gure 37C).
Roxadustat did nateem to inhibit hypertrophy as a medium supplement during the hypertrophic
stage, similar to the lack of a#itypertrophic effects of ECM duringe hypertrophic stage

(Figure 37C).
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indicates treat mént nldy crad x &(d=6 ote mdeperdenu c t fa t .

expermeny
5.4.6  Roxadustat inhibited matrix degradation

With the pregrowth, chondrogenjanticatabolic, and antiypertrophic effects in cell
cultures, roxadustat was then studied in bovine cartilage expgbantgo Consistently,
roxadustat promotechondrogenic gene expressions with and without lodvhagh doses of L

1 bFiggre 38A, B) with a selectivy for hyaline markersHigure 38C).
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Figure 38 Effects of roxadustat on cartilage explants. Chondrogenic gene expression at low dose
(A) andhigh dose (B) of IEL b .  ( C)vs. Hopleydline markers. (ns@ne independent

experiment

Since roxadustat inhibited MMP expression in MSCs and chondrocytes, we asked
whether it had the same inhibitory effects on MMP1/3/13 expressions. Indeed, t-fidh
concentrations, MMP1 and MMP13 exps®ns were inhibited~{gure 39A). Furthermore, at

both low and highdosesofiLb, degr aded GAG released to the
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by roxadustat, regardless of timing of harvest or preseietal bovine serumKigure 39B,C).

These results suggest that the reduced MMP expression achieved by roxadustat was functional

and meaningful for inhibition of cartilage degradation, at least in this explant ssttingo
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Figure 39 Effects ofroxadustat on degradation of cartilage explants. (A) Expression of MMPs.
(B, C) Degraded GAG lease to the conditioned medium at differentlillb doses and ser

conditions.Experiments were replicated in greater than three sources of bovine egpat)ts
5.4.7 Timing effects of roxadustat on osteoarthriticchondrocytes

Roxadustat promotecthondrogenesis, but its n@pecific inhibition of collagen prolyl
hydroxylase prevented the accumulation of functionally mature collagen Il in the ECM, despite
an upregulation of the Col2A1 gene. How can we promote chondrogenesis with roxadustat
withoutthe limitation of norspecific inhibition of collagen prolyl hydroxylase? Since ECM
supplementation during early chondrogenesis produced&stigg effects, we hypothesized
that an early treatmeby roxadustat might be able toogmote cartilage matrixrpduction even

after being washed out.

One week of roxadustat treatment resulted in a higher level of GAG at week 2 and 3 than
control (Figure 40A). Interestingly, the GAG level was similar between continuous roxadustat
treatment and only one week of tmraaint. Importantly, ongveek treatment of roxadustat
inhibited hydroxylated collagen production at week 1, but the level caught up with control at
week 2 and 3, much higher than continuomsadustat treatmenEigure 40A). These results
suggest that, simal to ECM, roxadustat also had lelagting chondrogenieffects, even after

the drug wa absenin the media

The longlasting effects of roxadustat beg the question of how long the effects come into
being upon drug exposure and how long the effects may last after drug removal. To address the
former question, OA chondrocyte pellets were cultured in plain chomiogedia for 3 days

before roxadustat was added. Cell pellets were harvested at different time points after drug
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exposure and subject to gPCR analysis of Sox9, Acan, Col2A1, and MMP13 genes. All genes
responded within 24 hours, but the ossgtresponsewvere clearly sepatad into thre groups
(Figure 40B). MMP13 downregulation occurred in the first ho@ox9 elevation occurred

within 4 hours Acan and Col2A1 responded aP8 hours after drug exposure. This differential
onset of action is consistenttivthe mechanisms that roxadussédbilized Hifl regulates
MMP13 and Sox9/ Acan/ Col 2A1 in two distlinct
Whnt, thus inhibiting MMP13 (Bouazizetal., 2015 Hi f 1 U i s al so known
Sox9 expressip which further drives Acan and Col2A1 expression. In this experiment, these

two distinct downstream signaling effects were confirmed in OA chondrocytes.

To study the longasting effects of roxadustat, OA chondrocytes were cultured in the
presence or absice of roxadustat for 6 days to achieve a baseline, and then washed out without
the drug. Sox9, Col2A1, and Acan expression returned to baseline within 24 hours, but MMP13
expression returned to baseliretween land 3 daysKigure 40C). Consistent theidifferential
onset of action, the differential duration of washout suggest two distinct signaling pathways
between MMP13 and Sox9/Acan/Col2A1l. Interestingly, MMP13 was the first to respond to

roxadustat and the longest lasting.
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